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Superluminous Supernovae: Theory and Observations

Emmanouil Chatzopoulos, Ph.D.

The University of Texas at Austin, 2013

Supervisor: J. Craig Wheeler

The discovery of superluminous supernovae in the past decade chal-

lenged our understanding of explosive stellar death. Subsequent extensive

observations of superluminous supernova light curves and spectra has pro-

vided some insight for the nature of these events. We present observations

of one of the most luminous self-interacting supernovae ever observed, the

hydrogen-rich SN 2008am discovered by the Robotic Optical Transient Search

Experiment Supernova Verification Project with the ROTSE-IIIb telescope

located in the McDonald Observatory. We provide theoretical modeling of

superluminous supernova light curves and fit the models to a number of ob-

served events and similar transients in order to understand the mechanism

that is responsible for the vast amounts of energy emitted by these explosions.

The models we investigate include deposition of energy due to the radioactive

decays of massive amounts of nickel-56, interaction of supernova ejecta with a

dense circumstellar medium and magnetar spin-down. To probe the nature of

superluminous supernovae progenitor stars we study the evolution of massive

vi



stars, including important e!ects such as rotation and magnetic fields, and

perform multi-dimensional hydrodynamics simulations of the resulting explo-

sions. The e!ects of rotational mixing are also studied in solar-type secondary

stars in cataclysmic variable binary star systems in order to provide an ex-

planation for some carbon-depleted examples of this class. We find that most

superluminous supernovae can be explained by violent interaction of the SN

ejecta with >1 M! dense circumstellar shells ejected by the progenitor stars

in the decades preceding the SN explosion.
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Chapter 1

Introduction

The discovery of superluminous supernovae the past decade (SLSNe;

Quimby et al. 2007; Smith et al. 2007; Chatzopoulos et al. 2011 and references

therein; see Gal-Yam 2012 for a review) imposed challenges to the widely used

mechanism of 56Ni and 56Co radioactive decay di!usion (Arnett 1980, 1982,

1996; hereafter A80, A82, A96) as the typical power input of many observed

supernova (SN) light curves (LCs) that do not display prominent plateaus.

Attempts to fit the LCs of some SLSNe provided estimates for the mass of

radioactive nickel, MNi, needed to power the peak luminosity that were close

to or far exceeded corresponding estimates for the total mass of the SN ejecta

(Smith et al. 2007; Chatzopoulos et al. 2011, 2012). SLSNe are relatively

rare, but brighter by a factor of 10 to 100 than most contemporary supernovae

(Smith et al. 2007; Quimby et al. 2007; Miller et al. 2009; Gal-Yam et

al. 2010; Chatzopoulos, Wheeler & Vinko 2012). The striking variety in LC

shapes, peak luminosities, durations, decline rates and in spectral evolution

makes the determination of a consistent physical model for the SLSNe very

challenging.

The small, but growing, sample of SLSNe is also spectroscopically het-
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erogeneous. Some show strong emission lines of hydrogen in their spectra close

to maximum light (SN 2006gy, SN 2006tf, SN 2008fz, SN 2008iy, CSS100217)

and hence belong to the Type IIn subclass; some show hydrogen in later phases

and a linear decline of the LC expressed in magnitudes (SN 2008es). Others

may show no hydrogen at all (SN 2005ap, SCP06F6, SN 2007bi, SN 2010kd,

PS1-10afx). Based on these spectroscopic characteristics, Gal-Yam (2012)

proposed the following three distinct SLSN categories: SLSN-I (hydrogen-

poor events), SLSN-II (hydrogen-rich events) and SLSN-R (hydrogen-poor

events that are consistent with being powered by the radioactive decay of

large amounts of 56Ni). For SLSN-II events, the energy generation mechanism

is very likely the interaction between the ejecta and a circumstellar medium

(CSM) that was shed by the progenitor star in the years prior to the explo-

sion (Chevalier & Fransson 2003). SN 2006gy (Smith et al. 2007) triggered

discussions about the possibility of nearby pair-instability supernovae (PISNe;

Rakavy & Shaviv 1967; Barkat, Rakavy & Sack 1967; Rakavy & Shaviv 1968;

Rakavy, Shaviv & Zinamon 1968; Fraley 1968; see also Wheeler 1977; El Eid

& Hilf 1977; El Eid, Fricke & Ober 1983; Carr, Bond & Arnett 1984; Stringfel-

low & Woosley 1988) . PISN models proved unsatisfactory for SN 2006gy and

many other SLSNe, but may account for SN 2007bi (Gal-Yam et al. 2009;

Young et al. 2010).

Even for some events that do not show clear signs of CSM interaction,

simple radioactive decay di!usion models (Arnett 1982; Valenti et al. 2008)

have proven inconsistent with the observations (Quimby et al. 2007a; Gezari
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et al. 2009; Quimby et al. 2009). Other mechanisms that can account for

the large luminosity have been proposed: interaction between expelled shells

(Woosley, Blinnikov & Heger 2007); interaction between a GRB-like jet and

the progenitor envelope (Young et al. 2005; Gezari et al. 2009); a buried mag-

netar (Kasen & Bildsten 2010; Woosley 2010); or a very energetic core-collapse

(CCSN) explosion (Umeda & Nomoto 2008; Moriya et al. 2010). In addition,

the possibility that many Type IIn SNe (of normal or high luminosity) have

been spectroscopically confused with radio-quiet low-luminosity blazars has

been discussed (Filippenko 1989); however all recent SLSN candidates have

shown spectroscopic features that are more consistent with SNe.

