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Figure 11. Evolution of the convective envelope (green shaded area) and the He convective shell (red line) as a function of time during the last four thermal pulses for
the AGB 7.0 M, model (upper left panel) and the 8.0, 8.5, and 9.2 M, SAGB models, (upper right, lower left, and lower right panels, respectively). The time has been

reset at the core He exhaustion.
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Figure 12. Ignition mass coordinate of C (black line and dots) and Ne burning
(red line and dots) as a function of the initial mass (see legend).

amount of matter per second. This stage ends with the onset of
the thermal pulses (see next section and also Sugimoto &
Nomoto 1975, for discussion on the evolution of this phase).

In stars with initial mass 9.22 < M/M. < 10.00, neon
burning is ignited off-center during the second dredge-up and
before the bottom of the convective envelope enters into the
region enriched by the He-burning products (see also
Nomoto 1984). Once neon is ignited, the evolution of the star
becomes fast enough that the zones above the He cores remain
essentially frozen. For this reason, in these stars, the products
of He burning are never brought to the surface; therefore, no
increase of the surface '*C is found.
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Figure 13. Selected interior properties of a 8.5 M., model during the off-center
C burning (see the legend). The chemical composition and degeneracy
parameter are reported on the left y-axis, while the temperature is reported on
the right y-axis. The degeneracy parameter is divided by 10 in order to improve
the readability.

3.6. Evolution during the TP-SAGB Phase: Stars with Mass
7.5 < MM, <9.20

After the H-burning shell has been reignited, stars in the
mass range 7.5 < M/M, <9.20 enter a classical TP phase,
where the two H and He shells alternatively activate above a
degenerate ONeMg core that is surrounded by a thin zone
enriched in CO, the latter left by the He-burning shell. The
general properties of these stars during this phase, named TP-
SAGB, have been reviewed and described in detail in the
literature (see Section 1); therefore, we will focus here mainly
on how these properties change as a function of the initial mass.
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Figure 14. Selected interior properties of a 8.5 M., model during the off-center
C burning (see the legend). The chemical composition and degeneracy
parameter are reported on the left y-axis, while the temperature is reported on
the right y-axis. The degeneracy parameter is divided by 10 in order to improve
the readability.
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Figure 15. Convective (green shaded areas) and chemical (color codes reported
in the color bar) internal history of the 9 M., model during the late phase of the
second dredge-up. The x-axis reports the logarithm of the time until the end of
the evolution (5, — ) in units of years.
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The main evolutionary properties during the TP-SAGB phase
of stars in this mass interval (7.5 < M/M, < 9.20) are reported
in Table 4.

In general, each thermal pulse is characterized by the
following phenomena: (1) a strong activation of the He-burning
reactions followed by the formation of a He convective zone
and a peak in the He luminosity (Ly,); (2) the disappearance of
the He convective zone and the steady He-shell burning phase
that accretes the CO core; (3) the switching off of the
H-burning shell; (4) the penetration of the convective envelope
that may in some cases erode the He core (third dredge-up); (5)
the reactivation of the H shell and the switching off of the He-
burning shell; and (6) the steady H-shell burning phase, where
the He core increases and the convective envelope recedes in
mass (interpulse phase) until the next pulse is ignited. A
schematic view of this phase can be found, e.g., in Doherty
et al. (2017; Figure 5).

Figure 7 shows the luminosity of the H- and He-burning
shells as a function of time for the AGB and selected SAGB
models. Moving from AGB stars (M = 7.0 M) to SAGB stars
(7.5 < M/M <9.20), the maximum luminosity of the He-
burning shell reached during each thermal pulse decreases,
while the frequency of the TPs increases. This is due to the fact
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that the core mass becomes more massive and hotter as the
initial mass of the star increases (see Doherty et al. 2017 and
references therein). The increase of both the *He and '°C
abundance after the second dredge-up contributes to increasing
the frequency of the thermal pulses in stars with initial mass
M > 8.5 M, because it makes the H shell more efficient.

Figure 11 shows a zoom of selected models during the last
few computed thermal pulses. Moving from the 7 to the 9.2 M,
model, the following are worth noting: (1) the reduction of the
size of the He convective shell from ~10~* to ~107> M., (2)
the strong reduction of the interpulse time from ~10° to
~10yr, and (3) the progressive reduction of the third dredge-up
that disappears in stars with mass M > 9.0 M. It is also worth
mentioning that, in general, the higher the mass, the higher the
number of thermal pulses occurring before the beginning of the
formation of a He convective shell associated with each
thermal pulse (see Table 4).

Figure 9 shows that the maximum temperature reached at the
base of the convective envelope (Tgcg) is in the range
80-110 MK and scales roughly with the initial mass; i.e., the
larger the mass, the larger the Tgcg. In general, this quantity
increases slightly during the TP phase, but it may also show a
nonmonotonic behavior as a function of time if some other
energy sources are activated inside the CO core, as in the case
of the more massive models (M > 9.05 M), where the URCA
processes become efficient (see below).

The mass loss during this phase plays a key role because it
competes with the increase of the CO core in reducing the
H-rich envelope and therefore in determining the duration of
the TP phase. The typical mass-loss rate averaged over the last
few thermal pulses is in the range 1-3 ~ 10> M. yr ', the
higher values reached by the more massive models.

The computations are stopped after a sufficient number of
thermal pulses have been computed to safely extrapolate the
evolution of these stars during the TP phase (see Section 3.8).

3.7. Stars with Mass 9.05 < M/M, < 9.20: URCA Processes

In stars with more massive ONeMg degenerate cores
(9.05 < M/M, < 9.20), the density increases enough (Figure 16)
that the Fermi energy becomes close to the threshold value for the
ECs on a number of nuclear species that are quickly followed by
beta decays. In this situation, given two generic nuclear species,
NA, Z) and MA, Z— 1), the two reactions NA, Z)+e —
MA,Z—1)+vandM@A,Z - 1) > N@A, Z) + e + b, writ-
ten in a compact form as (N, M), are in equilibrium. The reaction
pair (N, M) is called the URCA process.

