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Abstract

SN 1987A is a core collapse supernova (CCSN), which occurred in the Large Magellanic

Cloud. Thanks to its proximate, we succeeded in observing multi-wavelength variation of

the SN, from the onset. The observations contained several mysteries, e.g. the red to blue

evolution, ring like nebula, chemical anomalies in the ejecta and nebula, and its post-blue

lifetime. Based on these mysteries, the progenitor of the SN is thought to have undergone

a peculiar evolution.

Many authors have been trying to solve these mysteries. There are two major dues as

to the cause of the red to blue evolution; the increasing helium abundance in the envelope

and the decreasing core-total mass ratio, q ≡ Mcore/Mtot. Saio et al. (1988b) suggested

that the helium abundance enhancement was caused by rotational mixing. This leads to

decreasing envelope opacity, and to increasing stellar luminosity. As a result, the star

contracts to remain in energy equilibrium. Podsiadlowski et al. (1992) suggested that

the decreasing q helps to understand the evolution, in a binary scenario. The mass can

increase due to binary interactions, such as mass accretion and stellar merger, increasing

gravity in the envelope. This leads to contraction. Despite this relative understanding,

present models are unable to quantitatively account for all of the observational constraints.

Studies of CCSNe progenitors are useful for numerical simulations of SNe, their light

curves, and origins of progenitors of CCSNe. There are many observational constraints for

the progenitor of SN 1987A. Therefore, constructing a more complete model is possible

and can be utilized for the above studies. To achieve this purpose, I first begin to verify

both effects for the red to blue evolution suggested by previous works, with the stellar

evolutionary code described by Takahashi et al. (2014). I construct a model in which

surface matter accretion is parametrized. In this model, I use a RSG, whose initial mass

is 14.0 M⊙, in two phases; one having a He core and another having a CO core. The main

differences between these are the stages of development of convection in the envelope and

core. Physical quantities of surfaces of evolved stars are adopted for accreted matter. For

the He core case, the RSG becomes a blue progenitor, if 5.0 M⊙ or more is accreted. In

the CO core case, the RSG never transitions to blue even if 12.0 M⊙ is accreted. This

indicates that the decreasing q is informative, and that physical structure of accreted

matter must be considered. To verify the effect of helium enhancement, I construct a
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model in which helium abundance in the whole envelope is modified with a RSG having

a CO core of initial mass 16.0 M⊙. In this model, the RSG becomes a blue progenitor

if the helium abundance is 0.625 or more by mass fraction. The value is, however, very

high within realistic parameters. As a final verification, I construct a model in which

both effects are included with a RSG having a CO core. The procedure is such that the

helium enhancement model proceeds after the increasing mass model. The results show

that a blue progenitor is produced, but that such an outcome is difficult within realistic

parameters.

Using parameters, I construct an evolutionary model for the progenitor based on the

stellar merger scenario (Podsiadlowski et al., 1992; Ivanova et al., 2002). The scenario is

as follows; there are two stars in a close binary system. The primary star has a mass of

about 15.0 M⊙, and the secondary star about 7.0 M⊙. If drastic mass transfer occurs

between them, the system enters into a common envelope phase. When the secondary

spirals inward due to friction between it and the envelope, its orbital angular momentum

is transfered to the surrounding matter. After the secondary has reached about 10.0 R⊙,

it starts to dissolve. The matter moves toward the core, and interaction between them

occurs. It is expected that this interaction leads to mixing, and matter in the deep inner

region is dredged up to the surface. The model can be described with two parts; injection

of orbital angular momentum and dissolution of the secondary. My best model, in which

the primary is a RSG having a CO core, succeeds in quantitatively explaining the red to

blue evolution, the post-blue lifetime, the chemical anomalies, the envelope mass, and the

position on the Hertzsprung-Russell diagram. In this case, the initial mass of the primary

is 14.0 M⊙ and the mass of the secondary 7.7 M⊙. The difference between the merger and

the increasing mass models is the structure of the merged object while/after the mass is

accreted. Therefore, the decreasing q and the physical quantities of the accreted matter

are important for the red to blue evolution. From analysis of the modeled spiral-in phase,

it is implied that mass loss with a more effective loss of angular momentum, such as

disk- like mass loss, is required instead of wind mass loss assumed in the code. Large

scale mixing due to interaction would not affect the evolution. Matching the chemical

anomalies however is important.
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Chapter 1

Introduction

Figure 1.1. An image of SN 1987A taken in February 21st 2007 (credit: NASA, ESA,

P.Challis and R.Kirshner)

A supernova (SN), occurred in the Large Magellanic Could (LMC), was observed on

February 23rd 1987. It was named SN 1987A and has brought a lot of knowledge to

us until now. This was a very peculiar SN. Multi-wavelength observations, since the

beginning of the explosion, were possible because the LMC is the nearest galaxy from the

Earth. In this chapter, I describe history of these observations and previous studies, the

background knowledge, and the goal of this thesis.
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1.1 Observations

1.1.1 Blue progenitor

Kamiokande II detected neutrinos originating from the SN before it began to shine (Hirata

et al., 1987). The emission of neutrinos was expected by the theory of stellar evolution,

and the detection confirmed the final stage of evolution. Unexpectedly, the SN became

6.4 magnitude in about 3.0 hr after the detection, which was shorter than predicted by

the theory. In addition, the peak luminosity was fainter. A relation between the time

and luminosity can be understood as follows; For a core collapse supernova (CCSN),

after infalling matter from the stellar envelope reaches the surface of the core, the matter

is rebounded by the core, and it moves toward the stellar surface with a shockwave.

At almost the same time, neutrinos are emitted. While the shockwave is proceeding,

the kinetic energy is converted to thermal and radiative forms. When the shock breaks

through the envelope, luminosity of a SN starts to shine. Therefore, the breakthrough

time-scale determines the beginning of the increasing post-collapse luminosity. Since the

reaction cross section of a neutrino is very small, it reaches the surface almost without any

interaction with matter. Thus, if an observer measures the deviation between the time of

the detection and the increasing luminosity, we can find the diffusion time of a photon,

by which the stellar size can be roughly estimated. If the progenitor was a RSG, the

deviation would be a few days, which is obviously longer than the observation. Therefore,

it was expected that the progenitor was a blue supergiant (BSG) whose typical radius is

about 10.0 R⊙. This was confirmed by direct observation of the progenitor. It was SK

-69◦202, which was the first case of a prior identification of a CCSN progenitor. In this

way, the progenitor was identified as a BSG from observational facts.

1.1.2 Ring like nebula

There is a ring like nebula around the position of the explosion. The nebula can be

described as one equatorial ring (ER) and two outer rings (ORs) which can also further

separated into north-OR (NOR) and south-OR (SOR).

Wampler & Richichi (1989) presented the first evidence of the ER from spectra of

emission lines of [O III], which were detected 310 days after the explosion, taken by

the European Southern Observatory Cassegrain echelle spectrograph on the 3.6 meter

telescope. Crotts & Heathcote (1991) investigated velocity structure of the ER, which was

about 10.0 km sec−1. They assumed that the origin of the ER was due to an interaction

between stellar winds of the RSG and BSG, meaning the occurrence of the transition

from red to blue due to some mechanisms. Time at the beginning of the transition was
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estimated to be about 2.0× 104 yr before the explosion from the velocity and size of the

ER.

On the other hand, studies about the ORs have been fewer than that of the ER because

its faintness has made spectral observations difficult. Existences of the ORs were first

implied by Wampler et al. (1990) as loop like structures. The geometries were clearly con-

firmed by Burrows et al. (1995) with the Hubble Space Telescope (HST). They estimated

that the SOR was about 2”.5 south and the NOR about 2” north from the position of the

explosion, implying that material of the rings was ejected by asymmetric mass loss.

The masses of the rings are summarized in Table 1.1. The mass range of the ER is 0.34

M⊙ – 1.7 M⊙(Crotts & Heathcote, 1991; Sugerman et al., 2005), and the masses of the

ORs are 0.045 M⊙(Lundqvist & Fransson, 1996), indicating that the ER is about 10.0 –

1.0×102 times as massive as the ORs are. Therefore, most of the mass of the ring system

is concentrated in the ER.

Figure 1.2. Structure of [O III] λ5007 taken in March 26th 1988 (Wampler & Richichi,

1989).
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Figure 1.3. A contour map of the deconvolved [O III] λ5008 together with sketch (dot)

given by Crotts et al. (1989) (Wampler et al., 1990)

1.1.3 Chemical anomalies

Chemical anomalies in the ring system have been confirmed ( see e.g. Fransson et al.

(1989)). Lundqvist & Fransson (1996) measured chemical anomalies in the ER; N/C =

5.0 ± 2.0, N/O = 1.1 ± 0.4, and He/H = 0.25 ± 0.05, by number. Here, N is nitrogen,

O oxygen, He helium, and H hydrogen. These imply that the progenitor experienced a

RSG stage with a large convective envelope, which dredged up the CNO elements to the

surface, reinforcing the scenario that the progenitor became a BSG from a RSG 2.0× 104

yr before the explosion. Mattila et al. (2010) also presented the enhancement; N/O =

1.5± 0.7 and He/H = 0.17± 0.06, and so on. The He/H ratio is lower than the previous

study. Panagia et al. (1996) found that the CNO elements in the ORs were about 3.0
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Ring masses

The ER The ORs

[M⊙] [M⊙]

Lundqvist & Fransson (1996) - 0.045

Crotts & Heathcote (1991) 0.34 -

Sugerman et al. (2005) 1.7 -

Table 1.1. Masses of the triple rings in the observations. The ER is the equatorial ring

and the ORs are the outer rings.

times lower than in the ER, but Maran et al. (2000) suggested that the abundances of the

CNO elements were the same in the NOR and the ER. In either case, the material would

be ejected in the phase during which the progenitor was a RSG with a CO core.

1.1.4 Light curves

Multi-wavelength light curves (LCs) of SN1987A were taken since the beginning of the

explosion. The shape of the LC was very interesting. As mentioned above, the brightness

due to the breakout at the peak was, however, fainter than expected. In addition, there

was no plateau phase after the peak. Instead, the luminosity decreased until about 10.0

days from the beginning. Amazingly, it started to increase again after this. It lasted until

about 1.0×102 days with plateau like shape. Therefore, there were two peaks in the LCs.

Such a LC has been classified as a Type II-pec.

1.2 Theoretical studies

As seen above, there are observational constraints about the evolution of the progenitor;

the transition from red to blue, timing of the transition before the explosion, formation

of the three rings, and the chemical anomalies. Many authors have proposed numerical

models for explaining the observations with various scenarios and methods as described

in the followings.

1.2.1 Single star models

Making blue progenitor stars is easy under a specific condition; the low metallicity region

(e.g., Brunish & Truran, 1982). Because the radiation pressure does not work efficiently,

the stars are harder to expand. Therefore, the stars can become BSGs at their ends,

but they never enter a RSG phase. To explain that the progenitor was a BSG, this

condition was very reasonable and natural. The models would be, however, inconsistent
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with observations of star population in the LMC where there are many RSGs. In addition,

these cannot explain the evolutionary history.

To produce blue progenitor stars, there are mechanisms by which convection can be

restricted. If the Ledoux criterion is adopted instead of the Schwarzaschld one, semicon-

vection near the surface of the core is suppressed. Woosley (1988) proposed models in

which 15.0 and 20.0 M⊙ stars with the metallicity of the LMC ended their lives as BSGs

after they first moved redder and climbed up along the Hayashi line although the stars

with solar metallicity ended their lives as RSGs. In their models, the notable point is that

convective overshooting and semiconvection are not allowed under the Ledoux criterion.

Under the same conditions, a 25.0 M⊙ star, however, became a red progenitor. There-

fore, they could not conclude whether the restricting convection was important for the

transition or not. However, this remains as one important possibility for consideration.

Saio et al. (1988b) suggested that increasing helium abundance in the envelope was the

critical factor, and investigated this effect with a stellar evolution code. Since massive

stars have high initial surface velocities generally, they thought that the rotation could

cause strong matter mixing of the interior, while the helium layer of the core was reduced

(Saio et al., 1988a). Due to the mechanism, the increasing helium abundance is achieved

because He-rich matters of the layer of the core have been dredged-up toward the surface.