One of the interesting aspects of SLSN-II events that seem to be sur-

rounded by dense, optically-thick shells is that the nature of the underlying

supernova is hidden and thus remains obscure. There seems to be too much

mass to be associated with any underlying white dwarf thermonuclear explo-

sion, but that leaves many unanswered questions. What are the progenitor

mass and radius, the ejecta composition and energy? What is the explosion

mechanism, core-collapse or something else? The collective enigmatic nature

of these super-luminous events means that we have to return to rudimentary

studies to explore the parameter space that may be appropriate. For this rea-

son we have generalized the basic LC models of A80, 82 using the first law

of thermodynamics and the di!usion approximation. Where Arnett (1980)

first proposed his models in the context of radioactive decay, we have adapted

his technique for an arbitrary prescription of the power input. This allows us
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to explore radioactive decay, shell-shocks, magnetars and, within some limi-

tations, combinations of these power inputs. These basic models allow us to

address questions such as: what is needed to make the LC rise have a certain

shape, and, independently, what shapes the decline; what is needed to gener-

ate a nearly symmetric LC, or a very asymmetric one; what is the e!ect of

the initial radius of the supernova progenitor; what are the constraints on the

density profiles in the supernova ejecta and the CSM? The most general ques-

tion we propose to explore is whether or not the heterogeneity of the current

sample of SLSN requires very di!erent progenitors and physics, or if there is

some common theme expressed in di!erent ways.

The nature of SLSN-I and SLSN-R events remains debated. The main

hypothesis for SLSN-R events is that they are powered by the decay of large

amounts of radioactive 56Ni. This large amount of 56Ni can be produced by

some PISNe. Therefore, understanding the physics and energetics of PISNe is

of high importance. Prior to doing so, a concise study of the evolution of mas-

sive progenitor stars that include the e!ects of metallicity, mass-loss, rotation

and magnetic fields is needed. For this reason we have performed stellar evolu-

tion calculations using the modular multi-physics codeMESA and explored the

relevant parameter space. The outputs from these calculations were then used

as initial models for multi-dimensional hydrodynamics simulations using the

adaptive mesh refinement (AMR) multi-physics hydrodynamics code FLASH.

One of the main results of this study is that rotation can significantly lower

the mass range where electron-positron pair instability is encountered in the
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oxygen cores of massive stars. The notion that quasi-homogeneous evolution

might lead to larger core masses has been applied in the context of the pro-

genitors of GRBs (Heger, Woosley & Spruit 2005; Yoon & Langer 2005) and

explored to a certain extent in recent work (Langer et al. 2007, Eskstrom et

al. 2008, 2011; Brott et al. 2011a, 2011b), but has not been pursued in detail

in the context of pair instability. The e!ect of rotationally induced mixing is

proven to have a major impact in the evolution of massive stars and, in some

cases, can even lead to the depletion of hydrogen and helium and, though mass-

loss, to the ejection of carbon-oxygen rich shells. The depletion of hydrogen

and helium by rotationally-induced mixing may, in some cases lead to CSM

interaction with a H-poor shell, a process which may manifest as some SLSN-

I events. We have explored the dynamics of hydrogen-deficient pulsational

PISNe (PPISNe) that require lower masses than full-fledged PISNe, especially

when rotation is included, and propose them as potential progenitors of some

SLSN-I events.

We also modeled the e!ects of rotational mixing and the importance of

magnetic fields in the case of solar-type secondary stars that are members of

cataclysmic variable (CV) stars. The motivation for this parallel project was to

provide a complementary explanation for the existence of carbon-depleted CVs

and, in some cases, blue straggler stars. We determine that the combined e!ect

of rotational mixing that includes the e!ects of magnetic fields via the Spruit-

Tayler (ST) dynamo prescriptions, in combination with mass-loss, allows for

a certain type of secondaries to be depleted of carbon. The carbon depletion
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is found to be larger for lower metallicity (1/10-1/100 Z!), faster rotating

(#/#crit 0.3) 1-1.2 M! secondaries.

Current work in progress includes multi-dimensional studies of PISNe,

with the e!ects of rotation incorporated in the dynamics. Also, e!ects such

as plume mixing or mixing due to hydrodynamical instabilities can only be

captured in multi-dimensional simulations and may have important implica-

tions for PISN observables. Multi-dimensional simulations of interactions of

SN ejecta with CSM shells of di!erent properties such as geometry (bipolar

shells, spherical shells, clumps or circumstellar disks), mass, or distance from

the SN, are also a priority. The aim is to model LCs and time-dependent

spectra from such processes and compare them to observations of SLSNe. The

issue is whether or not their photometric and spectroscopic diversity can be

addressed by considering the large number of parameters associated with CSM

interaction.
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Chapter 2

SN2008am: An Over-Luminous Type-IIn
Supernova

We present observations and their interpretation of the Type II-n su-

pernova SN 2008am discovered by the ROTSE RSVP program. SN 2008am

peaked at MR = $22.3 mag at a redshift of z =0.234, making it one of the

most luminous supernovae ever observed. ROTSE upper limits and detec-

tions constrain the rise time to be # 34 days in the rest frame. We obtained

photometric observations in the ultraviolet (Swift UVOT), optical (P60) and

infrared bands (J,H,Ks PAIRITEL) that constrain the SED evolution. We

also obtained five optical spectra (Keck-LRIS and HET-LRS) within the first

year after maxmimum. The optical (P60 g,r and i$) LC of SN 2008am shows a

very slow decay at late times (" 0.006 mag d"1), which is slightly slower than

the expected decay of 56Co (0.01 mag s"1). The spectrum of SN 2008am shows

strong hydrogen emission lines with velocity # 1000-2000 km s"1 as well as

helium (He I %5876 Å) emission in the first # 40 days after optical maximum

but no P-Cygni absorption. These spectral features suggest an ejecta-CSM

interaction to account for the large total radiated energy (" 2 ! 1051 erg). A

model in which the supernova is powered only by the radioactive decay of nickel

is found to be inconsistent due to the large descrepancy between the derived

7



nickel and total ejecta masses. We also discuss a model in which the energy

that powers the LC of SN 2008am is generated from the spin-down of a young

magnetar. Although this model provides a descent fit to the pseudo-bolometric

LC of SN 2008am it fails to account for its spectroscopic characteristics. We

propose a model in which SN 2008am marked the death of a very massive

LBV-type progenitor and is powered by the interaction of ejecta with both

optically thick and optically thin components of the CSM.