The effect of the activation of an URCA process can be
explained with the aid of Figure 17, which shows the properties
of a model in which a generic URCA pair *(N, M) is efficient.
If we define ) as the number of captures/decays per unit time,
the lower left panel shows that as the density decreases (i.e., the
interior mass increases), the EC rate (\..; black solid line)
decreases, while the beta decay rate (As; black dashed line)
increases. The density at which A\.. = A is called the URCA
shell (p.i0) and is marked in all of the panels of Figure 17 by a
vertical dashed line. Inside the mass coordinate corresponding
to the URCA shell, p > pric and Ao > Ag. Outside the URCA
shell, on the contrary, p < peic and Aec < Ag. As mentioned
above, in this situation, the two reactions are in equilibrium,
which means that the number of reactions occurring per unit
mass and unit time r of the two processes coincide (rec = 1)
and show a maximum corresponding to the URCA shell. Since
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r=M\Y (where Y = X/A is the abundance by number, X is the
abundance in mass fraction, and A is the atomic weight), this
also implies that the equilibrium abundances of the two nuclei
satisfy the relation Y(N)/Y(M) = Ag/Aec. As a consequence, X
(M)> X(N) inside the URCA shell, while X(N)> X(M)
outside the URCA shell (upper left panel in Figure 17).

The energy released by the EC, E,, and the beta decay, Eg,
are given by (see Miyaji et al. 1980; Suzuki et al. 2016)

Eec = Qnuc - EI/ + He
Eﬁ = Qnuc - Eu — Me»

where Q. is the mass defect between reactants and products,
E, is the neutrino energy loss (in absolute value), and p,. is the
chemical potential of the electrons. When an URCA pair is in
equilibrium .. = rg, therefore, the total net energy released per
unit mass and unit time in this case will be simply
€ = —r[E, + E,3]; i.e., it will be always negative and will
show a deep minimum corresponding roughly to the URCA
shell (lower right panel of Figure 17). Thus, in general, we can
identify inside a model various cooling zones associated with
the URCA shells of the various URCA pairs. It goes without
saying, however, that only URCA pairs involving nuclear
species with sizable abundances will have some effect on the
evolution of the model. In addition to that, as the core of the
star contracts, the density increases, and the URCA shell of any
given URCA pair shifts outward in mass and constitutes an
outward-moving “cooling wave.”

Having said this, in the following, we will first describe the
evolution of the 9.2 M, model. As the central density increases
above log[p, (g em™3)] ~ 9.0, two URCA pairs activate and
groduce some effect on the interior of the star. The first one is

(Mg, Na), at density log[p, (g cm™3)] ~ 9.11, while the
second one is 23(Na, Ne), at density log[p, (g cm )] ~ 9.25.
The effect of each URCA pair episode at the center is that of a
cooling phase, followed by a roughly isothermal evolution
(black line in Figure 16). The cooling phase corresponds to the
stage when the central density is close to the URCA shell
(pc ~ perit), While the isothermal evolution corresponds to the
stage when the URCA shell leaves the center and shifts
outward in mass. In order to describe these phases in more
detail, we show in Figure 18 some proPerties of the center of
the model during the activation of the 2 (Mg, Na) pair, i.e., the
first important URCA pair.

As the central density approaches the URCA shell, the
nuclear energy (g,) that, as already mentioned above, is
dominated by the neutrino emission due to the URCA pair
(—E,) decreases dramatically. During this phase, the gravita-
tional energy () increases, while the (thermo)neutrino losses
(e,) progressively decrease due to the lowering of the central
temperature, and the net result is that the total energy is
negative. This implies a substantial reduction of the central
temperature (7,). As the central density continues to increase
(pc > perir), the URCA shell leaves the center and moves
outward in mass (driving an outward-moving cooling wave);
therefore, in the center, the nuclear energy begins to increase
toward the values it had before the activation of the URCA pair
(i.e., it tends toward ~0). During this phase, the gravitational
energy decreases progressively, partially reabsorbing the
increase of the nuclear energy, while the neutrino energy
losses become negligible compared to the nuclear and
gravitational energies because of the low temperature. The
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Figure 16. Central temperature as a function of the central density during the
late stages of models in which the URCA processes are activated.

9.4 9.6

net effect is that in this phase, the total energy progressively
increases toward less negative values. The energy imbalance
between the center and the location of the URCA shell also
produces an increase in the radiative gradient in the core (see
dashed, dotted, and long-dashed lines in Figure 19). When the
central density becomes higher than log[p, (g cm )] ~ 9.141,
the total net energy becomes positive, the radiative gradient
overcomes the adiabatic one, and the center of the star becomes
convective. Note that the gradient of chemical composition
around the center is not high enough to stabilize the zone
against the onset of convection (Figure 19). This is also
confirmed by a test evolution in which we adopted the Ledoux
criterion during this phase. Jones et al. (2013), Takahashi et al.
(2013), and Zha et al. (2019) did not find the formation of the
convective core in their models. Such a difference might be due
to the difference in the treatment of convection and the zoning,
which could affect the gradient of the chemical composition, in
the evolutionary codes.