In general, opacity in the envelope of massive stars can be described by electron scattering

as follows in cgs units;

κel = 0.2× (1 +X) (1.1)

where κel is the opacity of electron scattering and X is the mass fraction of hydrogen.

Therefore, it is expected that increasing helium abundance leads to a decreasing κel, and

photons can go through the envelope more easily than with lower helium abundance.

This leads to increasing luminosity. As a result, the surface contracts to maintain energy

equilibrium. Because their code could not treat the rotation effects, they set the mass-loss

rate, metallicity, and helium abundance in the envelope as free parameters at the start of

the calculation. As conditions for making a blue progenitor in their models, they required

higher mass-loss rate, higher helium abundance, and lower metallicity. Their scenario can

be summarized as follows; The star was born in a very low metallicity region, and the

stellar mass at ZAMS was about 20.0 M⊙. During a RSG phase, the star was evolving

toward the right in the HRD with high mass-loss rate. Before reaching the Hayashi line,

much of the envelope was lost, which was at least more than 5.0 M⊙. H-rich matter around

the surface was lost and He-rich matter was dredged up due to inner mixing enhanced by

the rotation, meaning that helium abundance in the envelope was enhanced. As a result,

the star moved bluer, and a BSG exploded.
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Figure 1.4. Results from Saio et al. (1988b). Each evolutionary track was calculated

until the central carbon ignition. “A, B, and C” correspond to models Z0M0,

Z0M2Y0, Z0M2Y2, respectively. Here, Z is the metallicity, Y the given helium

abundance, and M2 a free parameter which times the empirical formula of

the mass-loss suggested by de Jager et al. (1988). Z0 indicates Z = 0.005, Y0

= 0.25 and Y2 = 0.4, and M2 5.0 times the mass-loss rate.

1.2.2 Binary models

When a binary system evolves, roughly, there are two remarkable phenomena; a mass

transfer and a merger. To understand these, concepts of the effective potential and Roche

lobe are important. The effective potential, ϕeff , is defined by the sum of gravitational

and centrifugal potentials, ϕg and ϕc as follows;
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ϕeff = ϕg + ϕc (1.2)

= −G(M1 +M2)

|r⃗1 − r⃗2|
+ |Ω⃗× r⃗|2 (1.3)

where M1 is the mass at point 1, r⃗1 the position vector at point 1, M2 the mass at point

2, r⃗2 the position vector at point 2, Ω the angular velocity vector, and r⃗ the relative

vector between them. There is a saddle point L1 between the two mass points. The

effective potential passing L1 is like a lobe, so the region is called the Roche lobe. In the

inner region of the Roche lobe, gravity generated by each point is dominant. Thus, if any

matter drops into the inner region, it becomes trapped there. As stars evolve, the size

of a more massive star increases more rapidly, through expansion of its envelope, than

that of a lighter star. Therefore, the bigger star can overflow from its own Roche lobe,

such that matter originating from it flows toward the lighter star. In extreme cases, the

stars will merge. In the case that the bigger star has a convective envelope and the lighter

star a radiative one, in a close binary system, the mass transfer becomes unstable when

the bigger star enters into RSG phase. This occurs because the thermal time-scale of the

bigger star is shorter than that of the lighter star. As a result, matter originating from

the bigger star also overflows from the Roche lobe of the lighter star. After this unstable

phase is completed, the system enters into a common envelope phase, in which the core of

the bigger star and the lighter star are immersed by matter originating from the envelope

of the bigger star. Classification of the mass-transfer depends on the main composition

of the core. If the composition is helium, it is called a late case B transfer, and if the

compositions are C and O, it is called a late case C transfer. In the system, the lighter

star spirals inward due to friction between it and the envelope because of transfer of its

orbital angular momentum to the surrounding matter, which accelerates ejection of the

envelope. When the lighter star approaches the center, mass-transfer between it and the

core occurs. As a result, the lighter star is dissolved into the system: a merger occurs.

Podsiadlowski et al. (1992) investigated progenitor stars of CCSNe originating from a

binary evolution with a stellar evolution code and estimated the fates of binary scenarios

quantitatively. In their merger models, which were based on the above scenario, they

introduced that the gravitational constant, G, was transfered to a function of the radius

and mass coordinate as an effect of the motion of the secondary during the spiral-in phase;

Ǵ(r) =

{
G (r < r(mp))

G(m(r) +M2)/m(r) (r > r(mp))
(1.4)

where Ǵ is the transfered gravitational constant, mp the portion of the primary’s mass

within the orbit of the secondary, r(mp) a distance which corresponds to mp, m(r) the
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primary’s mass enclosed in a sphere of radius r. The radius of the secondary, which is

estimated by R = (M/M⊙)
0.8, is compared with its Roche-radius, RL, in each time step,

where it was estimated as follows;

RL =
0.49q0.49L

0.6q
2/3
L + ln(1 + q

1/3
L )

a (1.5)

where qL is the mass ratio of the primary and secondary and a the separation between

the core and the secondary. This equation can represent the mentioned above mechanism

clearly. When the secondary moves to the inner region, the Roche-radius decreases because

a becomes smaller. If the radius of the secondary becomes larger than the Roche-radius,

the secondary’s radius becomes the Roche-radius. At this time, there is no portion of the

secondary enclosed by a sphere of the Roche-radius. This extra matter of the secondary

is added to the local mass shell in which the secondary is located in their model. They

showed a model which was consistent with the progenitor on the HRD and the mass of the

progenitor was 18.6 M⊙ (see Fig 1.5). Because their code could not treat stellar rotation,

they did not discuss rotational effects on the evolutionary history quantitatively.

Ivanova et al. (2002) presented detailed two-dimensional hydrodynamical simulations

of the interaction between a stream from the Roche lobe of the secondary and the core of

the primary in the system in which the mass of the primary is 20.0 M⊙ and that of the

secondary is 1.0 – 5.0 M⊙. This corresponds to the late phase in the merger scenario. In

this situation, the typical mass-loss rate is 10−2 – 10 M⊙ yr−1 (Podsiadlowski, 2001). The

penetration depth depends on the initial properties of the stream, which are its entropy, its

angular momentum, and its width. The depth also depends on the density and rotation

of the primary’s core. They found that the depth is 1.0 – 3.0 ×1010 cm as a typical

value. Because the stream is composed of H-rich material, nuclear burning occurs at the

impact region. In most cases, the burning dose not affect the structure and motion of

the stream because the characteristic time-scale of the burning is generally longer than

the dynamical time-scale of the stream. However, in the special condition where the

core rotates relatively fast and has a very steep density gradient, a strong shockwave is

generated. It causes heating of the ambient matter, leading to a nuclear runaway. Hence,

a detonation wave induced by it occurs. The wave propagates toward the surface of the

merged object, and leads to an expansion of the envelope. If a long time calculation of

their study were carried out, matter from near the surface of the core to the stellar surface

may be mixed due to the established convection.

Recently, Menon & Heger (2017) advanced this study with presenting the evolutionary

models based on the merger scenario. The melting, the stellar rotation, and the erosion

were taken into account as parameters in their models. They succeeded in quantitatively

explaining many evolutionary properties, such as the transition, the position on the HRD,
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and chemical anomalies. The spiral-in phase was, however, not modeled. Thus a discussion

about the mass loss, during the spiral-in phase and after the merger, was incomplete. In

addition, the lifetime and N/C were a bit in excess of the observational constraints in

their best model.

1.2.3 Simulations for the rings

Initial models for formation of the rings were presented from the perspective of how the

ER was created. Blondin & Lundqvist (1993) presented two-dimensional time-dependent

hydrodynamic calculations of the scenario that fast wind from the SN interacted with a

slow wind from a progenitor RSG, which enhanced the density contrast in the ER. Luo

& McCray (1991) had suggested this scenario previously, and had ruled out one of the

possibilities that the ring was the protostellar disk which was formed when the progenitor

was born.

The above scenario was, however, excluded by discovery of the ORs because it was

required that the three rings was formed at the same time. Meyer (1997) proposed a

model for the triple rings based on the scenario that heating of matter originating from the

RSG due to ionization from the wind interaction which in-turn induced by hydrodynamic

motions, creating the rings. Unfortunately, the observation could not be explained with

realistic parameters. The problem was solved naturally if it was considered that the

progenitor resulted from binary evolution. Morris & Podsiadlowski (2006) investigated

the mass loss from a common envelope in which the companion spirals toward the center

rapidly where the total mass is 20.0 M⊙ and the orbital period, P , about 10 yr with three-

dimensional smoothed particle hydrodynamics (SPH) calculations. Their model proposed

that the mass loss enhanced at mid-latitudes the distorted system, and that the wind

interaction led to formation of the ORs. In one of the more remarkable results, if the

deposited energy was less than about one-third of binding energy of the envelope, the

mass loss at the equatorial plane was suppressed completely. Morris & Podsiadlowski

(2007) presented a model which succeeded in explaining evolutionary history from the

beginning of the merger to formation of the triple rings consistently. Especially, properties

of geometry of the rings were well reproduced as seen in Fig 1.6. They estimated that the

mass of the ejected matter during the transition was several M⊙ for typical parameters.

In their best model, the ER contains 0.4 M⊙ and the ORs do 0.02 M⊙ each. It may use

constraint on the lower limit of total mass of the ejected matter during the phase of the

merger although the observational constraints for the mass has been uncertain.
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1.2.4 Models for the light curves

SNe are classified by their LC shapes and their spectra. There are two classes; Type I

and II. The difference between them is whether H line (emission or absorption) emerges

or not in the spectra. Type II events are also classified into subclasses. Most of Type II

SNe are Type II-P. The envelope of a progenitor of Type II-P starts to expand after the

shock goes through it. Thanks to the expansion, temperature of the envelope decreases

to about 6.0× 103 K from about 105 K. At this time, ionized hydrogen due to the shock

heating starts recombination. As a result, the region at about 6.0 × 103 K becomes a

photosphere. With the expansion, the photosphere extends to the inner region in the

mass coordinate, but is fixed in the radial coordinate. Since the luminosity of a SN, LSN,

can be represented as blackbody radiation, it is described as follows;

LSN ∼ 4πR2
phσBT

4
ph (1.6)

where Rph and Tph are the radius and temperature of a photosphere and σB is the Stefan-

Boltzmann constant. Therefore, there is a phase of constant luminosity in LCs of Type

II-P, which is called a “plateau”. The phase continues until about 1.0 × 102 days since

the explosion. LCs of SN 1987A are peculiar comparing with these of Type II-P. Thus,

LCs like SN 1987A are called Type II-pec. This type is a very rare event whose rate is 1

– 3 % of all CCSNe.

LCs of SNe can provide us with a lot of information about the state of the envelope of

the progenitor, the ejecta mass, the explosion energy, and the mechanism of SNe. There

are three sources of its brightness. The first is due to matter heating driven by propagation

of the shockwave, which is mentioned above. The second is due to radioactive decay of
56Ni which is created at the explosion. 56Ni β-decays to 56Co. This 56Co γ-decays to
56Fe, as γ-rays and positive electrons are emitted by stellar matter. The third is due to

the rotational energy of a pulsar. Accelerated particles due to the wind of a pulsar collide

with the ejected matter. In the case of SN 1987A, the increasing brightness after the first

peak was due to radioactive decay. This contribution could be identified thanks to its

faintness. After the second peak, the decay rates of the LCs corresponded to a half-life of
56Ni.

A lot of information has been brought out by modeling the LCs by many authors.

Shigeyama et al. (1988) presented hydrodynamical calculations in which the propagation

of the shockwave, the expansion of the progenitor, and the optical LC were included.