2.1 Observations

2.1.1 Imaging and photometry

SN 2008am was discovered in unfiltered ROTSE-IIIb images on 2008

Oct 10.4 UT (MJDdisc=54475.4) (Yuan et al. 2008) when it had an unfil-

tered magnitude of 18.7 mag. The position of the SN in the ROTSE images

was determined to be " =12h28m36.25s and & =+15d34m49.1s, slightly o!set

(#1 arcsec south-west) from the center of its host (Figure 2.1). ROTSE-IIIb

continued to gather unfiltered photometric data for the first #200 days after

discovery. The ROTSE-IIIb photometry is summarized in Table 2.1.
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Table 2.1. ROTSE-IIIb unfiltered photometry of SN2008am

MJDa Magnitudeb Error

54443.98 (20.17) -
54456.46 18.92 0.30
54462.44 18.97 0.36
54469.40 18.35 0.15
54470.40 18.60 0.17
54471.40 18.59 0.27
54472.39 18.42 0.13
54475.41 18.49 0.16
54478.38 18.38 0.15
54479.37 18.25 0.12
54480.36 17.99 0.17
54483.37 18.17 0.12
54485.37 18.13 0.14
54486.36 18.34 0.27
54495.34 18.31 0.17
54497.34 18.30 0.06
54498.33 18.32 0.10
54499.32 18.82 0.25
54500.32 18.28 0.08
54502.32 18.38 0.10
54504.31 18.42 0.04
54505.29 18.52 0.05
54506.33 18.35 0.03
54507.29 18.36 0.04
54508.28 18.48 0.05
54510.29 18.59 0.26
54514.27 18.49 0.16
54516.26 18.30 0.13
54523.24 18.53 0.03
54524.24 18.75 0.12
54529.23 18.60 0.05
54530.22 18.61 0.05
54532.20 18.55 0.01
54533.32 18.66 0.05
54536.21 18.64 0.04
54537.20 18.70 0.04
54538.20 18.73 0.05
54539.32 18.93 0.10
54550.16 19.00 0.20
54551.17 18.87 0.07
54552.16 18.78 0.05
54553.16 18.95 0.07
54554.16 18.84 0.06
54555.13 18.78 0.06
54556.15 18.93 0.07
54557.16 18.81 0.06
54559.14 18.79 0.07
54560.14 18.84 0.10
54562.14 18.88 0.09
54567.31 18.96 0.13
54568.19 19.04 0.10
54569.14 18.96 0.09
54570.14 18.74 0.29
54578.14 (19.01) -
54579.14 19.14 0.20
54580.15 19.35 0.20
54581.16 19.07 0.17
54582.16 19.00 0.08
54583.16 18.97 0.07
54584.15 19.03 0.07
54585.15 19.02 0.05
54586.15 19.07 0.05
54587.20 19.19 0.17
54589.16 18.96 0.09
54590.20 (19.20) -
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Table 2.1 (cont’d)

MJDa Magnitudeb Error

54591.15 (19.04) -
54592.23 19.03 0.22
54596.16 19.47 0.24
54598.15 18.88 0.26
54604.16 (18.72) -
54606.17 (19.27) -
54609.17 (18.70) -
54610.17 19.37 0.11
54618.17 19.23 0.10
54619.17 19.24 0.12
54620.18 19.48 0.16
54624.21 19.30 0.15
54625.23 19.09 0.25
54632.18 (19.35) -
54637.18 (18.82) -
54641.18 (19.53) -
54645.17 19.17 0.19

Note. — a All the MJD values
showed here refer to the observer’s
frame, b Observed value; not corrected
for exctinction

The ROTSE data are shown in Figure 2.2 along with the detection lim-

its over the course of the photometry. The ROTSE-IIIb photometry includes

some data points and an upper limit during the rising phase of the supernova

light curve and thus it can be used to determine the explosion date of the

SN. To determine the explosion date we converted the ROTSE magnitudes to

bolometric luminosities, assuming zero bolometric correction, and fit radioac-

tive decay di!usion models to it (see Equation 2.1). The fitting parameters

are the e!ective di!usion time, the nickel mass, the explosion date and a pa-

rameter that controls the gamma-ray leakage. This process yields an explosion

date of MJDexpl =54438.8± 1, approximately 18 days prior to the first real

detection in the observed frame and about 14 days in the rest frame. The best

fit radioactive-decay di!usion model is shown in Figure 2.3. Throughout this

work we use this explosion date as the zero point for all the phases that we
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Figure 2.1 The position of SN 2008am relative to its host galaxy in the
Keck/LRIS g filter (left panel) and R filter (right panel). The insets in the
left panel show the scale and the orientation of the image.

cite, which are calculated in the rest frame of the supernova. The ROTSE-IIIb

maximum occured at MJD =54480.4, thus about 34 rest frame days after the

explosion. We note that an estimate of the time of explosion is necessary in

order to assess the values of the physical parameters that determine the shape

of the LC, at least in the context of di!usion models (specifically the ejecta

mass Mej).

The supernova was followed up with photometric observations spanning

from the ultraviolet (UV) through the infrared (IR). The Peters Automated

Infrared Imaging Telescope (PAIRITEL; Bloom et al. 2006) obtained J, H

and Ks band photometry over a 25 day period (20 days at rest frame) (Table

2.2). The PAIRITEL J, H and Ks fluxes are calibrated to the Two Micron All
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Figure 2.2 The ROTSE unflitered LC of SN 2008am. The red curve represents
the sensitivity limit for each epoch. The data points which lie under the
sensitivity curve are treated as upper limits.
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Figure 2.3 Fit of a simple radioactive decay di!usion model to the ROTSE LC
of SN 2008am (filled circles). The inset gives the best-fitting explosion date.
The derived nickel and ejecta mass are MNi = 19M! and Mej = 2M! (for
Thompson scattering opacity) respectively.
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Sky Survey (2MASS; Skrutskie et al. 2006) catalogue. The infrared LCs of

the supernova over this phase appear to be flat and are contaminated by the

host. The contamination by the host was removed by assuming that the J and

H host fluxes are equal to the host SDSS z flux. We verified this assumption

by looking at the late 2009 March 31 Keck spectrum of the host as well as

the S0 galaxy template in the near IR. In wavelengths redder than #8400 Å,

the SEDs of these galaxies seem to level o!. In the Ks-band, the detections

are most probably indicative of the host rather than the SN. Thus we refer

to them only as upper limits throughout this work. Although the infrared

observations were obtained for only a small portion of the life of the SN, they

can be used to better constrain its SED towards the infrared region for some

phases. Contribution by dust IR radiation to the observed J, H and Ks fluxes

cannot be ruled out.
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Table 2.2. PAIRITEL IR photometry of SN2008am