When the convective core sets in, it has a strong effect on the
equilibrium of the URCA pair reaction. The reason is the
following. In a radiative environment, the *>Mg abundance in
the central zones is the result of the equilibrium between EC
and beta decay and has an increasing profile from the center
toward the URCA shell (like the one shown in the upper left
panel of Figure 17). Once convection sets in, it forces the Mg
abundance to increase in the inner zones and decrease in the
outer ones compared to the radiative case (compare the upper
left panels of Figures 17 and 20). As a consequence, the two
reactions of the * (Mg, Na) pair are no longer in equilibrium,
but, on the contrary, r.. > rz in roughly the inner half of the
convective core, while r.. <rg in the outer half (solid and
dashed green lines in the figure). In this case, the total net
energy released per unit mass and unit time is given by
TecEec + 13E 3. Since E. is positive in roughly the inner half of
the convective core and negative outward in mass, while E3 is
always negative (see the solid and dashed red lines in the lower
left panel of Figure 20), the total energy released by the *>(Mg,
Na) pair is positive in roughly the inner half of the convective
core and negative in the remaining half (see the orange line in
the lower right panel in the figure), with the zero value roughly
corresponding to the mass coordinate where r..=rg The
continuous ingestion of a higher Mg abundance from the
outer radiative layers produces an increase of the nuclear
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Figure 17. Selected properties of a model in which a generic URCA pair (N, M) is efficient. Upper left panel: abundance in mass fraction as a function of the interior
mass of the two interacting nuclei N and M. Upper right panel: density as a function of the interior mass. Lower left panel: number of captures/decays per unit time in
seconds (\; black lines, right y-axis), number of reactions occurring per unit mass and unit time in grams per second (r; green lines, right y-axis), and nuclear energy of
the URCA pair in MeV (E; red lines, right y-axis); the solid lines refer to the EC, while the dashed lines refer to the beta decay. Lower right panel: nuclear energy of
the URCA pair in ergs per unit mass and unit time (¢ = —r£E,); the black line refers to the EC, the red line to the beta decay, and the orange line to the total of the
URCA pair. In all of the panels, the gray vertical dashed line marks the URCA shell.

energy close to the center that induces the convective zone to
extend even more, driving in this way a progressive increase of
the convective core (Figure 19). During the phase characterized
by the increase of the convective core, the central density
increases progressively at almost constant temperature
(Figure 20).

When the central density approaches log[p, (g cm™3)] ~
9.248, the URCA pair 2 (Na, Ne) starts activating and
producing some effects on the structure of the star. The
evolution of the center during this phase is similar to that
already discussed for the (Mg, Na) pair. The initial phase is
characterized by a cooling, due to the EC on **Na, that makes
the center of the star radiative and forces the convective core
driven by the (Mg, Na) pair to become a convective shell that
shifts progressively outward in mass. Then, after the URCA
shell of the pair 23(Na, Ne) leaves the center and moves
outward in mass, a convective core forms that increases
progressively in mass while the center contracts at almost
constant temperature (Figure 16). A typical model during this
phase is shown in Figures 21 and 22. The inner 0.02 M, zones
are convective and show the typical behavior already discussed
in the case of the (Mg, Na) pair. In particular, the rate of the
EC on *’Na dominates over the decay of the *’Ne in

16

a?proximately the inner half of the convective core, while the
ZINe decay prevails on the EC on **Na in the remaining half.
As a consequence, the nuclear energy is positive in the zones
where the EC dominates and negative where the beta decay
prevails. Inside the convective core, ’Ne is much more
abundant than 23Na, which, on the contrary, dominates in the
outer radiative layers. During this phase, the convective shell
driven by the *>(Mg, Na) URCA pair is roughly confined
between the **(Na, Ne) URCA shell at the bottom and the
23(Mg, Na) URCA shell at the top. Also note the radiative zone
that separates the convective core and the convective shell; in
this zone, 7. = rg. It is worth mentioning at this point that a
similar evolution has already been found by Ritossa et al.
(1999). In particular, in their Figure 25, they show the
properties of their last computed model characterized by a
convective core driven by the **(Na, Ne) pair and a convective
shell driven by the °(Mg, Na) pair. The chemical composition
and the various contributions to the total energy generation are
extremely similar to what we find. In particular, they also find
that in each convective region, the URCA pair releases positive
energy in the inner zone and negative energy in the outer layers
(see panel (c) in their Figure 25). At variance with what we and
Ritossa et al. (1999) find, the formation of a convective core
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Figure 18. Selected central quantities as a function of the central density of the
9.2 M, model during the activation of the (Mg, Na) pair: temperature (red
line, left y-axis), adimensional entropy per baryon (green line, right y-axis), and
nuclear (purple), gravitational (blue), and neutrino (magenta) energies (right
y-axis).

and shell during this phase is not addressed by Jones et al.
(2013), Takahashi et al. (2013), and Zha et al. (2019). We do
not have a clear explanation for that; hence, what we can say is
that the origin of such a difference could be due to the
difference in the numerical treatment of convection in the
stellar evolution code.

The evolution of the center, following the formation of the
convective core driven by the 23(Na, Ne) pair, is characterized
by an increase of the central temperature at almost constant
density interspersed with phases where the density increases at
almost constant temperature (black line in Figure 16). The
reason for such a behavior is due to the fact that the convective
core, after it is formed, begins to progressively increase in mass
because of the increase of the nuclear energy produced close to
the center due to the ingestion of fresh *’Na present in the outer
radiative zones. When the **Na abundance mixed into the
convective core is comparable to or even larger than the one
initially present, the increase of the nuclear energy is not
reabsorbed; on the contrary, it drives a greater increase of the
convective core on a very short timescales, compared to the
previous evolution. This is a runaway that looks like the
breathing pulse phenomenon occurring during the core He
burning (see above). During this phase, the central >>Na mass
fraction increases to values as high as ~3 X 1073, i.e., more
than 2 orders of magnitude, compared to the abundance present
before the beginning of this process (see the first increase of the
central »’Na abundance; green line in Figure 23). Since the
matter is highly degenerate, the increase of the nuclear energy
due to this process induces an increase of the central
temperature at constant density (Figure 23). We call this
phenomenon “temperature increase due to a runaway” (TIR).
The increase of the convective core eventually ceases when the
*Na ingested from the radiative zones is such that it does not
significantly alter the nuclear energy. This happens when the
mass of the convective core is ~0.06 M. During the following
evolution, the excess of the nuclear energy is progressively
reabsorbed, and the mass of the convective core and the central
temperature remain essentially constant, while the central *Na
abundance progressively decreases toward values similar to
those corresponding to the beginning of this process. This stage
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Figure 19. Temperature gradients (see the legend) as a function of the interior
mass of the 9.2 M, star at selected times during the formation of the convective
core associated with the 2 (Mg, Na) URCA pair, marked by the values of the
central densities in units of g cm . According to the adopted stability criterion
(see text), convection sets in when the radiative gradient becomes larger than
the adiabatic one. Let us remember that the actual temperature gradient used is
the adiabatic one in the convective zones and the radiative one in the radiative
layers.

also coincides with the onset of the thermal pulses. The
following evolution of the star is characterized by two other
similar processes (see the last two sharp increase of the central
temperature in Figure 23) that raise the central temperature to
values as high as log[T. (K)] ~ 8.8. During the phase
characterized by the thermal pulses, the convective shell driven
by the (Mg, Na) increases in mass up to ~0.9 M, but this
has little effect on the interior of the star (lower right panel in
Figure 24).