Parameters of their models were the ejecta mass Meje, the explosion energy Eexp, and the

compositions of the surface, and they assumed the matter mixing due to the Rayleigh-

Taylor instability as a parameter. The rate of explosion energy and the envelope mass
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Menv, Eexp/Menv, is a indicator for the lower limit from the initial steep rising and the

plateau around the second peak and for the upper limit from the slow expansion velocity of

the inner layers. The best value of Eexp/Menv was 1.5 ± 0.5 ×1050 erg M⊙
−1. In details,

Eexp was 1.0 ± 1051 erg and Menv 6.7 M⊙. Shigeyama & Nomoto (1990) refined this

study because new observational data had been collected on the abundance distribution

in the ejecta. The updated Eexp/Menv was 1.1 ± 0.3 × 1050 erg M⊙
−1. The propagation

time, τprop, was approximated by the stellar radius R0, Meje, and Eexp (Shigeyama et al.,

1987);

τprop ∼ 2hr
R0

3× 1012cm

(
Meje

10M⊙

Eexp

1× 1051erg

)1/2

(1.7)

The detections of neutrinos ruled out τprop < 3 hr, so the radius has been limited. Ac-

cording to their model, the radius of the progenitor larger than 4.5 × 1012 cm did not

agree with the observation.

1.3 Goal and aim of this thesis

A goal of this study is to construct the evolutionary model which succeeds in quantitatively

explaining all of the observational constraints to reveal the amazing evolutionary history

of the progenitor and to understand properties of progenitors of Type II SNe.

Towards this aim, I have been constructing the evolutionary model with a binary merger

scenario until now (Urushibata et al., 2017, 2018). The scenario has been mentioned in Sec

1.1.2 and is split into two parts in my model. Firstly, angular momentum is injected to the

convective region for modeling spiral motion of the secondary due to friction. Secondly,

mass is added near the core of the primary for modeling dissolution of the secondary in

the inner region. After these, the calculation has been carried out until the Fe core is

formed. In this thesis, I refine my previous models and present a more variable model

than previously suggested by many authors. I also discuss the evolutionary mechanism

and properties.

The previous three models are summarized in Table 1.2. The models of Saio et al.

(1988b) and Podsiadlowski et al. (1992) explained the position on the HRD, the mass of

the envelope in a progenitor phase, and lifetime from the transition to the end, but did not

present the ejected mass for the triple rings and the chemical anomalies quantitatively.

These models probably use an older opacity treatment than the OPAL, which considerably

affects stellar evolution. Therefore, the results are uncertain if the OPAL is included. The

model of Menon & Heger (2017) was nearly able to provide constraints. However, the

lifetime was not explained when the chemical anomalies were matched, and the anomalies

were not matched when the lifetime was explained. Their model is similar to mine although
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their work was carried out independently. A crucial difference between my work and

theirs is whether a model for the spiral-in phase is included or not because their model

only included a phase of the melting of the secondary. It is expected that enhancement

of the mass loss induced by transfer of angular momentum significantly affect stellar

evolution. The mass of the ring system can be discussed using the ejected mass due to

the enhancement. Therefore, a model including the spiral-in phase is very important.

This thesis is constructed as follows: Understanding history of SN 1987A respect to

observations and theory is important to construct a refined model. This overview is sum-

marized in Chapter 1. Since a stellar evolution code has been run in my work, it is useful

that its description is described. In order to approach the goal, verifying a mechanism for

transition from the red to blue suggested by the previous studies is important. Therefore,

I construct three parametric models, in which effects of increasing helium abundance in

the stellar envelope, adding matter to the envelope, and a combination of both effects are

verified. After this, the progenitor model based on the merger scenario is constructed. De-

tails of the computational code and numerical models are given in Chapter 2. In Chapter

3, calculation results of the three parametric and merger models are summarized. I use

the results to bring out variable knowledge for the aim in Chapter 4. Finally, I conclude

this thesis in Chapter 5.

Previous models for the progenitor

SA88 PO92 ME17

Rotation Merger Merger

The HRD Yes Yes Yes

Envelope mass Yes Yes Yes

Ring mass ? ? ?

Chemical anomalies ? ? Yes or No∗1

Lifetime Yes Yes Yes or No∗1

Table 1.2: The previous studies. SA88 is Saio et al. (1988b), PO92

Podsiadlowski et al. (1992), and ME17 Menon & Heger (2017),

respectively. “Lifetime” means that the transition occurred about

2.0× 104 yr before the explosion. The others are in the literature.

“?” indicates uncertain about whether the observational value is

met or not. “Yes or No∗1” means that there is a much in one or

the other, but not both.
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Figure 1.5. The results of the merger calculation in Podsiadlowski et al. (1992). The

initial mass of the primary is 16.0 M⊙. “case B” indicates the binary system

in which the primary is a RSG having a He core and the secondary 3.0 M⊙.

“case C” is also the binary system, but the primary is a RSG having a CO

core and the secondary 6.0 M⊙. In this case, the secondary does not dissolve

completely, and the added mass is 2.6 M⊙.



1.3 Goal and aim of this thesis 15

Figure 1.6. Simulation of emission at about 2.0 × 103 days after the SN in the 656 nm

Hα line in Morris & Podsiadlowski (2007).
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Chapter 2

Numerical Models

I describe overviews about the stellar evolution code used in this study and verify two

effects for the red to blue transition suggested by the previous studies with three para-

metric models. I also construct a model for the slow merger scenario in which the two

effects can be introduced naturally. The model includes effects of transfer of the orbital

angular momentum and of melting of the secondary.

2.1 Overview of our stellar evolution code

I use the one-dimensional stellar evolution code described by Takahashi et al. (2014). In

general, stellar evolution codes have been posed by an assumption of a spherical symmet-

ric. Then, basic equations for the structure are

∂r

∂Mr
=

1

4πr2ρ
(2.1)

∂p

∂Mr
= −GM

4πr4
+

1

4πr2
∂v

∂t
(2.2)

∂U

∂t
= −p

∂(1/ρ)

∂t
− ∂L

∂Mr
+ ϵ (2.3)

L = Lrad + Lconv (2.4)

where r is the radius, ρ the density, p the pressure, G the gravitational constant, M

the total mass, v the velocity, U the internal energy, L the total luminosity, ϵ the en-

ergy generation, Lrad the luminosity due to radiation, and Lconv the luminosity due to

convection.

Stars rotate generally. For massive stars, some effects induced by the rotation on their

evolution can be serious. Here, four effects are incorporated in the code; deformation

of a stellar configuration due to centrifugal force, matter mixing due to some circulation

induced by the rotational instabilities, enhancement of the mass loss due to centrifugal

force, and transfer of angular momentum inside a star. A pseudo spherical symmetric is
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posed as an assumption for rotationally stellar configuration although the rotation is multi-

dimensional phenomenon in nature. Besides, the shellular rotation, which originates from

the strong horizontal turbulence, is assumed as the rotational profile (Zahn, 1992). The

turbulence produces constant angular velocity, ω, on the isobaric shells, so the rotation

profile is represented as follows;

ω(r, θ) = ω̄(r) + ω2(r)P2(cosθ) (2.5)

P2 is the second Legendre polynomial, here.

This idea is extended to formalization for the equations for the structure and any

physical quantities. Any value is evaluated on the isobaric shells with its volume Vp ≡
4πr3p/3. Here, rp is the effective radius of the shell. Since the configuration is generally a

spheroid due to centrifugal force, with the approximation by Denissenkov & VandenBerg

(2003) the radius depending on angle is

r(cosθ) = asc{1− ϵP2(cosθ)} (2.6)

where asc is the scaling radius and ϵ degree of the rotation. These parameters are defined

as

rp = asc

(
1 +

3

5
ϵ2 − 2

35
ϵ3
)1/3

(2.7)

ϵ =
ω2
pr

3
p

3GMp

(
asc
rp

)3

(2.8)

where ωp is the angular velocity on the shells and Mp the mass coordinate corresponding

to rp. None of the quantities are not constant over the shells, so their mean values are

used in the calculation, which are defined by

⟨q⟩ ≡ 1

Sp

∫
isobar

qdσ (2.9)

where Sp is the total surface area and dσ its element. With these, the equations for the

continuity and hydrostatic equilibrium can be expressed as follows:

∂rp
∂Mp

=
1

4πr2pρ
(2.10)

∂p

∂Mp
= −GMp

4πr4p
fp (2.11)

with
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fp =
4πr4p

GMpSp

1

⟨g−1
eff ⟩

(2.12)

where fp is a modification coefficient due to the rotation and ⟨geff⟩ a mean value of the

effective gravity whose components are

geff,r =
∂Φ

∂r
+Ω2rsinθ (2.13)

geff,θ =
1

r

∂Φ

∂θ
+Ω2rsinθcosθ (2.14)

where geff,r is the radial component and geff,θ the angular one.

To express the opacity of stellar matter, the Rossland mean opacity, κ

1

κ
=

∫ ∞

0

1

κν + σν

dBν

dT
dν

(∫ ∞

0

dBν

dT
dν

)−1

(2.15)

is adopted because it is a complicated function of photon’s frequency, where κν is the

absorption coefficient depending on the frequency, σν the scattering coefficient depending

on the frequency, and Bν the Planck’s function, respectively. Using this mean opacity,

the radiative luminosity can be expressed by

Lrad =
4aT 4

3p

4πcGMp

κ

dlogT

dlogp

fp
fT

(2.16)

with

fT =

(
4πr2p
Sp

)2
1

⟨geff ⟩⟨g−1
eff ⟩

(2.17)

Where fT is a modification coefficient due to the rotation.

A criterion for convection is adopted the Ledoux one;

∇rad > ∇ad +
ϕ

δ
∇µ (2.18)

where ϕ ≡ ∂lnρ/∂lnµ and δ ≡ −∂lnρ/∂lnT are thermodynamic functions, and ∇rad and

∇ad the radiative and adiabatic temperature gradients, and ∇µ ≡ dlogµ/dlogp is the µ

gradient. Our understanding of convection in a star has been uncertain, so its luminosity

is calculated with the mixing length theory (Böhm-Vitense, 1958).

As mentioned above, several instabilities caused by the rotation are included in the code:

the Eddington-Sweet circulation, the Goldreich-Schubert-Fricke instability, the Solberg-

Hoiland instability, the dynamical instability, the secular shear instability, and the Tayler-

Spruit dynamo. Although the effects are incorporated as diffusion coefficients, these except
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for the Tayler-Spruit dynamo are introduced as viscosities. The corresponding expressions

are νES, νGSF, νSH, νdyn, and νshear. The Tayler-Spruit dynamo is directly incorporated

as a diffusion coefficient, DTS. The total diffusion coefficient is the sum of a certain free

parameter, fc, times the viscosities and DTS. Therefore, the final expression, Dinst, can

be expressed by

Dinst = fc × (νES + νGSF + νSH + νdyn + νshear) +DTS. (2.19)

The values calculated by Heger et al. (2000) are adopted as the parameters mentioned

here.

The equation for transfer of the angular momentum is expressed as a diffusion one;

∂ω

∂t
=

1

I

∂

∂M

(
(4πr2ρ)2Iνeff

∂ω

∂M

)
− ω

r

∂r

∂t

∂lnI

∂lnr
(2.20)

with

νeff = νES + νGSF + νSH + νdyn + νshear + νTS (2.21)

where I is the specific moment of inertia, νeff the effective viscosity, and νTS the viscosity

due to the Tayler-Spruit dynamo, respectively. The first term in the right hand shows

the transfer caused by the matter mixing and the second does the conservation of local

angular momentum.

The mass loss is enhanced due to the rotation (Langer, 1998). This is represented as

follows:

Ṁ = −min

{
|Ṁ(vs,rot = 0)| ×

(
1− vs,rot

vcrit

)−0.43

, 0.3
M

τKH

}
(2.22)

with

vcrit =

√
GM

R

(
1− L

LEdd

)
(2.23)

where Ṁ is the mass loss rate, vs,rot the surface velocity of a star, vcrit the critical surface

velocity of a star, LEdd the Eddington luminosity, and τKH the Kelvin-Helmholtz timescale,

respectively.

2.2 Changed star

In this study, the stellar structure is changed by some processes. Especially, the changed

star is called a primary star and its companion a secondary one in a binary system. The
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primary is more massive than the secondary.