MJDa J-bandb H-bandb Ks-band
b

54499.38 17.65(0.12) 16.96(0.22) 16.78(0.31)
54502.38 17.64(0.14) 17.37(0.27) 16.97(0.30)
54503.37 17.59(0.14) 17.26(0.21) 16.69(0.22)
54504.38 17.78(0.10) 17.40(0.24) 17.15(0.35)
54505.37 17.60(0.09) 17.16(0.17) 16.61(0.17)
54506.37 17.61(0.14) 17.20(0.21) 17.01(0.34)
54507.33 17.62(0.12) 17.20(0.22) 16.88(0.31)
54508.35 17.72(0.06) 17.18(0.10) 16.71(0.21)
54509.36 17.62(0.18) 17.20(0.18) 16.78(0.30)
54510.36 17.67(0.10) 17.45(0.27) 16.63(0.21)
54513.34 17.60(0.08) 17.38(0.15) 17.06(0.31)
54514.34 17.59(0.10) 17.11(0.14) 16.70(0.20)
54515.34 17.73(0.11) 17.26(0.16) 16.89(0.20)
54516.30 17.67(0.16) 17.45(0.23) 16.91(0.34)
54520.32 17.68(0.08) 17.00(0.12) 16.67(0.19)
54521.32 17.47(0.11) 17.63(0.35) 16.68(0.25)
54522.31 17.75(0.09) 17.30(0.16) 16.96(0.27)
54523.31 17.77(0.11) 17.13(0.15) 16.74(0.27)
54524.28 17.63(0.07) 17.15(0.15) 17.08(0.24)

Note. — a All the MJD values showed here refer to
the observer’s frame. b Observed value; not corrected for
exctinction. The numbers in the parentheses represent
the errors of the measured values.

The Palomar P60 telescope obtained optical photometry in the bands

g,r,i$, and z$ that are identical to the corresponding SDSS bands for a period

of #330 days in the rest frame. The apparent P60 magnitudes were esti-

mated using standard aperture photometry IRAF techniques. The SN fluxes

were subsequently corrected for host contamination and interstellar redden-

ing. The host correction was done by removing the host fluxes obtained from

SDSS. The 50 to 180 day slope of the P60 g,r,i$ lightcurve is estimated to be

0.0065±0.0006 mag d"1 which is significantly slower than the 0.0098 mag d"1

decay of radioactive cobalt. On the other hand, the z$ LC is flatter over the

same period, probably due to the fact that as the supernova cools the flux is

shifted towards redder wavelengths. The P60 photometry is detailed in Table
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2.3. Space-based Swift photometry was also obtained for six epochs by the

Ultraviolet/Optical Telescope (UVOT; Roming et al. 2005) for the first #60

rest-frame days after maximum. During the first UVOT epochs the UVW1,

UVM2 and UVW2 fluxes of SN 2008am declined at a constant rate while in the

later three epochs they level o!. This leveling o! at the later epochs could be

due to pure host galaxy emission. The Swift UVOT photometry is presented

in Table 2.4.
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Table 2.3. P60 photometry of SN2008am

MJDa Filter Magnitudeb Error

54496.80 g 18.78 0.11
54505.80 g 18.86 0.10
54508.79 g 18.89 0.11
54509.79 g 18.89 0.11
54513.80 g 19.05 0.15
54522.79 g 19.03 0.11
54523.81 g 18.96 0.10
54524.83 g 18.93 0.09
54525.85 g 18.87 0.11
54531.73 g 19.17 0.12
54533.94 g 19.09 0.11
54535.98 g 19.15 0.13
54537.00 g 19.54 0.14
54538.02 g 19.21 0.11
54538.71 g 19.40 0.18
54539.75 g 19.40 0.14
54543.70 g 19.58 0.30
54550.70 g 19.45 0.12
54550.71 g 19.27 0.12
54551.74 g 19.19 0.12
54554.66 g 19.43 0.12
54556.68 g 19.19 0.11
54557.74 g 19.46 0.12
54558.77 g 19.23 0.09
54560.65 g 19.32 0.12
54561.67 g 19.45 0.11
54561.69 g 19.36 0.13
54562.89 g 19.31 0.10
54563.91 g 19.38 0.12
54564.93 g 19.27 0.15
54566.87 g 19.45 0.13
54568.89 g 19.54 0.13
54570.91 g 19.33 0.19
54582.85 g 19.28 0.19
54584.87 g 19.33 0.15
54588.79 g 19.76 0.13
54590.81 g 19.17 0.13
54593.70 g 19.61 0.12
54594.77 g 19.50 0.13
54596.79 g 19.53 0.14
54598.81 g 19.40 0.17
54615.75 g 19.56 0.16
54617.72 g 19.81 0.16
54618.71 g 18.90 0.19
54619.71 g 19.47 0.15
54624.70 g 19.62 0.16
54625.70 g 19.46 0.15
54626.69 g 19.57 0.19
54628.69 g 19.61 0.21
54638.74 g 18.94 0.21
54640.68 g 19.52 0.13
54642.71 g 19.53 0.23
54645.70 g 19.50 0.18
54648.70 g 19.56 0.19
54799.99 g 19.68 0.16
54805.98 g 20.03 0.18
54811.00 g 19.81 0.19
54836.01 g 20.23 0.18
54836.05 g 20.26 0.17
54496.81 r 18.58 0.10
54505.80 r 18.60 0.05
54508.79 r 18.60 0.05
54509.79 r 18.50 0.07
54513.81 r 18.68 0.08
54515.90 r 18.39 0.14
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Table 2.3 (cont’d)