The calculation of the evolution of this star is then stopped
after 102 thermal pulses. The final fate of this star is discussed
in the following; however, we anticipate here that, on the basis
of the results obtained, it is difficult to envisage whether the
center of the star will reach the threshold temperature for the
activation of the °Ne photodisintegration, or the increase of the
central temperature will stop and the core will restart
contracting until the density thresholds for the activation of
the ECs on **Mg first and on *’Ne later are reached. Moreover,
an interaction between the convective core and the convective
shell cannot be excluded, with consequences for the evolution
of the star that are difficult to predict.

It is interesting to note that the evolution of the center prior
to the onset of the TIR discussed above, i.e., until the central
density approaches the value log[p, (g cm~3)] ~ 9.35, is not
affected by the efficiency of mixing in the convective zones.
Figures 25 and 26, in fact, show that, as long as
log[p. (g cm )] < 9.35, the evolution of both the central
density and the central temperature of the standard model (red
lines) is almost identical to the one obtained in a test model in
which the mixing is artificially suppressed (blue lines). The
differences between the two models appear only when the TIR
begins in the standard model, i.e., when the red and blue lines
begin to differ from each other. The occurrence of this
phenomenon has two main effects: it slows down the
contraction of the core (Figure 25) and induces an increase of
the central temperature (Figure 26) compared to the case in
which the chemical mixing is suppressed. For sake of
completeness, we also report the results obtained for a test
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Figure 20. As Figure 17, in the case of a 9.20 M, model during the phase in which a
gray dashed line marks the (Mg, Na) URCA shell.

model in which the URCA processes are not included (green
lines in Figures 25 and 26). In this case, the contraction of the
core is slower than in the case of the model where the URCA
processes are taken into account and mixing is suppressed and
similar to the reference case. Moreover, as expected, the
activation of the two URCA pairs % (Mg, Na) and 23(Na, Ne)
reduces the central temperature by a factor of ~3 (at
log[p, (g cm~3)] = 9.35) compared to the model in which the
URCA processes are not included. Let us eventually note
that, as mentioned above and shown in Figure 26, the TIR is
associated with the presence of a convective core and occurs in
an advanced phase after its formation. For this reason, this
phenomenon is not found either by Ritossa et al. (1999),
because they stop the calculation too early, or by Jones et al.
(2013), Takahashi et al. (2013), and Zha et al. (2019), because
they do not find the formation of the convective core in their
models.

The evolution of the center of the 9.15 M, model is shown in
Figure 16 (red line). As in the case of the 9.20 M, model, the first
cooling phase is due to the activation of the (Mg, Na) URCA
pair. The cooling phase ends when the URCA shell shifts from the
center outward in mass. Such an occurrence drives the formation
of a convective core that progressively increases in mass. At
variance with the 9.20 M., model, in this case, the *’Mg ingested
from the radiative zones above the convective core is high enough
to induce a TIR before the threshold density for the activation of
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convective core induced by the >>(Mg, Na) URCA pair is formed. The vertical

the 23(Na, Ne) URCA pair is reached. During the TIR, the central
Mg mass fraction increases by ~3 orders of magnitude, i.e.,
from log X, ~ —5.5 to -2.5, while the central temperature
increases from log [7; (K)] =~ 8.3 to 8.75 (Figure 27). As for the
9.20 M, model, in this case the TIR is followed by a phase in
which the central abundance of the leading isotope (in particular
PNa for the 920M. and *Mg for the 9.15M. cases,
respectively) decreases progressively, and the extra energy
provided by the TIR is progressively reabsorbed. This stage also
coincides with the onset of the thermal pulses. We stopped the
calculation during this phase after the completion of 193 thermal
pulses (see Table 4).

The evolution of the 9.10 M, star is similar to the one of the
9.15 M, star (Figure 28), and it is followed for 159 thermal
pulses.

3.8. Final Fate of Stars with Initial Mass 7.50 < M/M, < 9.20

During the thermal pulse phase, the CO core is continuously
increased by the alternate advancing of the He- and H-burning
shells. Such an occurrence induces an increase of the central
density.

During the same stage, however, the star loses mass due to
stellar wind, and this induces a progressive reduction of the
H-rich envelope. If the CO core mass reaches the value
(Mco.ec) corresponding to a central density close to the
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Figure 21. Same as Figure 20 but during a phase in which a convective core, driven by the >*(Na, Ne) URCA pair, and a convective shell, induced by the >>(Mg, Na)
URCA pair, are formed. The gray and green vertical dashed lines mark the 2 (Mg, Na) and 23(Na, Ne) URCA shells, respectively.

threshold value for the activation of the 2*Mg(e~, v)**Na
before the H-rich envelope is completely lost, the core contracts
rapidly until the density approaches the threshold value for the
activation of the 2°Ne(e—, v)?°Fe, and then the star can
potentially explode as an ECSN (Miyaji et al. 1980;
Nomoto 1987; Zha et al. 2019). If, on the contrary, the H-rich
envelope is completely lost before the activation of the ECs on
2*Mg, then the final fate of the star will be as an ONeMg WD
(Nomoto 1984). A self-consistent determination of the
competition between the increase of the CO core mass and
the reduction of the H-rich envelope due to the mass loss would
require the calculation of several thousand thermal pulses,
which, at present, is not feasible. Therefore, an estimate of the
final fate of these stars must necessary rely on an “extra-
polated” evolution.