One of the conditions for the changed star is to have the mass of the core in which

nuclear synthesis can proceed until Fe is formed because the star has to explode at its

death. In addition, since a constraint for the mass of the envelope at the progenitor phase

is 4.0 M⊙ – 14.0 M⊙ , the initial mass may be about 20.0 M⊙. In a merger scenario,

the mass of the secondary is added to the envelope of the primary. Therefore, I select

the range of the initial mass of the changed star from 14.0 M⊙ – 16.0 M⊙ to meet the

constraint and a condition for creating a common envelope. I also test various initial

velocities of the surface, vini. It affects the mass of the core and envelope and chemical

compositions in the envelope. Since the explosion occurred in the LMC, the metallicity

of the LMC, whose value is set to be 1/3 Z⊙, is adopted in all models.

Informations of the changed stars are summarized in Table 2.1. τrest is rest time until

the explosion, so it should be close to about 2.0 × 104 yr to match the transition time

from a red to blue star. “Stage” indicates when the drastic mass transfer takes place for

forming a common envelope. In the merger model, P14b, P15a, and P16b are adopted as

the primary. On the other hand, P14a and P16a are used in the verification models.

P14: Mini = 14 M⊙ with vini = 102.7 km/s

Name Mtot Mcore τrest Stage

[M⊙] [M⊙] [×104 yr]

P14a 12.93 4.27 72.15 case B

P14b 12.01 4.84 2.065 case C

P15: Mini = 15 M⊙ with vini = 111.6 km/s

P15a 12.33 5.47 2.059 case C

P16: Mini = 16 M⊙ with vini = 162.3 km/s

P16a 12.51 6.23 5.753 case C

P16b 12.38 6.27 1.981 case C

Table 2.1. The changed stars in my models. Mcore is the mass of the core. “Stage”

represents a classification of the drastic mass-transfer for forming a common

envelope.

2.3 Parametric models for the red to blue evolution

One of the mysteries is what causes the red to blue evolution about 2.0×104 yr before the

explosion. Many researchers made an effort to unravel the mechanism of the evolution as

seen in Introduction. It turned out that two important factors are as follows:
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Figure 2.1. The HRDs of the changed stars. The initial masses of P14, P15, and P16 are

14.0 M⊙, 15.0 M⊙, and 16.0 M⊙, respectively. The initial velocities of P14,

P15, and P16 are 102.7 km/s, 111.6 km/s, and 162.3 km/s, respectively.

• Smaller core-to-total mass ratio, q ≡ Mcore/Mtot

• Larger helium abundance in the envelope

To verify these effects, I construct three parametric models.

2.3.1 Increasing mass model: roles of decreasing the mass ratio

For single stars, their masses are always lost via their stellar wind. Typically, massive

stars at the ZAMS have high initial rotations and the surface rotation velocity which is

represented as follows under a spherical assumption;

vs,rot = MRsurfωs,rot (2.24)

where Rsurf is the radius of the surface and ωs,rot the angular frequency of the surface.

According to (2.22), the mass loss is enhanced in the case of rotation. Therefore, Mtot

becomes smaller.

Also, the rotation can affect the mass of the core during the main-sequence (MS) phase.
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Mixing caused by the rotation brings hydrogen into the core. Thus, new fuel is supplied

into the core while nuclear synthesize is proceeding in the central region. As a result, the

core mass of the rotating models becomes larger than for non-rotating models.

Therefore, effects of the rotation on Mtot and Mcore lead to a larger q. This means that

the rotation prevents the red to blue evolution.

On the other hand, the situation changes for a close binary system. Stars interact

with each other in the system due to their gravity, leading to the mass transfer or stellar

merger. These mean that there is a way to increase the mass of the stellar envelope, which

never occurs for single stars. Therefore, q can decrease for the close binary.

I construct a parametric model which simulates the increasing mass. The procedures

in this model are as follows: I add matter whose mass is Madd to the primary from its

surface in a certain time, τadd. Since this model supposes a binary interaction, especially

a stellar merger, τadd is set to be 1.0× 102 yr which matches to the order of time-scale of

a common envelope (Meyer & Meyer-Hofmeister, 1979).

The rate of the mass loss, Ṁadd, is set to be constant and is defined by

Ṁadd ≡ Madd

τadd
(2.25)

Therefore, the added mass in every step, Madd,1step, is

Madd,1step = dtime× Ṁadd. (2.26)

where dtime is the time between the proximate time steps.

To model the increasing mass, the original rate of the mass loss is replaced with Ṁadd,

and Madd,1step is added to Mtot just before the structure equations are solved. Given

information of the secondary is only its mass. The physical structure of the secondary,

such as the density, entropy, pressure, temperature, chemical abundance and so on, is not

considered. Instead, the physical quantities of the surface of the primary are taken to be

those of the secondary. A sample of the changed chemical profile is described in Fig 2.2.

The used parameters are summarized in Table 2.2. Since a convective region in the

envelope and the core develop for the case C more than for the case B, I use P14a and

P14b as the changed stars to investigate effects of different structures of the changed stars

on the evolution. Madd is 5.0 M⊙ – 7.0 M⊙ for P14a, and 9.0 M⊙ and 10.0 M⊙ for P14b.

2.3.2 Helium enhanced model: roles of helium enhancement in the envelope

I construct a model to verify the effect of helium enhancement. In this model, helium

abundance in the envelope is artificially altered using some parameters. Firstly, the al-

tered region is designated by two parameters, MHe,bottom and Msurf . MHe,bottom indicates
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The changed star Madd

[M⊙]

P14a 5.0 – 7.0

P14b 9.0, 12.0

Table 2.2. Parameters in the increasing mass model. “The changed star” represents the

stellar model added mass, whose information is included in Table 2.1. Madd

is the mass to be added.
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Figure 2.2. Profiles of hydrogen and helium in the increasing mass model. The top panel

represents the profiles of the changed star at the start of this calculation. The

bottom panel is same as the top, but at the end of the mass addition.

a certain mass coordinate in the changed star and Msurf does the surface. Therefore,

chemical profiles in the mass region surrounded from MHe,bottom to Msurf are altered.

Secondly, helium mass fraction in the region is replaced with an arbitrary value, YHe,

whose value is given as the mass fraction. To avoid unconvergence of the calculation due

to a drastic change of abundance, the value is changed gradually. As the original helium

abundance is represented by Yoriginal, the increasing amount, ∆Y , is

∆Y = YHe − Yoriginal (2.27)
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Thus, the changed rate, ˙∆YHe, is determined by

˙∆YHe ≡
∆YHe

τHe
(2.28)

where τHe is time for the change, which is set to be 10.0 yr in all the models, so helium

abundance at a certain time, τcert (< τHe ), ỸHe, is

ỸHe = Yoriginal +

∫ τcert

0

˙∆YHedt (2.29)

Therefore, Yoriginal has been replaced with YHe in τHe. Since the main composition in the

envelope is hydrogen at the start of the calculation, this value also has to be modified.

Here, the new hydrogen abundance is set to be 1.0− ỸHe, and mass fractions of the rest

isotopes are not modified artificially. Strictly speaking, there is contradiction because the

sum of the mass fractions exceeds 1.0 in this way. This may be, however, no problem

because the sum of the mass fractions except for the new hydrogen and helium is much

less than 1.0. After this, the calculation has been carried out for 1.0×107 yr with stopping

change of the chemical abundance due to nuclear synthesis in the central region and of

the mass loss. These mean that this model investigates only evolution of the envelope.

The setting time of the calculation, 1.0 × 107 yr, is much longer than the Kelvin

Helmholtz time-scale in the envelope. Therefore, it is expected that the envelope reaches

thermal equilibrium within the setting time efficiently. If the original equilibrium breaks

in the envelope of a RSG, the star would become a BSG to keep the equilibrium.

A sample of the change is described in Fig 2.3. The parameters are summarized in

Table 2.3. MHe,bottom is set to be 5.8 M⊙in all the models.

The changed star YHe

P16a 0.55 – 0.65

Table 2.3. Parameters in the helium enhanced model. YHe, which is given by mass frac-

tion, is the new helium mass fraction in the region from MHe,bottom to Msurf .

2.3.3 Combination model: roles of combining the increasing mass with the

helium enhancement

I construct a model to verify combining the two effects. The procedures are combining

the ways of the increasing mass and helium enhanced models. Firstly, the mass is added

to the envelope with the ways of the increasing mass model. The added mass range is 4.73

M⊙ – less than 20.0 M⊙. τadd is set to be within 50.0 yr. The time is different in each

model, but it is not important for the evolution because the added time is much less than
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Figure 2.3. Profiles of hydrogen and helium in the helium enhancement model. The top

panel is same as the top in Fig 2.2. The bottom is also same as the bottom

in Fig 2.2, but at the end of the enhancement of helium. In this figure, the

changed region is from MHe,bottom = 5.8 M⊙ to Msurf and YHe = 0.625.

the evolutionary one. Secondly, helium abundance in the envelope is altered according to

the helium enhanced model. YHe is set to be 0.38 – 0.55, which is changed in 10.0 yr. The

calculation time and MHe,bottom are also same as the helium enhanced model.

The changed Madd YHe

[M⊙]

P16a 4.73 – 19.73 0.38 – 0.55

Table 2.4. Parameters in the combination model. M2 and YHe are same in the increasing

mass and helium enhanced models.

2.4 Model for the slow merger

My model for the progenitor is based on the stellar merger scenario suggested by Podsi-

adlowski et al. (1992); Ivanova et al. (2002). The basic picture has already been described
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in Introduction. The primaries are P14b, P15a, and P16b. To enter a common envelope

phase, the secondary has to be a MS star because the radiative envelope is necessary for

the unstable mass transfer, so the initial mass of the secondary is about 1.25 M⊙ – about

10.0 M⊙ for the mass range of the primary. Since the common envelope phase ceases

within on the order of 102 yr, time-scale of the melting is shorter than of the evolution of

the RSG. It is, however, much longer than the dynamical time-scale of the secondary (a

few hours). In that sense, this type of merger is called a slow merger.

Here, I estimate the fate of a common envelope in my model. To do it, the energy

formalism has been carried out in a standard way (Ivanova et al., 2013). In the formalism,

difference of the orbital energy between the initial and the common envelope, ∆Eorb, is

used as measure of the fate;

∆Eorb = Eorb,i − Eorb,c (2.30)

= −GM1M2

2ai
+

GM1,cM2

2ac
(2.31)

where Eorb,i is the initial orbital energy, Eorb,c the final orbital energy, ai the current sep-

aration between the core of the RSG and the secondary, ac the current separation between

them, and M1,c the current mass of the primary, respectively. When the secondary moves

to an inner region, ∆Eorb is added to the envelope. For the estimate, I assume that M1,c

is always same as M1 to keep simplicity although it is affected by the mass loss because

of transfer of the angular momentum and the frictional heating.

The parameters {M1, M2, ai} = {15.0 M⊙, 7.0 M⊙, 1.0 × 103 R⊙} are set to be

constant with the progenitor of SN 1987A, and variation of ∆Eorb is then described in

Fig 2.4. Since the secondary starts to melt at about 10.0 R⊙ according to (1.5), ∆Eorb

becomes 1.973×1049 erg. The binding energy (the gravitational energy plus the internal

one) for P14b is −1.574 × 1050 erg, so the envelope cannot be significantly affected even

though all the ∆Eorb is transfered to the internal energy.

2.4.1 Spiral motion in the common envelope

While the secondary is spiraling toward the center, its orbital angular momentum and

frictional energy are transfered to the envelope until the secondary reaches at about 10.0

R⊙. It is expected that transfers of the two physical quantities lead to enhancement of the

mass loss because these generate repulsive force against the self-gravitation. Only transfer

of the orbital angular momentum is, however, considered for this model, that is to say,

the effect of the frictional heating is not included. The reason is to avoid complexity for

the modeling and difficulty of the calculation, and is according to the analysis for the fate

in the previous subsection. As mentioned above, the two effects contribute to the mass
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Figure 2.4. Energy difference for a binary system in my model. As a sample, M1 = 15.0

M⊙ and M2 = 7.0 M⊙ are adopted here. ac represents the current separation

between the core of the RSG and the secondary.

loss mainly, leading ejection of material of the rings. Here, the contribution is unified by

one effect, which is transfer of the orbital angular momentum.