MJDa Filter Magnitudeb Error

54522.79 r 18.66 0.08
54523.81 r 18.76 0.07
54524.83 r 18.70 0.05
54525.86 r 18.77 0.05
54531.73 r 18.72 0.06
54533.95 r 18.73 0.08
54535.99 r 18.82 0.07
54537.01 r 18.82 0.07
54538.71 r 18.89 0.08
54538.74 r 19.00 0.07
54539.75 r 18.78 0.06
54543.70 r 18.95 0.12
54544.72 r 19.13 0.16
54545.82 r 18.79 0.21
54546.86 r 18.42 0.19
54549.68 r 18.86 0.14
54550.72 r 18.56 0.10
54551.74 r 19.00 0.06
54554.67 r 19.02 0.07
54554.72 r 19.05 0.07
54556.68 r 18.90 0.07
54557.75 r 18.82 0.07
54558.77 r 18.90 0.06
54560.65 r 18.84 0.07
54561.69 r 18.91 0.07
54562.90 r 18.92 0.07
54563.92 r 18.94 0.06
54564.94 r 18.87 0.07
54566.88 r 19.01 0.06
54568.90 r 19.03 0.09
54570.92 r 19.19 0.16
54580.83 r 18.82 0.12
54582.85 r 19.23 0.12
54584.87 r 18.97 0.12
54588.80 r 19.27 0.08
54590.82 r 19.17 0.08
54593.71 r 19.13 0.07
54594.78 r 19.14 0.07
54596.80 r 19.16 0.12
54598.82 r 19.28 0.14
54615.76 r 19.32 0.12
54617.72 r 19.20 0.26
54618.72 r 19.35 0.10
54619.71 r 19.61 0.12
54624.70 r 19.43 0.10
54628.69 r 19.62 0.18
54636.73 r 18.94 0.16
54638.75 r 19.37 0.19
54640.69 r 19.19 0.09
54642.71 r 19.16 0.10
54645.71 r 18.90 0.10
54648.70 r 19.22 0.11
54787.04 r 19.33 0.17
54800.00 r 19.57 0.17
54805.98 r 19.57 0.11
54811.00 r 19.51 0.14
54836.05 r 19.83 0.13
54496.81 i! 18.30 0.08
54496.83 i! 18.36 0.07
54505.81 i! 18.42 0.07
54508.80 i! 18.49 0.07
54509.80 i! 18.38 0.06
54513.81 i! 18.44 0.06
54514.83 i! 18.44 0.14
54515.91 i! 18.53 0.11
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Table 2.3 (cont’d)

MJDa Filter Magnitudeb Error

54522.80 i! 18.65 0.07
54523.82 i! 18.30 0.07
54524.84 i! 18.43 0.06
54525.86 i! 18.50 0.07
54531.74 i! 18.42 0.07
54533.95 i! 18.49 0.08
54535.99 i! 18.55 0.09
54537.01 i! 18.48 0.13
54538.74 i! 18.57 0.08
54539.76 i! 18.42 0.06
54543.70 i! 18.64 0.11
54544.72 i! 18.58 0.10
54545.83 i! 18.46 0.15
54550.73 i! 18.59 0.09
54551.75 i! 18.66 0.07
54554.72 i! 18.52 0.06
54556.69 i! 18.67 0.07
54556.73 i! 18.74 0.08
54557.75 i! 18.64 0.08
54558.77 i! 18.50 0.11
54560.66 i! 18.62 0.07
54561.70 i! 18.58 0.08
54562.90 i! 18.78 0.08
54563.92 i! 18.55 0.06
54564.94 i! 18.59 0.08
54566.88 i! 18.83 0.08
54568.90 i! 18.70 0.08
54570.92 i! 18.63 0.15
54577.85 i! 18.93 0.18
54578.81 i! 19.26 0.23
54580.84 i! 18.61 0.09
54582.86 i! 18.70 0.10
54584.88 i! 18.85 0.14
54588.80 i! 18.76 0.08
54590.82 i! 18.71 0.08
54593.71 i! 18.68 0.07
54594.78 i! 18.79 0.10
54596.80 i! 18.82 0.13
54598.82 i! 18.84 0.12
54600.84 i! 18.93 0.16
54606.77 i! 19.06 0.16
54615.76 i! 18.57 0.10
54634.69 i! 18.81 0.13
54636.73 i! 18.81 0.11
54640.69 i! 18.94 0.09
54642.72 i! 18.74 0.08
54645.71 i! 19.18 0.14
54648.71 i! 18.95 0.12
54655.68 i! 18.95 0.15
54800.00 i! 19.32 0.15
54496.83 z! 18.18 0.14
54505.81 z! 18.74 0.18
54508.80 z! 18.55 0.12
54523.82 z! 17.87 0.12
54524.84 z! 18.29 0.14
54525.86 z! 18.25 0.12
54531.74 z! 18.35 0.22
54533.96 z! 18.36 0.16
54534.98 z! 18.20 0.13
54536.00 z! 18.26 0.11
54537.02 z! 18.74 0.22
54539.76 z! 18.52 0.14
54543.71 z! 18.05 0.13
54544.73 z! 18.30 0.18
54549.69 z! 18.29 0.20
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Table 2.3 (cont’d)

MJDa Filter Magnitudeb Error

54550.73 z! 18.35 0.12
54551.90 z! 18.52 0.12
54557.76 z! 18.25 0.15
54560.66 z! 18.14 0.14
54566.88 z! 18.86 0.23
54570.92 z! 17.92 0.32
54577.86 z! 18.03 0.17
54578.82 z! 18.02 0.22
54584.88 z! 18.00 0.16
54588.81 z! 18.72 0.23
54594.79 z! 18.15 0.23
54596.81 z! 18.37 0.17
54603.70 z! 18.22 0.25
54606.78 z! 18.70 0.22
54640.70 z! 18.49 0.13
54655.69 z! 17.99 0.26
54787.05 z! 17.71 0.24