Figure 29 shows the time evolution of the CO core mass (left
panels) and the total mass (middle panels) for some selected
models, i.e., 8.00, 8.50, 8.80, and 9.00 M., starting from the
beginning of the thermal pulse phase. These two quantities
show an almost linear behavior in the last part of the evolution
that can be very well approximated by a linear regression (red
lines in the left and middle panels of the figure). In the
abovementioned panels, we also show the average values of the
CO core mass growth rate and mass-loss rate obtained by such
a linear regression. Under the assumption that the evolution
following the last computed model will remain self-similar, we

can easily extrapolate these quantities at late times (dashed
lines in the right panels in the same figure). We are aware that
when the envelope becomes sufficiently small, the strength of
the pulses may change, and therefore the behavior of the CO
core mass and the total mass may change accordingly.
However, the importance of these effects, if they really exist,
is difficult to predict a priori; therefore, as a working
hypothesis, we assume a self-similar behavior of the relevant
quantities up to the end of the evolution. The intersection of the
two (extrapolated) lines, corresponding to the total mass and
the CO core mass, is the maximum CO core mass (Mco—_max»
marked in the right panels of the figure with a black dot) that
can be potentially formed before the envelope of the star is
completely removed by the stellar mass loss. This quantity
should be compared with Mco.., as defined above. An
estimate of this last quantity can be obtained by solving the
stellar structure equations for a completely degenerate star with
a given mass M and a chemical composition typical of the
zones interior to the CO core. In particular, we have taken the
internal composition of the 9.00 M. star model as a
representative one, being that slight variations of the chemical
composition do not significantly affect the total mass—central
density relation obtained in this way. By adopting the public
code provided by F. X. Timmes, we find that the mass
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®  Available at https:/ /cococubed.com/code_pages/coldwd.shtml.
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Figure 23. Selected quantities of the 9.20 M, model during the breathing
pulses induced by the **(Na, Ne) URCA pair: the central **Na mass fraction
(green line, left y-axis), the mass of the convective core (blue line, right y-axis),
and the central temperature (red line, right y-axis).

corresponding to the threshold density (log[p, (gecm™3)] =
9.6) for the activation of the 2*Mg(e~, v)*Na is
Mco.ec =1.415M., while the Chandrasekhar mass is
Mcn>~=145M.. Mcoe. is shown in the right panels of
Figure 29 by a vertical blue dashed line. The right panels of
the figure show that the minimum mass that can potentially
explode as an ECSN is ~8.5-8.8 M. Zha et al. (2019)
obtained Mco_ec = 1.36 M, in their evolutionary model, which
pushes the minimum mass that can potentially explode as an
ECSN to ~8.3 M, in Figure 30. It is worth noting that for any
given mass, the density obtained assuming that the structure is

20

fully degenerate is the minimum one, the reason being that a
progressive departure from degeneration allows for a progres-
sively higher contraction and therefore larger central densities
(for the same mass). This implies that the value of Mco.ec
marked by the blue dashed lines in the abovementioned figures
constitutes an upper limit to this quantity.

Figure 30 shows the Mco_max as a function of the initial
mass compared to the Mco.ec. Also shown in the figure is the
final ONeMg core mass as a function of the initial mass under
the assumption that the ONeMg core does not increase during
the thermal pulse phase because the accretion rate of the CO
core is not high enough to induce further C burning (Nomoto &
Iben 1985).

Taking into account all possible uncertainties, we conclude
that stars in the range 7.50 < M/M < 8.00 will lose their
H-rich envelope before the threshold density for the EC on
2*Myg is achieved; therefore, they will produce an ONeMg WD.
Stars in the range 8.50 < M/M, < 9.20, on the contrary, will
reach such a critical density before the H envelope reduces
enough to definitely quench the H-burning shell. Once the
2Mg(e~, v)**Na is activated, the final fate of these stars
(explosion or collapse to a neutron star) depends on the details
both of the explosion modeling and of the initial conditions
(see Section 1) and cannot be predicted with certainty in this
work. As a final comment, we point out that in stars with initial
mass 9.10 < M/M., < 9.20, the central temperature increases
substantially due to the TIR, and therefore the ignition of the
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Figure 24. Convective (green shaded areas) and chemical (color codes reported in the color bar) internal history during the phase when the URCA processes are
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Figure 25. Evolution of the central density as a function of time for three
models of the initial mass 9.20 M., prior the onset of the TIR (see text),
computed with the following assumptions: URCA processes and convective
mixing taken into account (reference model; red line), URCA processes taken
into account and convective mixing artificially suppressed (blue line), and
URCA processes neglected (green line).

2ONe photodisintegration before the activation of the EC on
24Mg cannot be excluded. In that case, it is difficult to predict,
a priori, the final fate of these stars.

3.9. Evolution toward Core Collapse: Stars with M > 9.22 M,
(Mco = 1.08 M)

Stars with initial mass M > 9.22 M, form an ONeMg core in
which the maximum temperature reaches the threshold value
for the Ne ignition. The thermal behavior of the ONeMg core
depends on both the behavior of the C-burning shell and the
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Figure 26. Evolution of the central temperature as a function of the central
density for three models of initial mass 9.20 M., prior to the onset of the TIR
(see text), computed with the following assumptions: URCA processes and
convective mixing taken into account (reference model; red line), URCA
processes taken into account and convective mixing artificially suppressed
(blue line), and URCA processes neglected (green line).

convective history of the CO core, which, in turn, depend in
general on the CO core mass at core He depletion. In the
present set of models, we find that the minimum CO core mass
at core He depletion for the activation of Ne burning is
Mco = 1.08 M, which corresponds to CO and ONeMg core
masses at Ne ignition of Mco=1.363 and Moneme =
1.349 M., respectively (Figure 31 and Table 3). It is interesting
to note that Ne ignition is activated before the ONeMg core
(which coincides with the C-burning shell by definition)
approaches the CO core (i.e., the He-burning shell), as happens
in all of the models that do not ignite Ne and evolve through
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Figure 27. Same as Figure 23 but for the 9.15 M, model and during the TIR
(see text) induced by the 2 (Mg, Na) URCA pair.