For the modeling of this phase, three parameters are introduced; The first is orbital

angular momentum of the secondary star, Jorb. If the secondary rotates around the

surface of the envelope with Kepler motion, the typical value is on the order of 1054 erg

sec estimated by

Jorb = M1M2

√
GRsurf

M1 +M2
(2.32)

Since the stellar evolutionary code is described in one dimension, the spherical wind mass

loss is assumed. However, it would be expected that the mass loss with efficient loss of

angular momentum, such disk like mass loss, occurs. Therefore, I select the wide range

1.0 × 1053 – 3.0 × 1054 erg sec as Jorb. The second is time of the transfer, τspin, whose

value is determined by the friction. τspin is fixed to be 1.0× 102 yr, which is according to

time-scale for the common envelope phase, in all the models. The third is a position which

determines the added region, Rbottom or Mbottom. These indicate the same position, so the
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difference is whether the mass or radial coordinate. With it, the region can be determined

from Rbottom to Rsurf . Of cause, the region from Mbottom to Msurf is the same. Jorb

is added to the convective envelope. Therefore, the bottom of the region is set within

the convective region. I adopt 1.0 × 102 R⊙ as Rbottom in all the models. The value

corresponds to near the bottom of the convective region.

The equation of addition of the orbital angular momentum is

∂j(Mr)

∂t
=

j(Mr)

τspin

Jorb
Jenv

(2.33)

with

Jenv ≡
∫ Rsurf

Rbottom

j(Mr)dM (2.34)

where j(Mr) is the specific angular momentum of the primary at the mass coordinate Mr

and Jenv the total angular momentum of the envelope of the primary. The right side is

composed of the constant part times j(Mr). Since the rigid rotation is established in the

convective region, the angular momentum are transfered by (2.20) to keep the rotation

law.

2.4.2 Melting of the secondary into the envelope

When the secondary starts to dissolve in the envelope, the matter flow, like a stream,

moves to the core due to tidal force between them. The stream can affect chemical

profiles between them because of orbital motion of the melting secondary. Besides, it can

penetrate some degrees in the core under some conditions such as the initial entropy and

angular momentum of the stream, the structure near the core, and the generated entropy

due to interaction between the stream and the core (Ivanova et al., 2002).

To model the melting, four parameters are introduced; The first is the mass of the

secondary, M2. The appropriated range is 1.25 M⊙ – 10.0 M⊙ as mentioned above, so I

select 4.0 M⊙ – 10.0 M⊙ as M2. The second is degree for the penetration of the stream,

Min, whose value is designated by the mass coordinate. This parameter is set in the helium

layer of the core. The third is a position of the secondary, Rout, and the corresponding

mass coordinate is Mout. The value is set to be 10.0 R⊙ at which the secondary starts to

melt, and is fixed in all the models. The fourth is time until the melt of the secondary is

completed, τmelt, which is set to be 1.0× 102 yr in all the models.

Since the mass coordinate is used in the evolutionary code, the increasing mass due to

the melt is represented by extension of difference between the proximate meshes. When

the added mass in the every step, ∆M , increases, there are the three divisions as follows:
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Figure 2.5. Schematic image for modeling an addition of the orbital angular momentum.

The angular momentum are added to the convective region only.

Mnew
j =


Mold

j (j < jin)

Mold
j +

Mold
j −Min

Mout−Min
∆M (jin ≤ j ≤ jout)

Mold
j +∆M (jout < j)

(2.35)

with

∆M ≡ dtime× M2

τmelt
(2.36)

where j is the j-th mesh number, Mnew
j the modified mass at j-th, Mold

j the previous mass

at j-th, jin the mesh number of Min, and jout the mesh number of Mout. The first division

is the mass range from the center to Min. Even though ∆M increases, the meshes in this

region do not extend (see (1) in Fig 2.6). Therefore, the mass of the core except for a part

of the helium layer does not change. The second is the region from Mout to Msurf . The

mass meshes in this division are added ∆M , meaning that these are shifted ∆M outside

(see (2) in Fig 2.6). The third division is the range from Min to Mout. The extension
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is obeyed by the middle in (2.35) (see (3) in Fig 2.6). Clearly, the sum of the extension

is ∆M . Difference between the original meshes in the region is set to be high-resonance

for solving the equations. To avoid the unconvergence, the change has to be carried out

gradually.

Figure 2.6. Schematic image for the stretch of the meshes and for the new profile of some

physical quantities.

For modeling the effect for the motion of the stream on the chemical profiles, the new
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compositions are uniformly changed by

Xi =
X̄i,b(Mout −Min) +X2,i∆M

Mout +∆M −Min
(2.37)

with

X̄i,b ≡
∫ Mout

Min

Xi,bdM (2.38)

where Xi is the mass fraction of the i-th isotope, X̄i,b the mean mass fraction at the

previous step, and X2,i the mass fraction of the i-th isotope of the secondary, respectively.

As the compositions of the secondary, it is adopted that these of the 5.0 and 7.0 M⊙ stars

with vini = 102.7 km sec−1 at time of the phase of P14b. If the mass of the secondary is

less than 7.0 M⊙, the compositions of 5.0 M⊙ are used as these of the secondary. On the

other hand, if the mass of the secondary is 7.0 M⊙ or more, the compositions of 7.0 M⊙

are adopted.

After the penetration, there is a possibility of occurrence of hydrodynamical phe-

nomenon. I assume that a large scale mixing is induced by the hydrodynamics, and

the mixing uniformly alters the chemical compositions in the region from Min to Msurf

as follows;

Xmix
i =

∫Msurf

Min
Xi(m)dm∫Msurf

Min
dm

(2.39)

where Xmix
i is the modified mass fraction of i-th isotope due to the mixing. Whether the

large scale mixing is included or not is given as a parameter although the mixing from

Min to Mout is included in all the models.

The schematic image for relation among the parameters in this phase is described in

Fig 2.7.

2.4.3 Summary of the parameters

There are eight parameters in the merger model as seen above. These are summarized in

Table 2.5. The parameters {τspin, Rbottom, τmelt, Rout} = {1.0 × 102 yr, 1.0 × 102 R⊙,

1.0× 102 yr, 10.0 R⊙} are fixed, the other are varied.
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Helium layer

Core

Figure 2.7. Schematic image for modeling the melt.

The spiral-in phase

Jorb τspin Rbottom

[×1053erg sec] [yr] [R⊙]

1.0 – 30.0 1.0× 102 1.0× 102

The melting phase

M2 τmelt Min Rout Mixing

[M⊙] [yr] [R⊙]

4.0 – 10.0 1.0× 102 In He layer 10.0 Yes or No

Table 2.5. Parameters in the merger model.
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Chapter 3

Results

In this chapter, I will present the results of all of the model, consisting of three verification

and merger models.

3.1 Increasing mass

The results of the increasing mass model are summarized in Table 3.1. In the table, Mfin

is the final mass and “Track” represents transition of the stellar color which is the rough

evolutionary path. The evolutionary tracks for the models based on P14a in the HRD are

described in the top panel of Fig 3.1 and these for the P14b are done in the bottom of

Fig 3.1.

For the P14a, the RSG becomes a blue progenitor if Madd is 6.0 M⊙ or more. Here, I

use P14aM5 and P14aM7 to see the evolutionary properties. For P14aM5, the star begins

to leave the Hayashi line and moves bluer while the matter is being added to the envelope.

It first enters a phase of a BSG in 1.026 × 104 yr since the accretion, and continues to

shrink further. Its effective temperature peaks at 1.3 × 105 yr after the first blue. After

the peak, the star begins to expand toward the red region, returning to a RSG by 1.0×106

yr. P14aM7 is the case of a blue progenitor. The star takes 6.664× 103 yr to first reach

the blue region. In this phase, the whole convective envelope transitioned to a radiative

state. It takes about 8.4 × 105 yr from the first blue to reach the peak. After this, the

star moves redder, as with P14aM5, but has exploded as a BSG without returning to

the red state. As a tendency, the more massive Madd is, the higher the luminosity and

temperature of a progenitor are.

On the other hand, the RSG never become a blue star even though Madd is 12.0 M⊙

for P14b. The star moves a little bluer, but it starts to rise along the Hayashi line soon.

In M14bM9, the star takes 9.153× 103 yr to reach the peak, and has exploded as a RSG.

Comparing P14aM5 with P14bM9 or P14bM12, it is found that the evolutionary paths

are quite different although the final state is a RSG.
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The results are quite different, according to the structure of the changed star. The

structure is determined by the chemical distribution inside a star. Since the difference

between P14a and P14b is the region between the surface of the core and the bottom of

the convective envelope, it would considerably affect the evolution.

If a binary scenario is considered for the progenitor of SN 1987A, the primary has to be

P14b to meet the transition time (see Table 2.1). Since the mass of P14b is 12.01 M⊙, the

upper limit of the mass of its companion is less than 12.0 M⊙. However, the progenitor

for P14bM12 in which Madd is 12.0 M⊙ is a RSG. Therefore, a blue progenitor is not

produced in a realistic parameter.

P14a

Name Madd Mfin Track

[M⊙] [M⊙]

P14aM5 5.0 17.4 R → B → R

P14aM6 6.0 18.4 R → B

P14aM7 7.0 19.5 R → B

P14b

P14bM9 9.0 20.9 R → R

P14bM12 12.0 23.9 R → R

Table 3.1. The results of the increasing mass model. Mfin is the final mass of the progen-

itor. “Track” means the rough evolutionary track. R and B indicate a state

of the RSG and BSG, respectively.

3.2 Helium enhancement

The results of the helium enhanced model are summarized in Fig 3.2. The final states of

progenitors are red or blue. In YHe, the border between the two colors is located in the

range YHe = 0.6 ∼ 0.625, so the range permitted to the border is very narrow. Therefore,

the transition occurs discontinuously. This indicates that thermal equilibrium for the

envelope of a yellow or white supergiant (YSG or WSG) is considerably limited.

Time for thermal equilibrium of the envelope in the cases of YHe = 0.55 and 0.65 can

be seen in Fig 3.3. Variation of the effective temperature ceases at about 2.0× 104 yr in

the both cases. After this, the constant effective temperature phase lasts until the end of

this calculation, meaning that equilibrium was achieved. Since the changed star is P16a,

a blue star is produced within constraints for the transition time.

There is, however, a problem. YHe = 0.625 is not a realistic parameter in a single star.

Here, I show it with a rough estimate: I assume that the mass fractions of hydrogen and
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Figure 3.1. The top panel is the evolutionary tracks for the models based on P14a in the

increasing mass model. The bottom is same as the top, but for the P14b

model. The black line represents the track of P14.
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helium are 0.7 and 0.3 for simplicity. Since the total mass of P16a is distinguished into the

mass of the core 6.23 M⊙ and of the envelope 6.28 M⊙, the masses of hydrogen and helium

(MH and MHe) are 4.4 M⊙ and 1.88 M⊙. If the helium layer is reduced due to the strong

rotation, the reduced mass, ∆MHe, is converted to a part of the envelope. According to

0.625 =
1.88 + ∆MHe

6.28 + ∆MHe
, (3.1)

∆MHe is 5.45 M⊙ with the assumption that the compositions are mixed uniformly. Ob-

viously, this amount is more massive than the mass of the helium layer.
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Figure 3.2. The results of the helium enhanced model. The plots represent the stellar

colors (effective temperatures) at the end of the calculation against the given

helium abundance YHe.

3.3 Combination of the two effects

The results of the combination model are plotted in Fig 3.4 in which a part of the results

of the helium enhancement model is also shown. The border between the colors is very

narrow, as the helium enhanced model. For YHe = 0.38 which is in a realistic parameter

range, Madd has to be larger than 18.32 M⊙ for the transition. If Madd is less than 12.0
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M⊙, YHe needs to be larger than about 0.5 to become blue. As a tendency, the higher YHe

is, the lower Madd is for the making the blue.