Note. — a All the MJD values showed here
refer to the observer’s frame, b Observed value;
not corrected for exctinction
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Table 2.4. Swift UVOT photometry of SN2008am

MJDa Filter Magnitudeb Error

54503.2 U 18.13 0.06
54510.4 U 18.36 0.07
54512.4 U 18.36 0.07
54575.6 U 19.32 0.09
54503.2 B 18.97 0.05
54512.4 B 19.20 0.05
54575.6 B 19.88 0.09
54503.2 V 18.83 0.05
54504.1 V 18.13 0.90
54512.4 V 19.09 0.05
54575.6 V 19.49 0.07
54503.2 UVW1 18.45 0.18
54504.1 UVW1 17.93 0.18
54510.4 UVW1 18.38 0.18
54512.4 UVW1 18.78 0.19
54539.3 UVW1 19.21 0.20
54575.6 UVW1 19.59 0.23
54503.2 UVM2 18.21 0.23
54504.1 UVM2 18.26 0.23
54512.4 UVM2 18.47 0.24
54539.3 UVM2 19.09 0.25
54575.6 UVM2 19.10 0.25
54503.2 UVW2 18.72 0.22
54504.1 UVW2 18.51 0.32
54512.4 UVW2 18.99 0.23
54539.3 UVW2 19.39 0.25
54575.6 UVW2 19.39 0.27

Note. — a All the MJD values showed here
refer to the observer’s frame, b Observed value;
not corrected for exctinction

The rest-frame LCs of SN 2008am for all the available photometric

bands are shown in Figure 2.4. The data sets have been scaled by constant

factors for clarity, with the band wavelength in descending order from the top

to the bottom. The broad photometric wavelength coverage allows us to better

constrain the SED of the SN for some epochs, having corrected for total (host

and milky-way) reddening and contamination by the host.

SN 2008am was observed with the VLA at 8.64 GHz on 2008 Feb 19.37

UT, approximately 30 rest frame days after optical maximum, and did not

show any radio emission. The peak flux density at the supernova position was
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Figure 2.4 The rest-frame LCs of SN 2008am from the IR to the UV. The
diamonds correspond to the IR PAIRITEL bands, the squares to the optical
P60 bands, the triangles to the optical and NUV UVOT bands and the circles
to the unfiltered ROTSE observations. A constant factor scaling has been
applied to all the LCs for clarity. The “S” letters on the time axis mark the
spectroscopic epochs.
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-2 ± 44 µJy (Chandra & Soderberg 2008). Finally, we downloaded Swift X-ray

Telescope (XRT; Burrows et al. 2005) images of SN 2008am for all the available

epochs. No X-ray flux was detected associated with the position of the SN.

The X-ray flux upper limit for this observation was about 10"13 erg cm"2 s"1

(or, equivalently 1043 erg s"1) at # 50 rest frame days since explosion. If

X-ray photons were generated during an ejecta-CSM interaction, they were

most likely not detected due to the limited sensitivity of the XRT at the SN

distance. Another possibility is that the X-rays were significantly absorbed by

a thick CSM.

2.1.2 The host of SN2008am

The host of SN 2008am is SDSS J122836.31+153449.5 that appears to

be a faint, extended object in the Sloan Digital Sky Survey (SDSS; , with

an apparent r magnitude of #20 mag (see Figure 2.1). The position of the

centroid of the host is " =12h28m36.32s and & =+15d34m49.7 s (Yuan et

al. 2008). The SIMBAD database gives the redshift of the galaxy as 0.234,

corresponding to a distance of 1074 Mpc if we assume a cosmology (#! =0.73,

#M =0.27 and H0 =73 km s"1 Mpc"1) and use D = cz/H0 ! (1 + z/2)

which corresponds to an empty universe and is a good approximation to the

full &-CDM expression, where D the distance in Mpc, c the speed of ligh

and z the redshift. Throughout this paper we adopt the same cosmology.

The Milky-Way extinction at the position of Anon J122836+1534 is E(B $

V )MW = 0.025 mag (Schlegel et al. 1998). The morphology of this galaxy
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is unknown, but the shape of its SDSS photometric SED as well as the late

2009 Mar 31 Keck spectrum (a year after discovery) agree well with an S0

galaxy template spectra. We argue that the Keck spectrum of the host a

year after the SN discovery is not heavily contaminated by the SN. Using the

SDSS ugriz photometry of the host galaxy of SN 2008am, we constructed the

galaxy photometric SED by linearly interpolating between the SDSS fluxes.

We compared this SED to the late Keck spectrum of 2009 Mar 31 and to

an S0 galaxy template and adjusted the total reddening value, E(B $ V )tot =

E(B$V )MW+E(B$V )host, so that the slope in the blue region of the template

spectrum agreed with the slope of the photometric SED of the host. This

provided us with a total host and Milky Way reddening of E(B $ V )tot=0.1,

which is the value we adopt throughout this work.

2.1.3 Spectroscopy

We aquired a total of five spectra of SN 2008am spanning more than

a year since discovery. Three spectra were taken by the HET-Low Resolution

Spectrograph instrument (LRS; Hill et al. 1998) at the McDonald observatory

in West Texas: 2008 Jan 29.3 UT 2008 Feb 18.3 UT and 2008 Feb 25.3 UT

corresponding to +11, +27 and +33 rest-frame days since maximum, respec-

tively. The other two spectra were obtained by the Low Resolution Imaging

Spectrograph (LRIS; Oke et al. 1995) mounted on the Keck-I 10-m telescope

in Hawaii. The first Keck-LRIS spectrum was obtained on 2008 Feb 12 UT,

(+22 d after maximum in the rest-frame); and the second one on 2009 Mar
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Figure 2.5 The spectral evolution of SN 2008am in the rest frame. All the
phases in the inset refer to the rest frame time in days since maximum. The
dotted vertical lines mark the positions of the H, He and O[III] features.