the SAGB phase. This is the reason why the ONeMg core mass
versus the initial mass relation shows a small bending in the
transition between SAGB stars and stars that do ignite Ne
burning (Figure 31). As in the case of C ignition, the mass
coordinate corresponding to the Ne ignition decreases progres-
sively as the initial mass increases, ranging from 0.966 M, for
9.22 M, to O for 13 M, which is the lowest mass that ignites
Ne at the center (Figure 12 and Table 3). Off-center Ne burning
is ignited under conditions of sizable degeneracy (¢) ~ 7-5, in
the mass range 9.22-12.00 M.); therefore, the local nuclear
energy release drives a progressive increase of both the
temperature and the luminosity and, as a consequence, the
formation of a convective zone. Such a convective zone
reaches a maximum extension and then tends to recede in mass
as the Ne is progressively depleted. In the lower-mass models
(9.22-9.30 M), during this phase, the temperature approaches
values as high as log7 (K) ~ 9.3; therefore, O burning is also
ignited before convection quenches. This drives the convective
zone to increase again up to a maximum extension. After the O
ignition, the Ne/O burning proceeds simultaneously in a
convective shell that progressively moves toward the center as
the fuel is locally exhausted, the temperature is increased, and
the degeneracy is significantly removed (left panel of
Figure 32). In the more massive models (9.50-12.0 M.,), on
the contrary, the local temperature does not reach the threshold
values for O ignition; therefore, the first convective zone
quenches and disappears as the Ne is depleted locally. After
this first convective episode, contraction resumes, and another
convective zone forms. From this time onward, the evolution of
the Ne/O burning front in these more massive models is similar
to the one described above for the lower-mass stars (see right
panel of Figure 32).

Figures 33 shows the main properties of a typical model
during the propagation of the Ne/O burning front toward the
center. The burning is occurring at the base of the convective
shell, marked by the gray area, which is at a high temperature
compared to the inner, much cooler radiative zones. Because of
the efficient ECs, the main products of the Ne/O burning
within the convective shell are 34S, 28Si, 30Si, and *2S. The
efficiency of the ECs, however, decreases as the initial mass of
the star increases; therefore, the chemical composition left by
the Ne/O burning tends to be dominated by less neutron-rich
isotopes as the initial mass of the star increases. Figure 34
shows the chemical composition of selected models once the
Ne/O burning front has reached the center.

In the 13.0 M, model, Ne burning is ignited at the center and
develops in a convective core. Once Ne is depleted in the
center, the burning shifts outward in mass, in the region with a
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variable composition left by the receding convective core, and
drives the formation of a convective shell at a mass coordinate
of ~0.18 M.,. During this phase, the temperature in the shell
increases enough that O burning is ignited. Ne and O burning
then proceed simultaneously in such a shell, which increases
progressively in mass up to a maximum extension of
0.17-1.00 M. Once O is exhausted in the shell, the burning
shifts inward and drives the formation of a convective core that
reaches a maximum extension of ~0.07 M, before disappear-
ing at O depletion. Ne and O burning develop in the 15.0 M,
model as in a typical MS.

It is interesting to note at this point that, at variance with off-
center C burning, no hybrid core is formed as a result of the off-
center Ne ignition. All of the stars that ignite off-center Ne
burning form an O-depleted core; i.e., in all of these models,
the ONe burning front reaches the center. This result is
consistent with what has been found by Woosley & Heger
(2015) and can be understood because we are using a similar
approach to treat the CBF. On the contrary, Jones et al. (2013)
found a case in which the ONe burning front does not
propagate toward the center, leading the star to reach central
densities high enough for the activation of the EC on *°Ne and
then to explode as an ECSN. This different behavior can be due
to the fact that Jones et al. (2013) do not include in the code any
specific treatment for the CBF; therefore, their models cannot
be directly compared to ours.

In the 9.22 M, star, after the Ne /O burning front has reached
the center, the most abundant nuclear species in the
O-exhausted core are >*S (~0.48), BAr (~0.22), 28
(~0.16), and *°Si (~0.13; left panel of Figure 34). O burning
that shifts in a shell settles at a mass coordinate of ~0.6 M,
where O is still quite abundant. Shell O burning moves outward
in mass, inducing the formation of three consecutive
convective shells. During this phase, in the inner core, 3 Ar and
2881 are converted into >*S and 3OSi, which increase to ~0.70
and ~0.28 in mass fraction, respectively. When the O-burning
shell has reached ~1.30 M., nuclear burning is ignited at
~0.95M,, at a temperature of ~3 x 10°K (Figure 35 shows
the physical and chemical structure of the star at this stage).

During the initial phase of this burning, the rearrangement of
the matter is such that **S and 3°Si are depleted while 831, >°Cr,
>*Fe, and *°Fe are produced in a convective shell that increases
progressively in size. Once **S and *°Si are exhausted in the
shell, convection quenches and the nuclear burning front shifts
inward in mass, where **S and 3°Si are still abundant, and
induces the formation of a convective shell that, once again,
reaches a maximum extension and then quenches. The burning
front, then, propagates in this way progressively toward the
center. A typical model during this phase in shown in
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Figure 29. CO core mass (left panels) as a function of time, total mass (middle panels) as a function of time, and total mass as a function of CO core mass (right
panels) for the 8, 8.50, 8.80, and 9.00 M, models (top to bottom). The time has been reset at the beginning of the thermal pulses. The solid red line in the left and
middle panels refers to the linear regression of the black line over the last few thermal pulses, superimposed on the black line itself. The values reported in the plots
(MCOyo and My,,) refer to the rate of growth of the CO core and the rate of mass loss obtained with the linear regression. The dashed lines in the right panels refer to
the extrapolation at late times of the various quantities shown in the figure, obtained with the linear regression mentioned before. The vertical blue dashed line marks
the CO core mass corresponding to the central density threshold for the activation of the EC on **Mg derived as discussed in the text (Zha et al. 2019).

once the burning front has reached the center is shown in
Figure 37. The residual g3 (~0.02 in mass fraction) is then
eventually burned in a convective core that increases in size up
to ~0.9 M, and leaves a chemical composition dominated by
>*Cr (~0.60) and *°Fe (~0.28).