As with the increasing mass and helium enhanced models, a blue progenitor is not

produced within realistic parameters. This can be represented as follows with the similar

analysis used in the helium enhancement model: I assume that the mass fractions of

hydrogen and helium in the added matter are Xcomb and Ycomb. If the matter consists of

hydrogen and helium, Ycomb = 1.0 − Xcomb. To produce YHe = 0.5 for Madd =12.0M⊙,

according to

0.5 =
1.88 + 12.0× (1.0−Xcomb)

6.28 + 12.0
, (3.2)

Xcomb = 0.395 and Ycomb = 0.605. Therefore, it is difficult to consider that the composi-

tions of the added MS star are such, in reality.

3.4 The slow merger model

All results of the merger model are summarized as tables in Appendix C. In this section,

I pick up some models to investigate properties of the evolution.
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3.4.1 History of the mass-loss since the begging of the merger

Jorb = 1.0, 3.0, 10.0, and 30.0 ×1053 erg sec is adopted for P14b, and history of the mass

loss for the difference Jorb is investigated. The other common parameters are {Min, M2,

Mixing} = {4.6 M⊙, 9.0 M⊙, No}.
The top panel in Fig 3.5 represents variation of the total stellar masses in the range

from the beginning to the progenitor phase, and the bottom panel focuses on the early

phase of the total evolutionary period (until 1.5× 103 yr). The variation of the mass-loss

rate at the initial phase is described in Fig 3.6. As these figures show, the variation of the

total mass mainly occurs during the initial phase because the mass-loss rate is significantly

enhanced due to injection of Jorb.

According to the top panel in Fig 3.7, almost no mass loss occurs for Jorb = 1.0× 1053

erg sec before the melting, while about 2.0 M⊙ is ejected for Jorb = 3.0 × 1054 erg sec.

Since Menv for P14b is 7.17 M⊙, about 27 % of the envelope is ejected during the injection.

In the middle and bottom panels in Fig 3.7, the mass loss for P15a and P16b at the early

phase is plotted with the parameters {M1, Min, Mixing} = {P15a, 5.2M⊙, Yes}, and
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{P16b, 5.96M⊙, Yes}. From this figure, it is found that the most important factor to

determine the amount of mass loss is Jorb.

The rate is a positive value, which means a mass gain, during the melting. In this phase,

the mass loss affected by injection of Jorb is not involved in the computation, so only the

added matter is purely considered for simplicity. Since the parameters {M2, τmelt} = {9.0
M⊙, 1.0× 102} are set in Fig 3.5, all the rates become 9.0× 10−2 M⊙ sec−1.

After the melting is completed, the mass is lost more for higher Jorb since the rate of

the mass loss becomes higher for higher Jorb. The stored Jorb is extracted with the ejected

matter, and the rate returns to the original within 1.0× 103 yr from the beginning. The

phase for the high rate ceases more quickly for larger Jorb.

Amounts of the ejected matter after the melt for P14b are 0.75 M⊙ for Jorb = 1.0×1053

erg sec and 3.51 M⊙for Jorb = 3.0×1054 erg sec. Therefore, the total ejected mass is 0.75

M⊙ – 5.3 M⊙ (see Table 3.2 in which the primary is P14b). In the cases of the models

for P15a and P16b, the amount is almost same for same Jorb.

Total ejected mass in the models based on P14b

Jorb Mejecta

[×1053erg sec] [M⊙]

1.0 0.75

3.0 1.98

10.0 4.17

30.0 5.32

Table 3.2. Total ejected mass, Mejecta, for Jorb until just before core-collapse from the

beginning of a common envelope phase. The primary is P14b with the other

parameters {Min, M2, Mixing} = {4.6 M⊙, 9.0 M⊙, No}.

3.4.2 The chemical anomalies at the surface

He/H, N/C, and N/O at the surface in all of the merger models are plotted against the

final effective temperature in Fig 3.8 – 3.13. In these figures, the blue cover represents

the observational constraints from Lundqvist & Fransson (1996), the yellow these from

Mattila et al. (2010), and the green the common region showed by the both researches.

Fig 3.8, 3.10, and 3.12 are the ratios based on P14b, P15a, and P16b with no-mixing.

For the models based on P14b in the no-mixing case, He/H is 0.1 – 0.12 and N/O is

0.65 – 0.8 in blue progenitors. The values are near the lower limits. Obviously, N/C is,

however, lower than the lower limit of the observation. Although there are some models

in which all the ratios are enhanced for red progenitors, the ratios are almost the same

as the surface of the primary. As seen Fig 3.10 and 3.12, tendencies for the ratios are the
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Figure 3.5. History of the mass loss in the merger model. 1.0E53, 3.0E53, 1.0E54, and

3.0E54 represent Jorb = 1.0× 1053, 3.0× 1053, 1.0× 1054, and 3.0× 1054 erg

sec, respectively. The common parameters are {Min, M2, Mixing} = {4.6
M⊙, 9.0 M⊙, No}. The top pane is the history until just before core-collapse.

The bottom is same as the top, but until 1.5× 103 yr.
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Figure 3.6. History of a rate of the mass loss from the beginning of a common envelope

phase to 1.5× 103 yr. The positive represents a mass gain and the negative

does a mass loss. 1.0E53, 3.0E53, 1.0E54, and 3.0E54 represent Jorb = 1.0×
1053, 3.0× 1053, 1.0× 1054, and 3.0× 1054 erg sec, respectively. The common

parameters are {Min, M2, Mixing} = {4.6 M⊙, 9.0 M⊙, No}.

same. Since the initial velocity of P16 is about 1.6 times as fast as those of P14 and P15,

the rotational mixing works more. As a result, He/H and N/O in the models for P16b

match the constraints.

On the other hand, all the ratios in blue are within the observations for the models

with the mixing (see Fig 3.9, 3.11, and 3.13). As same as the no-mixing models, there are

some models in which N/C is enhanced in red progenitors. Since the heaver elements are

dredged up due to the large scale mixing, the ratios become high relative to the no-mixing

cases.

3.4.3 The best model for the progenitor of SN 1987A

Parameters of the model which are in best agreement with the observations are {M1,

Jorb, Min, M2, Mixing} = {P14b, 3.0 × 1053 erg sec, 4.6 M⊙, 7.7M⊙, Yes}. Its HRD is

described in Fig 3.14 and time variations of log Teff , log L/L⊙, log R/R⊙, J , and Mtot
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Figure 3.7. Ejected mass during injection of Jorb with the parameters {M1, Min, Mixing}
= {P14b, 4.6 M⊙, Yes}, {P15a, 5.2 M⊙, Yes}, and {P16b, 5.96 M⊙, Yes}.

since the beginning of the common envelope phase are plotted in Fig 3.15.

During injection of Jorb, the star moves right direction in the HRD. This motion has

lasted until the end of the injection. 0.37 M⊙ of the envelope is ejected. Next, the system

enters into the melting phase. The luminosity and temperature starts to rise during this

phase in which the energy source is the gravitational contraction of the radiative region

just under the bottom of the convective one. However, since the convective region expands,

the stellar radius becomes larger. The surface states are log L/L⊙ = 5.256 and log Teff

= 3.567 at the end of the melting phase. While the star is expanding, the luminosity has

achieved its peak (log L/L⊙ = 5.358) for 2.54× 102 yr from the common envelope phase.
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Figure 3.8. The chemical abundances in the models with the no-mixing based on P14b.
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Figure 3.9. Same as 3.8, but with the mixing.
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Figure 3.10. Same as 3.8, but based on P15a.
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Figure 3.11. Same as 3.10, but with the mixing.
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Figure 3.12. Same as 3.8, but based on P16b.
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Figure 3.13. Same as 3.12, but with the mixing.
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After the peak, the star moves in the lower-left direction in the HRD while the convective

envelope is changing to a radiative one. Due to the injection of Jorb, the mass loss is

enhanced a lot and the rate is about −10−3 M⊙ sec−1 then. The ejected mass eventually

reaches about 2.0 M⊙ in total for about 5.0×102 yr from the beginning. In addition, most

of Jorb are excluded accompanied with the ejecta. The star takes 6.07× 102 yr since the

beginning to enter the first blue phase (log Teff > 4.0) in which the envelope has changed

to the radiative completely. At this time, the stellar radius is 1.235 × 102 R⊙, which is

yet a bit larger than the observational constraint. The star has continued to shrink and

to increase in temperature since the first blue phase. When 1.802 × 104 yr passes, the

temperature has reached its peak (log Teff = 4.293) in which the radius is 25.0 R⊙. In

the next sequence, the star starts to expand because the carbon burning is established

in the central region although the energy source is helium shell burning, moving that the

star in the right direction on the HRD. This motion ceases when ν-cooling dominates

over energy generation. After the carbon burning, time-scale of nucleosynthesis is much

shorter than the Kelvin-Helmholtz one. Therefore, the star enters the pre-core-collapse

phase with little change since the carbon burning in the HRD. The internal change cannot

affect stellar surface due to the difference in time-scales. In the best model, the progenitor

stays in the observational region of the HRD and the stellar radius is 38.0 R⊙ at its end.

The profiles of abundances, pressure, density, temperature, angular velocity of the pro-

genitor are described in Fig 3.16, 3.17, 3.18, 3.19, and 3.20, respectively. Properties in the

final phase are summarized in Table 3.3. As seen in the table, the best model explains all

the observational constraints quantitatively.

Properties in the final phase in the best model

Mfin Mcore Menv log Teff log L/L⊙ He/H N/C N/O

[M⊙] [M⊙] [M⊙] [K]

17.45 4.24 13.21 4.196 4.903 0.141 3.789 1.237

The constraints

10.0±5.0∗1 4.22±0.04∗2 5.09±0.19∗2 0.17±0.06∗3 5.0±2.0∗4 1.5±0.7∗3

Table 3.3. The top: states of the progenitor in the best model. The bottom: the observa-

tional constraints. ∗1 refers to Woosley et al. (1997), ∗2 Arnett et al. (1989),

∗3 Lundqvist & Fransson (1996), and ∗4 Mattila et al. (2010), respectively.
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Figure 3.14. The evolutionary tracks of the models based on P14b. The common param-
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Figure 3.18. Density distribution in the final phase in the best model.
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Figure 3.19. Temperature distribution in the final phase in the best model.
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Figure 3.20. Angular velocity distribution in the final phase in the best model.
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Chapter 4

Discussion

4.1 Parameter dependence on the surface’s color

There are eight parameters, of which four are varied, in my merger model. In this section,

one of the parameters {M1, Jorb, Min, Mixing} and M2 are varied to discuss the effects

of each parameter on the surface’s color.

4.1.1 Orbital angular momentum: Jorb

Here, the varied parameter is Jorb. The final temperature (color) of a progenitor is plotted

with the common parameters {M1, Min, Mixing} = {P14b, 4.6 M⊙, No} in the top panel

of Fig 4.1 and with {M1, Min, Mixing} = {P16b, 5.96 M⊙, No} in the bottom panel.

As shown in the top panel, the primary can become a blue progenitor for M2 = 6.0

M⊙ or more although there are only red progenitors for M2 =5.0 M⊙and less. Looking at

Jorb = 1.0× 1053, 3.0× 1053, and 1.0× 1054 erg sec, it is found that a blue progenitor is

produced for more massive M2. For M2 = 9.0 M⊙, only the star for Jorb = 3.0× 1054 erg

sec becomes a red progenitor. Therefore, the stellar mass after the mass loss is important

factor for understanding the red to blue evolution.

In the bottom panel, there are no blue progenitors even if M2 = 10.0 M⊙ is added. For

M2 = 10.0 M⊙ and Jorb = 1.0 × 1053 erg sec, the mass of the progenitor is 21.6 M⊙. If

a similar mass could have been produced in the model based on P14b, the star becomes

a blue progenitor. As seen in 2.1, since the main difference between P14b and P16b is

the mass of the core, q for the P16b case is larger that that for the P14b for the same

total mass case. This indicates that a smaller q seems to be a better indicator for the red

to blue evolution than the total mass. Because Jorb is enable to significantly affect q, its

value is important to determine the color.
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Figure 4.1. The top panel shows results for different values of Jorb with varying M2. The

circle represents Jorb = 1.0× 1053 erg sec, the triangle 3.0× 1053 erg sec, the

square 1.0 × 1054 erg sec, and the diamond 3.0 × 1054 erg sec, respectively.