31, almost a year (+352 d) after rest-frame maximum. All the spectra were

corrected for total reddening and calibrated relatively to the photometry. The

spectral evolution of SN 2008am is shown in Figure 2.5.

Following Pastorello et al. (2002) we will refer to lines with widths

# 1000 - 2000 km s"1 as “relatively-narrow.” The early post-maximum spectra

of SN 2008am show strong relatively narrow Balmer and helium (He I %5876
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Å) emission lines. These features are characteristic of Type-IIn SNe and are

thought to be produced by recombination in a shock-heated CSM. The origin

of that shock is the collision between the SN ejecta and the CSM. Figure

2.6 shows a comparison of the SN 2008am +33d (rest frame) spectrum with

that of the prototypical Type-IIn SN 1988Z that also shows emission lines of

helium (+73 d since maximum) (Stathakis & Sadler 1991; Turatto et al. 1993;

Aretxaga et al. 1999). The apparent H"/He I %5876 Å intensity ratio in the

Keck +22 d spectrum of SN 2008am is 2.9, which is significantly smaller than

that for SN 1988Z. No P-Cygni absorption is detected for any of the lines.

Figures 2.7, 2.8 and 2.9 show the evolution of the H", H# and He I

%5876 Å lines, respectively. In the first four spectra, the profile of H" does

not seem to change significantly, given the instrumental and S/N di!erences

between the HET and the Keck spectrographs. Since gaussian fits to the

FWHM (# 20-40 Å) imply constant velocities of the order 1000 - 2000 km s"1.

The line is not shifted from its expected rest-frame value, nor does it show a

P-Cygni profile. The quality of the data prevents us from determining whether

the profile of the line is asymmetric. In the late Keck (+352 d) spectrum the

profile of the H" is clearly narrower (FWHM # 8 Å). The total integrated flux

of the line also decreased (from # 5.9 ! 10"14 erg cm"2 s"1 in the first HET

spectrum to # 3.5 ! 10"14 erg cm"2 s"1 at the late epoch). The position of

the line in the late spectrum is shifted to the blue of the rest-frame position

by # 90 km s"1, possibly due to dust formation at late times. An alternative

explanation of the late time H" shift is contamination by the host, which has
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not been removed in the final spectrum. The same behavior was observed in

SN 2006tf (Smith et al. 2008). We do not know for sure whether or not the

presence of H" in the late Keck spectrum is from the SN or from the host

galaxy, however CSM interaction in Type-IIn SN can last for years after the

explosion.

H# shows a slightly di!erent behavior from H" (Figure 2.8): it appears
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Table 2.5. Summary of the H" and H# observations of SN 2008am

Instrumenta Dayb EW(H!) FWHM(H!) F(H!)rf EW(H") FWHM(H") F(H")rf

HET-LRS +11 -43(8) 33(8) 5.9(1.2) -9(2) 15(3) 2.5(0.5)
Keck-LRIS +22 -27(2) 38(4) 4.0(0.3) -9(1) 31(6) 2.7(0.3)
HET-LRS +27 -48(6) 28(3) 5.4(0.7) -10(2) 21(8) 2.4(0.6)
HET-LRS +33 -39(6) 23(3) 4.8(0.7) -7(2) 15(4) 2.1(0.6)
Keck-LRIS +352 -485(23) 8(<1) 3.5(0.2) -112(16) 5(<1) 8.3(0.1)

Note. — a The HET-LRS and Keck-LRIS wavelength are 4020-10,200 Åand 3500-8600 Årespectively. b All the
values refer to the rest frame days after maximum. All the measured equivalent widths and fluxes refer to the rest
frame, galaxy-subtracted and de-reddened spectrum of the supernova. All the equivalent widths and FWHM are
measured in Åand all the fluxes in 10"14 erg cm"2 s"1. The errors of the measured quantities are given in the
parentheses.

shifted from its rest-frame position towards slightly bluer wavelengths in all

four early epochs. Within the uncertainties of the single gaussian line profile

fits, H# does not show convincing evidence for acceleration or deceleration

(FWHM # 15-30 Å). There may be evidence for asymmetry, since the blue

wing of the line is more extended than the red wing in the first three spectra.

This indicates high optical depths and stronger self absorption in H#, similar

to that seen in the case of the Type-IIn SLSN SN 2006tf (Smith et al. 2008).

Evidence for high optical depth in the lines comes from the fact that the H"

to H# ratio (#1.6) is supressed (Osterbrock 1989) for the first four spectral

epochs. In the late (+352 d) Keck spectrum this ratio has increased to #2.6

indicating that recombination e!ects are still more important than collisional

excitation (which becomes dominant for H"/H# %5; Osterbrock 1989). Table

2.5 summarizes the characteristics of the H" and H# line profiles.

The He I %5876 Å line clearly shows up in the Keck +22 d spectrum

and probably in the HET +11 d spectrum, although in the latter case the
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data are noisy. In the HET +33 d spectrum there is no firm evidence for the

presence of He I %5876 Å. For the Keck +22 d spectrum, the FWHM of He I

%5876 Å is determined to be 36±12 Å, corresponding to a velocity of about

1838±612 km s"1, which is typical for He I lines of other Type-IIn events

(for example SN 2005la; Pastorello et al. 2008). The total integrated flux is

# (1.6 ± 0.3)! 10"14 erg cm"2 s"1, obtained by fitting a single gaussian line

profile. It is possible that coincident with the He I %5876 Å emission there

is absorption of Na D (%%5890,5896 Å). We do not detect any He II %4686

Å emission in any of our spectra. The few lines of He I do not allow a detailed

analysis of helium; the evident change of the H"/He I %5876 Å ratio may

reflect changes in the abundance of these elements or ionization e!ects in the

CSM. As we noted before, this ratio is measured to be 2.9 in the Keck (+22d)

spectrum but is unmeasurably small in the two subsequent HET spectra.