Figure 36. As the **S—*°Si burning front moves inward in
mass, the interplay between local burning and convective
mixing is such that >*Cr tends to be the dominant nuclear
species, followed by *°Si and **S, not completely depleted, and
finally by “°Fe. The physical and chemical structure of the star

23



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 270:29 (28pp), 2024 February

E - - T T T 7 ]
E__Threshold for ECon *Mg o~ 3
14f :
< ]
2 13F =
» E E
) E E
O F B
= E E
1.2 E E
§ —— Max CO core
1.1 E —— ONeMgq core
W.OE L I I
8.0 8.5 9.0 9.5

Initial Mass (Mg)

Figure 30. Final CO and ONeMg core masses obtained with the “extrapolated

evolution” based on a linear regression (see text). Also shown is the CO core

mass corresponding to the threshold central density for the activation of the EC
24

on ~"Mg.

During the following evolution, the core contracts and heats
up, and the matter is converted to iron peak (Fe) isotopes. The
composition of the Fe core is dominated by the most abundant
isotopes of matter at the nuclear statistical equilibrium
corresponding to progressively higher values of the temper-
ature and density and progressively lower values of the electron
fraction due to the efficient ECs. The Fe core mass at the
presupernova stage is Mg, = 1.257 M, and its composition is
dominated by 5OTi, 54Cr, and *®Fe (Figure 38). All of the other
relevant physical quantities of the model at the presupernova
stage are reported in Table 3.

The evolution of the stars in the range 9.25-12.0 M, after
the Ne/O burning front has reached the center and up to the
presupernova stage is similar to that of 9.22 M. The only
difference is the mass coordinate corresponding to the Si-S
ignition. In particular, in the models with mass in the range
9.25-9.50 M., the Si-S 1is ignited at a mass coordinate that
progressively decreases as the mass increases; i.e., it is ~0.52,
~0.07, and ~0.005 M, for 9.25, 9.30, and 9.50 M., respec-
tively (see Table 3).

In the models with mass in the range 9.80—12.0 M, the **Si
is not completely exhausted in the inner core during the shell O
burning, as it happens in the lower-mass models, and it shows a
gradient (see Figure 39). The sizable abundance of **Si and its
profile induces an off-center nuclear ignition at a mass
coordinate that decreases as the initial mass increases, ranging
from ~0.387 M, for 9.80 M, to O for 13.0 M, which is the
lowest-mass model that ignites Si burning centrally and
behaves during this phase as a typical MS. The 10.0 M,
model is an outlier in this scheme because for some reason,
difficult to understand, a sizable abundance of 288i ~ 0.19 (in
mass fraction) is left in the center (in the inner ~0.020 M) at
the end of the shell O-burning phase; therefore, in this model,
the Si ignition point is more internal than in either the 9.80 or
11.0 M, model (Table 3).

Table 3 reports all of the main physical properties of all of
these models at the presupernova stage.

4. Summary and Conclusions

In this paper, we computed the evolution of stars with initial
mass in the range 7.00-15.00 M, from the pre-main-sequence

24

Limongi et al.

1.5 F T T T T E

: SAGB MASSIVE ]

: Mo e E

L :

2 / --- CO ]
~ 1.3F — ONeMg 3
b £ —e- Ne—ignition ]
2 E - 1TP ]
o 1.2F -o- He depletion 3
T E
11E P E
e :
E_--*" ]

1.0 CE— i, i b i, 3

9.0 9.1 9.2 9.3 9.4 9.5

Initial Mass (Mg)

Figure 31. CO (dashed line) and ONeMg (solid line) core mass as a function of
the initial mass at various evolutionary stages: core He depletion (red line and
dots), first thermal pulse (blue line and dots), and Ne ignition (magenta line
and dots).

phase up to the presupernova stage or an advanced stage of the
TP phase, depending on the initial mass. The main goal of these
calculations is to study in detail the evolutionary behavior of
stars across the transition from AGB and SABG stars to ECSN
and CCSN progenitors.

A summary of our results is shown in Figure 40 and
discussed below.

All the stars in the mass range studied here evolve through
the core H- and He-burning stages.

Stars with initial mass M < 7.50 M, develop a degenerate
CO core in which the temperature remains below the threshold
value for the ignition of the C-burning reactions. These stars
then evolve through the TP-AGB phase and eventually end
their evolution by forming a CO WD surrounded by material
ejected during the previous evolutionary phases, i.e., a
planetary nebula.

In stars with initial mass M > 7.50 M, on the contrary, the
temperature in the CO core becomes high enough to allow the
ignition of the C-burning reactions. In particular, stars with
initial mass in the range 7.50-9.50 M, ignite C off-center, with
the C ignition point decreasing from 0.588 M, for 7.50 M, to
0.022 M, for 9.50 M. Stars with initial mass M > 9.50 M,
ignite C centrally. This feature is mainly due to the fact that the
degree of degeneracy in the CO core decreases progressively as
the initial mass increases. In all of the stars, the result of the C
burning is the production of an ONeMg core, with the
exception of the 7.50 M, star, in which the C-burning front
quenches before reaching the center, and therefore a sizable
amount of '°C is left unburned in the inner ~0.3 M. In this
case, a hybrid CO core is formed, i.e., a CO core in which the
central part is enriched by a mixture of O and Ne, resulting
from the quenching of the off-center C burning.

After core He depletion, in stars with initial mass
M < 11.00 M., the convective envelope penetrates into the
He layer, and the second dredge-up takes place. The
evolutionary stage at which this phenomenon begins and goes
to completion (i.e., when the convective envelope reaches the
maximum depth) depends on the initial mass. In particular, it
begins (1) after core He depletion for the 7.00 M, star, (2)
before C ignition for the 7.50-8.00 M, stars, and (3) after C
ignition for the 8.50-10.00 M, stars. The convective envelope
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Figure 33. Selected chemical and physical properties (see the legend) of the
9.50 M, model during the off-center neon burning.

reaches its maximum depth during the second dredge-up (1)
before the beginning of the TP phase for the 7.00 M, star and
(2) after the C-burning phase for the 7.50-10.00 M, stars.