The common parameters are {M1, Min, Mixing} = {P14b, 4.6 M⊙, No}.
The bottom is same as the top, but with the common parameters {M1, Min,

Mixing} = {P16b, 5.96 M⊙, No}.
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4.1.2 Large scale mixing

Here, the varied parameter is whether large scale mixing occurs or not. The temperature

of a progenitor for this case is plotted in Fig 4.2 in which the common parameters are

{M1, Min, Jorb} = {P14b, 4.6 M⊙, 3.0× 1053 erg sec}.
For same values of M2 which is 7.0 M⊙ or more, it is found that progenitors are BSGs

and their temperatures are almost the same whether large scale mixing is included or

not. On the other hand, the star becomes a YSG for M2 = 6.1 M⊙ and a WSG for M2

= 6.2 M⊙ in the mixing case. Their evolutionary tracks are that the stars return to be

RSGs after they have become BSGs, but they enters progenitor phases before they have

returned to their original colors. The track is very sensitive to M2 as seen in the helium

and combination models in these colors. Since number of calculations for M2 = 6.0 M⊙ –

7.0 M⊙ for the no-mixing case is insufficient, I cannot conclude the effect on the evolution

completely. However, I think that the presence/absence would not significantly affect the

evolution from the results in which M2 is 7.0 M⊙ or more.
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Figure 4.2. Results for mixing and no-mixing cases. The circle is for the no-mixing case

and the triangle for the mixing. The common parameters are {M1, Min,

Jorb} = {P14b, 4.6 M⊙, 3.0× 1053 erg sec}.



58 Chapter 4 Discussion

4.1.3 Degree of erosion: Min

The final varied parameter is Min. The temperature of a progenitor is plotted in the top

panel of Fig 4.3 with the common parameters {M1, Jorb, Mixing} = {P14b, 3.0 × 1053

erg sec, No} and in the bottom panel with {M1, Jorb, Mixing} = {P16b, 3.0 × 1053 erg

sec, No}.
As seen in the top panel, Min seems not to affect the evolution. Since the difference

between Min = 4.6 M⊙ and 4.8 M⊙ is 0.2 M⊙ and Jorb is the same, q and the total

mass are almost the same. Therefore, there is little difference with respect to the physical

structure, meaning no effect on the evolution.

In the bottom panel, since the difference between Min = 5.96 M⊙ and 6.21 M⊙ is

0.15 M⊙, the physical structures are also little changes, leading to the same conclusion

mentioned above.

4.1.4 The most important factor for making a BSG from a RSG in the merger

model

In Sec 4.1.1, 4.1.2, and 4.1.3, I investigated the parameter dependence and obtained that

the smallness of q would be more important than the total mass for the color. Concern-

ing the mass relation (the mass ratio q and the total mass), I assess which is the most

important factor with all of the merger models quantitatively as follows.

Fig 4.4 shows the final effective temperature against the total mass. There are few

blue progenitors in the region of less than about 17.0 M⊙. If Mfin is larger than this

value, many blue progenitors are produced. What is important, however, is that there

are a lot of red progenitors in the same region. As seen in this figure, there is obviously

no correlation between the color and Mfin. On the other hand, Fig 4.5 shows the final

temperature against the mass ratio q. It is found that there is a clear negative correlation.

If q is less than about 0.27, a RSG with a CO core becomes a BSG in the final state.

Therefore, the most important factor is q. Since q is significantly affected by a value of

Jorb, it is also important.

Note that the effect of helium enhancement in the envelope is not confirmed from Sec

3.4.2 although it has been expected that the abundance is important in the helium and

combination models.
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Figure 4.3. The top panel represents result for different values of Min with varying M2.

The common parameters are {M1, Jorb, Mixing} = {P14b, 3.0 × 1053 erg

sec, No}. The circle represents results with Min = 4.6 M⊙, and the triangle

with Min = 4.8 M⊙. The bottom is same as the top, but with the common

parameters {M1, Jorb, Mixing} = {P16b, 3.0× 1053 erg sec, No}. The circle

represents results with Min = 5.96 M⊙, the triangle with Min = 6.21 M⊙.
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4.2 Importances of the physical quantities of the primary and

secondary for the red to blue evolution

In the increasing mass model, P14b never moves to the blue phase even if q decreases

due to the increasing mass of the envelope. On the other hand, P14a becomes a blue

progenitor easily if Madd is 6.0 M⊙ or more. Since the structure of the added matter is

similar in both models in which the surface structure is used, the main difference between

these models is the structure of the primary. As seen Table 2.1, P14a is a RSG with a He

core in which the central helium is burning and P14b a RSG with a CO core in which the

shell helium is burning.

Comparing the merger model with the increasing mass models for P14b, we find that

the radiative region in the merger model is more massive than in the mass increasing

one. This could be a hint to reveal the important factor except for q has been obtained.

Unfortunately, I have not found what physical quantities are important because there

are many physical quantities in a star and probably multiple candidates for the factor.

Namely, the influence of each physical quantity on the transition has to be investigated.

To specify it, more types of parametric models would be required, which is a future task.

4.3 Disk-like mass ejection

Since the typical Jorb is on the order of 1054 erg sec in this system (see Sec 2.4.1), a

reasonable value should be adopted in the merger model is 1.0× 1054 and 3.0× 1054 erg

sec. As seen in Sec 3.4.1, the ejected masses in total are about 4.0 M⊙ for Jorb = 1.0×1054

erg sec and about 5.0 M⊙ for Jorb = 3.0 × 1054 erg sec, which are almost the same in

spite of the models of the primary. If the ejecta is converted to the rings, the amount is

too massive according to Table 1.1. Besides, there are no blue progenitors for the models

based on P15a and P16b for Jorb ≥ 1054 erg sec.

To match the observation, Jorb has to be 1.0 – 3.0 ×1053 erg sec, indicating that there

is a contradiction between this value and the typical one. Therefore, the mass loss with

more efficient loss of angular momentum, such as a disk-like mass ejection, is necessary

instead of the wind mass loss which is assumed in the calculation code. In this case, an

efficiency about 10.0 times higher than the wind mass loss case is required.
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4.4 Large scale mixing for the chemical anomalies

For the no-mixing case, the chemical abundances are basically determined by the surface

velocity of the primary, vini. In my models of the primary, the initial velocity of P16b,

which is taken as 20.0 % of the Kepler one, is the fastest. As pointed out in Sec 3.4.2,

the abundance ratios except for N/C in the models based on P16b for the no-mixing case

are consistent with observations and the N/C is near the lowest value, implying that the

chemical anomalies can be explained by the higher vini even if large scale mixing does not

occur.

There is, however, a certain problem. Since the higher vini leads to decreasing the mass

of the envelope during a MS phase, q becomes larger at the red phase. This prevents a RSG

from undergoing the red to blue evolution as shown in Sec 4.1.4. Therefore, I conclude

that large scale mixing, by which most stellar matter in the envelope is homogenized,

is induced by interaction between the helium layer and the stream originating from the

secondary from the point of view of producing the red to blue evolution.

4.5 Condition for making a yellow or white progenitor

SN 20011dh in Messier 51, which is located at about 2.6×107 light yr, was observed on

March 31st 2011. As with SN 1987A, the progenitor of this SN has been identified by

the HST (Van Dyk et al., 2011) and is a YSG. In addition, Bersten et al. (2012) revealed

properties of the progenitor with hydrodynamical calculation for its LCs; the mass of the

helium core of 3.0 M⊙ – 4.0 M⊙ from which the stellar mass in a MS phase was about 12.0

– 15.0 M⊙, the mass of the envelope at the progenitor phase was about 0.1 M⊙, and the

radius was about 2.0 × 102 R⊙ which was consistent with the typical value of a YSG to

reproduce the LCs in the early phase. Therefore, the fact that the progenitor was a YSG

was confirmed by observation and theory. To produce the thin envelope, it was considered

that the envelope of the progenitor was robbed by its companion star in a binary system.

This scenario was confirmed because the candidate companion star was observed near the

explosion position.

YSGs are also produced as progenitors of CCSNe in the merger model. There is,

however, a serious difference between YSGs in the merger model and the progenitor of

SN2011dh. Obviously, it is the mass of the envelope. In my models, the mass is lager than

10.0 M⊙ for YSGs, so yellow progenitors have a H-rich envelope. On the other hand, the

progenitor of SN 2011dh had a thin envelope as mentioned above. This difference affects

the LCs of SNe. When YSGs in the merger model explode, their LCs will become Type

II-P although those of SN 2011dh are classified Type IIn.
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In addition, WSGs are also produced in the merger model. Although that white pro-

genitors explode has not been detected until now, it would be expected to detect white

progenitors in future. Since the produced white progenitors have a H-rich envelope, their

LCs will be observed as Type II-P.

When the parameters are {M1, Jorb, Min, Mixing} = {14.0 M⊙, 3.0× 1053 erg sec, 4.6

M⊙, Yes}, the condition for making a yellow or white progenitor are as follows:{
6.0M⊙ < M2 < 6.3M⊙ (for a YSG)

6.8M⊙ < M2 < 7.0M⊙ (for a WSG)
(4.1)

This ranges do not almost depend on the others {M1, Jorb, Min, Mixing}. Thus, yellow

and white progenitors with a H-rich envelope are rare objects.
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Chapter 5

Conclusion

5.1 Summary and conclusion

I construct three parametric models, which are the increasing mass, the helium enhance-

ment, and the combination of both effects, to verify a mechanism for the rad to blue

evolution suggested by previous studies. I also construct a stellar merger model to ex-

plain the evolutionary history of the progenitor of SN 1987A. The merger model is based

on the slow merger scenario (Podsiadlowski et al., 1992; Ivanova et al., 2002). The binary

system is composed of {M1, M2} = {14.0 M⊙ – 16.0 M⊙, 1.25 M⊙ – 10.0 M⊙}. This model

can be described with two phases; injection of the orbital angular momentum and melting

of the secondary. My model first includes the former effect. Therefore, I can discuss the

mass loss enhanced by injection of Jorb and investigate the effect on the evolution.

From the three parametric models, I obtained the following results and conclusions:

• Important factors for the red to blue evolution suggested by the previous studies

are to decrease q and to increase helium abundance in the envelope. The increasing

mass model shows that the former factor is identified for P14a, which has a He

core, and that q should be less than 0.23 in this case. However, the model with

P14b, which has a CO core, does not produce a blue progenitor even if q < 0.18.

These imply that not only q but also the structure of the primary is important to

explain the property. The helium enhanced model shows that blue progenitors are

produced although the model of the primary is P16a, having a CO core. Then, a

helium abundance in the envelope of more than at least 0.625, by mass fraction, is

necessary. This example shows that the helium effect is useful. However, in order

to produce such a large value, 5.45 M⊙ of helium must be provided from the helium

layer. This is actually not possible because the mass of the helium layer is only

about 2.0 M⊙. The combination model decreases the required helium abundance to

produce a blue progenitor. For example, YHe is 0.5 for Madd = 12.0 M⊙ for making
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the blue envelope. However, hydrogen and helium abundances of the added matter

have to be 0.395 and 0.605 to meet the condition with the assumption. Therefore,

the smallness of q and helium enhancement can explain the red to blue evolution

but not with realistic parameter values in my parametric models.

Next, I obtained the following results and conclusions with the merger model:

• I investigate the effect of Jorb, mixing, and Min on the evolution. Injection of Jorb

promotes the mass loss, leading to an increase in q and a decrease in Mtot. The

other parameters enhance helium abundance in the envelope but the enhancement

would not affect the evolution. This reinforces that q is one of the important factors

for the red to blue evolution.

• All of progenitors experienced moving bluer. On the other hand, the RSG for case

C, in the increasing mass model, never move bluer even if considerable mass is

added to the envelope. The difference between the merger and the increasing mass

models is the structure of the envelope of the merged object while/after the mass

is added, according to the different ways of the mass enhancement.