In stars with initial mass in the range 7.50-9.20 M., the
maximum temperature in the ONeMg core (the hybrid CO core
for 7.50 M) does not reach the threshold value for the ignition
of Ne burning. Therefore, these stars evolve through the TP-
SAGB phase. As the initial mass increases, the maximum
luminosity of the He-burning shell reached during each pulse
decreases, while the frequency of the thermal pulses increases.
This is due to the increasing size of the ONeMg core with the
initial mass. This also implies that the third dredge-up, i.e., the
penetration of the convective envelope into the He core,
decreases progressively as the initial mass increases, disappear-
ing for stars with M > 9.00 M. In stars with initial mass in the
range 9.05-9.20 M., the central density becomes high enough
that the URCA pair *(Mg—Na) is activated. This induces a
cooling of the center of the star while the core is still
contracting followed by a phase of contraction at constant
temperature. In the 9.20 M, star, the density increases enough
to reach the threshold for the activation of the URCA pair
23(Na—Ne). Also in this case, the center initially cools down
and then evolves at constant temperature. During these phases,
a convective core forms and progressively increases in mass,
causing, in stars with mass 9.10-9.20 M, a phenomenon
similar to the breathing pulses in core He burning. This
phenomenon happens after the activation of the *(Mg-Na)
URCA pair, in stars with initial mass 9.10-9.15 M., and after
the activation of the **(Na—Ne) URCA pair in the 9.20 M,
model and induces a substantial increase of the central
temperature (TIR). The final fate of all of these stars that do
not ignite Ne burning depends on the competition between the
increase of the CO core, which may lead to the potential
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explosion of the star once the central density reaches the
threshold value for the ignition of the EC on **Mg, and the
reduction of the envelope due to the mass loss. The detailed
calculation of such a competition would require the calculation
of several thousands of thermal pulses (together with the
URCA pairs in the more massive ones), which is not feasible
with the network adopted in this work and the computers
presently available. For this reason, the final fate of these stars
has been estimated by means of “extrapolated” evolutions.
According to these extrapolations, and taking into account all
of the possible uncertainties, we predict that in stars with initial
mass in the range 7.50-8.00 M., the mass loss is efficient
enough to reduce the total mass before the CO mass reaches the
critical value for the activation of the EC on **Mg. These stars,
therefore, will end their lives producing ONeMg WDs (a
hybrid CO WD in the 7.50 M, star case). Stars with initial
mass in the range 8.50-9.20 M, develop CO cores massive
enough to reach the activation of the EC on **Mg before the
envelope is completely removed by the mass loss and therefore
can explode as ECSNe or collapse to a neutron star; the actual
outcome depends on the details of the explosion modeling and
the initial conditions and cannot be predicted with certainty in
this work. Let us eventually remark that in stars with initial
mass 9.10-9.20 M., the increase of the central temperature due
to the TIR up to the threshold value for the ignition of the **Ne
photodisintegration, before the activation of the EC on **Mg,
cannot be excluded. In such a case, the prediction of the final
fate of these stars is difficult to predict a priori.

In stars in the mass range 9.22-15.00 M., the maximum
temperature in the ONeMg core reaches the threshold value for
the ignition of Ne burning. In stars with initial mass in the
range 9.22-12.00 M, Ne burning is ignited off-center, with the
mass coordinate of the ignition point decreasing progressively
with increasing mass. The off-center Ne ignition induces the
temperature to increase above the threshold value for the
ignition of O burning; therefore, in these stars, Ne and O
burning occurs simultaneously. The Ne/O burning front then
shifts progressively toward the center until an O-exhausted core
is formed. Note that, at variance with the off-center C ignition,
no hybrid core is formed as a result of the off-center Ne/O
burning. In stars with mass M > 13.00 M, the Ne burning is
ignited centrally. While in the 13.00 M, star, Ne and O burning
occur simultaneously, in the 15.00 M, star, they develop in two
different stages, as happens in the classical MSs. Also in these
stars, the final result of Ne and O burning is the formation of an
O-exhausted core.
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Figure 34. Selected chemical and physical properties (see the legend) of the 9.22 M, (left panel) and 12.0 M., models when the ONe burning front has reached the

center.
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Figure 35. Selected chemical and physical properties (see the legend) of the
9.22 M., star at off-center Si-S ignition.
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Figure 36. Selected chemical and physical properties (see the legend) of the
9.22 M., star during the off-center Si-S burning.
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Figure 37. Selected chemical and physical properties (see the legend) of the
9.22 M, star when the Si—S burning front has reached the center.

The evolution after either center and off-center Ne/O
burning is characterized by the O-shell burning that shifts
progressively outward in mass and leads to the Si—S ignition.
This burning starts off-center in stars with initial mass in the
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Figure 38. Selected chemical and physical properties (see the legend) of the
9.22 M, star at the presupernova stage.
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Figure 39. Selected chemical and physical properties (see the legend) of the
11.0 M, model during the shell O-burning phase.

range 9.22-12.00 M., and the main fuel is **S and **Si in the
lower-mass models (9.22-9.50 M) and 28Si in the more
massive ones. This is due to the fact the lower-mass models
evolve at lower entropy and therefore in these stars, the ECs are
more efficient in reducing the electron fraction. As in other
previous off-center burning, in this case the Si—S burning front
propagates toward the center, followed by a shell Si—S burning
phase, until an Fe core is formed. Also in this case, the Si—S
burning front does not quench before reaching the center;
therefore, no hybrid Si—S core is formed. Si burning is ignited
centrally in stars with initial mass M > 13.00 M, and is
followed by a shell Si-burning phase like in the classical MSs
until an Fe core is formed. The final fate of all of the stars in the
mass range 9.22-15.00 M, is therefore explosion as CCSNe.
As a final comment, let us note that the luminosity of the lower-
mass star that explodes as a CCSN (see Figure 2) is compatible
with the estimate of the minimum Iuminosity for the
progenitors of SNIIP derived from the analysis of the high-
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resolution images obtained by space- and ground-based
telescopes (Smartt 2015).
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