• The typical value of Jorb is on the order of 1054 erg sec in the binary system. It is,

however, difficult to produce a blue progenitor if the typical value is adopted.

The mass loss for Jorb = 3.0×1054 is about 5.0 M⊙ in total, leading to a considerable

increase of q. To explain the red to blue evolution and mass of the ring system, the

good value is 1.0 – 3.0 ×1053 erg sec. This implies that the mass loss with more

efficient loss of angular momentum, such as disk-like mass ejection, is required

instead of the wind mass loss assumed in the code. This is compatible the history

of mass loss suggested by observations.

• Large scale mixing induced by erosion is important to match the chemical anomalies

although it would not affect the final state as seen above. I compare the calculation

results with the observations suggested by Lundqvist & Fransson (1996) and Mattila

et al. (2010). None of the models based on any of the non-mixing primaries explain

the anomalies. Especially, N/C is difficult. On the other hand, the mixing models

can match with observations. I conclude that it is necessary that heavy metals in

the inner region are dredged up to the surface due to large scale mixing.

• YSGs and WSGs are produced naturally. For example, conditions for M2 with the

parameters {M1, Jorb, Min, Mixing} = {P14b, 3.0 × 1053 erg sec, 4.6 M⊙, Yes} is

6.0 M⊙ < M2 < 6.3 M⊙ for a yellow progenitor or 6.8 M⊙ < M2 < 7.0 M⊙ for a

WSG. The progenitor of SN 2011dh is identified as a YSG. The difference between

the progenitor of SN 2011dh and my yellow progenitor is the mass of the envelope.
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The LCs of SN 2011dh are classified as Type IIn. This type shows that hydrogen

lines emerge but soon disappear. Thus, this indicates that the envelope is very thin.

On the other hand, my progenitors have a massive envelope because at least several

M⊙ of H-rich matter is added. Therefore, it is expected that the LCs of these are

observed as Type II-P

• My merger model succeeds in explaining the position on the HRD, the mass of the

envelope of the progenitor, the mass of the ring system, the chemical anomalies in

the rings, and the time from the transition to the explosion (see Table 5.1). Com-

paring the merger model with previous studies, this work is the best evolutionary

model.

Models for the progenitor

SA88 PO92 ME17 This work

Rotation Merger Merger Merger

The HRD Yes Yes Yes Yes

Envelope mass Yes Yes Yes Yes

Ring mass ? ? ? Yes

Chemical anomalies ? ? Yes or No Yes

Lifetime Yes Yes Yes or No Yes

Table 5.1: The previous studies and this work.

5.2 Future works

Enhancements of s-process elements in the early-time spectrum of SN 1987A was identified

(Mazzali et al., 1992; Mazzali & Chugai, 1995). I do not investigate this enhancement

although He/H, N/C, and N/O are considered. 49 isotopes are involved in my models

(see Table A.1 in details). As seen in the table, s-process elements are not considered in

the models to reduce the cost of the calculation: I primarily have tried to investigate a

mechanism for the red to blue evolution. Since the mechanism has been confirmed, I will

construct the models involving s-process elements to study their enhancement.

From the increasing mass and merger models, the physical quantities of the added

matter considerably affect evolution In my models, treatment of the structure depends on

that of the primary. Therefore, it is required to introduce a realistic structure. This can

alter the mass ranges of the primary and secondary to produce a blue progenitor.

In the modeling of spiral-in phase, matter heating due to friction between the secondary

and the envelope is not included in the merger model for simplicity. Since the heating
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contributes to the mass loss, this effect has to be included for the refined model. Using

this model, I will discuss a more detailed mass loss and evolutionary history.
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Appendix A

Isotopes in the calculations

Name A Name A

n 1 P 31

H 1–3 Si 32

He 3–4 Cl 35

Li 6–7 Ar 36

Be 7,9 K 39

B 8,10–11 Ca 40

C 12–13 Sc 43

N 13–15 Ti 44

O 15–18 V 47

F 17–19 Cr 48

Ne 20 Mn 51

Na 23 Fe 52–56

Mg 24 Co 55–56

Al 27 Ni 56

Si 28

Table A.1. 49 isotopes are involved in the calculations.
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Appendix B

Evolution of massive stars

Stars (about 0.75 M⊙ ≤ M) are factories which create heavier elements by nuclear re-

action, and are complex physical systems supported by balance of the inner forces and

self-gravitation. Properties of the evolution of stars depend on its mass mainly. For about

8.0 M⊙ ≤ M ≤ about 25.0 M⊙, stars, which are near galaxies, have a dramatic fate.

Stars at ZAMS consist of mostly hydrogen, which is burning in the center. In this

phase, four hydrogens are synthesized to a helium in two ways; the pp chain reaction and

CNO cycle. Which reaction dominates depends on temperature. The pp chain reaction is

distinguished into three kinds of processes. As its first reaction, the pp reaction occurs:

1H+1 H →2 H+ e+ + ν (B.1)

2H+1 H →3 He + γ (B.2)

3He, which is created in the above reaction, have an important role for the following two

reactions. The first is two 3He nuclei are synthesized:

3He +3 He →4 He + 21H (B.3)

It is called the pp1. The other requires 4He which already exists since the birth or is

created with the pp1:

3He +4 He →7 Be + γ (B.4)

7Be leads to the others for 4He:

7Be + e− →7 Li + ν (B.5)

7Li +1 H →4 He +4 He (B.6)
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and

7Be +1 H →8 Be + γ (B.7)

8B →8 Be + e+ + ν (B.8)

8Be →4 He +4 He (B.9)

The first is called the pp2 and the second the pp3. The energy carrier is different in each

reaction, so the released energy to the stellar matter differs. The energies are 26.2 MeV

with the pp1, 25.67 MeV with the pp2, and 19.2 MeV with the pp3 per 4He. The pp3

cannot contribute to the energy generation, but the neutrino flux from this is high, so it

is important for the observation of solar neutrino.

The CNO cycle is also an important reaction for 4He. The basic concept is that hydrogen

is captured into carbon, nitrogen, and oxygen and synthesized to helium. The cycle has

two branches; the CN and NO cycles. The main cycle can be represented as follows:

12C+1 H →13 N+ γ (B.10)

13N →13 C+ e+ + ν (B.11)

13C+1 H →14 N+ γ (B.12)

14N+1 H →15 O+ γ (B.13)

15O →15 N+ e+ + ν (B.14)

15N+1 H →12 C+4 He (B.15)

12C is consumed at first, but it is reproduced by (B.15). Therefore the reproduced 12C

returns to (B.10), meaning cycle.

The lowest reaction takes part in a secondary cycle. It can be represented as follows:

15N+1 H →16 O+ γ (B.16)

16O+1 H →17 F + γ (B.17)

17F →17 O+ e+ + ν (B.18)

17O+1 H →14 N+4 He (B.19)

14N+1 H →15 O+ γ (B.20)

(B.20) is same as (B.13). This shows that the secondary cycle connects with the main

one. The duration of 14N + 1H is longest in the cycle, leading to enhancement of 14N

in a star. The CNO cycle is important in middle-massive stars. On the other hand, the
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pp chain is important in low mass stars. The difference is due to the temperature in the

center.

What time massive stars have been staying on the main sequence phase can be estimated

as a function of stellar mass and luminosity:

τms ≈ 1010
M/M⊙

L/L⊙
[yr] (B.21)

Since the luminosity is proportional to M1<α≤5, this duration is determined as an ap-

proximation of M1−α. Therefore, the higher the stellar mass is, the shorter the duration

is.

After hydrogen is exhausted via the above reactions in the central region, the inner force

decreases, promoting contraction of the central region due to collapse of the equilibrium

between forces. As a result, gravitational energy is released to the stellar matter, so

temperature near the region increases. When temperature at some positions from the

center achieves that needed for hydrogen burning, the hydrogen layer on the helium core

burns via the CNO cycle, which is called shell burning. This is the main source of stellar

luminosity in this phase. On the other hand, the collapse proceeds alongside shell burning,

and pressure near the core becomes high. As a result, pressure gradient near the region

where the shell burning occurs becomes very sharp. Since the balance between the forces

is changed, the core pushes the shell and envelope outside. Stars enter into a RSG phase

after this has ceased, so the envelope extends to be about 102−3 R⊙, which depends on

the metalicity and so on.

In the following reactions, a star with M > about 12.0 M⊙ have always a core which

is more massive than the Chandrasekhar mass Mch, so this state is a gravitational ther-

modynamics catastrophe. Energy is lost due to radiation of photons and neutrinos in a

star. In this state, temperature of the core increases with the lost energy. Therefore, some

reactions are induced, and the core does not enter degeneracy.

When the temperature reaches about 108 K, three nuclei of helium are fused into a

nucleus of carbon. This is called the triple α reaction, which is represented by

4He +4 He ⇀↽8 Be (B.22)

8Be +4 He →12 C+ γ (B.23)

A part of 12C , which is created in the above reaction, is used by the reaction with 4He:

12C+4 He →16 O+ γ (B.24)

Therefore, the main composition in the core becomes carbon and oxygen after it has been

completed.
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For carbon burning, it also depends on temperature, so about 5.0×108 K. At first, two
12C are fused into a nucleus of 23Mg. There are a lot of different channels as in following

reactions:

12C+12 C → 24Mg + γ (B.25)

→ 23Mg + n (B.26)

→ 23Na + p (B.27)

→ 20Ne + α (B.28)

→ 16O+ 2α (B.29)

The most probable reactions are (B.27) and (B.28). the α particle originating from (B.28)

is captured by 22Ne and 18O, which emits a neutron. Such neutrons are also absorbed into

another neutron-rich nuclei, producing 23Na, 25Mg, and 27Al. Because of these channels,

the main constituents of the core are 16O, 20Ne, and 24Mg.

The next reaction occurs when the temperature reaches about 3.0×109 K which breaks

the high Coulomb barrier:

16O+16 O → 32S + γ (B.30)

→ 31P + p (B.31)

→ 31S + n (B.32)

→ 28Si + α (B.33)

→ 24Mg + 2α (B.34)

α nuclei produced by (B.33) is captured into 28Si, leading formations of 32S, 36Ar, and
40Ca.

For silicon burning, the required temperature is more about 4.0 × 109 K. Iron group

elements are synthesized in this reaction. If the temperature does not exceed 5.0× 109 K,

the reaction is incomplete. Mos silicons are left in the core, and a part of these capture

α nuclei, producing nickel, calcium, chrome, and manganese. This nickel is 56Ni, so it

becomes 56Co and 56Fe because of β-decay. On the other hand, the reaction is completed

if temperature can exceed 5.0× 109 K. 56Ni is the most produced nuclei in this reaction.

After silicon burning, the main composition of the core is 56Fe. Nuclear fusion ceases

because 56Fe has the lowest binding energy. On the other hand, neutrinos carry energy

away. As a result, the collapse of the core is promoted, leading to an increase of density

and temperature in the region. Then, two instabilities are induced; the electron capture

and photodisintegration. The former occurs when the central density reaches about 1010

g cm−3:
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p + e− → n + νe (B.35)

n → p + e− + ν̄e (B.36)

p is a proton, e− an electron, n a neutron, νe an electron neutrino, and ν̄e an anti-electron

neutrino, respectively. The rest mass of the neutron is bigger than the total rest mass of

the proton and electron, so the excess energy is carried by an anti-electron neutrino. This

causes instability in the central region, and the collapse progresses. The later occurs when

the temperature reaches about 1010 K. In this state, the energy of a photon is so high

that the iron resolves to helium, proton, and neutron. This is an endothermic reaction,

leading to an instability.

These instabilities lead to the collapse of the core more and more. Since neutron

abundance has been enhanced according to (B.35), the core becomes neutralized. As a

result, it is left as a neutron star in its final phase. Matter above the core falls to the

surface of the core, and bounces back in a shockwave. Part of the kinetic energy of the

shock is transfered to inner material. These scatter electrons, emitting photons. It is

observed as a supernova.
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Appendix C

Results of the merger model
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