The implied hydrogen and helium velocities (# 1000-2000 km s"1) in

the first four spectra epochs are characteristic of shocked CSM in Type-IIn

events. In a typical core-collapse SN, the photospheric velocities are larger

#5000-10,000 km s"1 and represent the velocity of the ejecta of the SN. As the

blast wave runs through the dense CSM around SN 2008am, the temperatures

are high enough immediately behind the shock to ionize both He and H. We

would expect, as is the case in SN 2006tf (Smith et al. 2008), that the H"

profile is comprised of a broad/intermediate (which we refer to as “relatively

narrow” in this work) and a narrow component. The origin of the relatively

narrow component (with velocities of the order of 1000-2000 km s"1) is CSM

32



material accelerated by the shock, with the narrow component (velocities of

the order of # 10 km s"1) being pre-shocked photo-ionized CSM. Thus, a

measurement of the FWHM of the narrow component could give us an estimate

of the wind velocity of the progenitor which will help us constrain its type

(wind velocities vw " 10 km s"1 are expected for red-giant progenitors, while

for Luminous Blue Variable (LBV) and Wolf-Rayet stars they can be up to

100-1000 km s"1) (Smith et al. 2004; Smith 2006). Unfortunately, we were

unable to decompose the H" line profile to a narrow and a broad/intermediate

component. We will come back to this issue later in this section.

We are also able to resolve the O[III] %%4959,5007 Å doublet in the

HET spectra, whereas in the Keck +22 d spectrum this wavelength region

is unfortunately contaminated by an incident cosmic ray. The O[III] %4363

Å line is blended with H) (at 4342 Å) and, due to the moderate S/N ratio we

cannot measure it with high accuracy. In the Keck (+352 d) spectrum it is

evident that the O[III] lines are due to the host of the SN.

2.1.4 The SED of SN 2008am

The availability of multi-band simultaneous photometry for some epochs

helps us construct SEDs for SN 2008am and thus study the evolution and ba-

sic properties of the event. Our criteria for selecting the photometric epochs

for which we constructed the SEDs were two: close sampling in time and

maximum possible wavelength coverage. Those criteria led to the choice of

10 epochs for which we constructed the photometric SEDs (Figures 2.10 and

33



2.11). For five of those epochs we had available UV+Optical+IR observations

(hereafter UVOIR), for four just optical (P60 data) (herafter OPT) and for

one Optical+IR (see Figure 3.4). For the one epoch that we had Optical and

IR data (08-01-30) we estimated the UVOT UV fluxes by linearly extrapo-

lating backwards using the UV photometry of the subsequent (08-02-08 and

08-02-13) epochs. This allowed us to estimate the UVOIR SED for the first

epoch, which was crucial because the contribution of UV photons to the total

energy output is usually important for the early evolution of Type-IIn events.

We could not do the same for the OPT epochs since they were much later than

the first UVOIR epochs and any linear extrapolation to the late times would

be highly uncertain.

We fit black-body curves to the ten photometric SEDs to determine

the black-body temperatures (Tbb), radii (Rbb) and bolometric luminosities

(Lbol) of the event at di!erent epochs. The results are more accurate for the

six epochs for which we have UV observations (5+1 since we constructed the

UVOIR SED for epoch 08-01-30) and we can well constrain the peak of the

black-body curve. For the four remaining OPT epochs, our results of the best

fitting parameters (Tbb and Rbb) and thus the bolometric luminosity, are less

precise and may be misleading.

For this reason we created two data sets: one for the UVOIR epochs

and one for the OPT epochs. Figures 2.9 and 2.10 show the evolution of the

photometric SED of SN 2008am for the ten epochs together with the best fit

black-body (lowest !2) curve in each case. Figure 2.12 shows two examples of
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Figure 2.10 The five earliest SEDs of SN 2008am. The black arrow in the
rest-frame K-band indicates that the detections are only upper limits.
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black-body curve fits to available photometric data for which there is overlap

in phase with spectroscopic observations. We note that for all the photometric

and spectroscopic SED fits we subtracted the contribution by the host galaxy

and considered all the reddening corrections that we discussed in the previous

sections. The spectra of SN 2008am were also scaled to the simultaneous pho-

tometry in each case, before any reddening and host contribution corrections

were applied. All black-body curve fits were done in the rest-frame of the SN.

We then fitted polynomials to the time evolution of Tbb and Rbb for the

UVOIR and OPT epochs. We scaled the best fitted values and their errors

for OPT to the corresponding ones of UVOIR. We did an error propagation

analysis, accounting for the individual errors of the measurements as well as

for the systematic error of the scaling and this provided us with the final errors

of the parameters. A similar procedure was followed for the estimation of Lbol

for the OPT epochs. Figure 2.13 shows the final result for the evolution of Tbb

(upper panel), Rbb (middle panel) and Lbol (lower panel). The filled triangles

correspond to the fits to the photometric SEDs and the open circles to those

of the four early HET and Keck spectra. The (small) di!erences between the

spectral and photometric results at similar epochs are attributed to the fact

that the optical spectra do not accurately constrain the maximum of the black-

body curve. At the latest epochs there could be other e!ects (for example,

dust formation) which would a!ect the final estimates given the fact that

we assumed a single black-body to fit the SEDs and not any more complex

models. Table 2.6 summarizes the characteristics of the black-body fits to the
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Figure 2.12 Black-body curve fits for SN 2008am for two epochs where there is
photometric and spectroscopic overlap. The rest frame days since maximum
and the best-fit black-body temperatures for the spectroscopic data are shown.
The photometric SED for the Keck spectrum of 2008-02-12 is constructed using
UVOT, P60 and PAIRITEL J data and the one for the HET LRS spectrum
of 2008-02-25 using P60+PAIRITEL data. The HET LRS spectrum has been
scaled down by a factor of five for presentation.
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Table 2.6. Characteristics of the Black-Body fits to the photometric SEDs
of SN 2008am

Epoch (MJD) trf (days) #2/dof Tbb ± !Tbb (104 K) Rbb ± !Rbb (1015 cm) Lbol ± !Lbol (1044 erg s"1)

54495 46.33 1.6 1.219 (0.112) 3.964 (0.099) 1.546 (0.140)
54504 52.81 2.0 1.290 (0.152) 3.323 (0.820) 1.512 (0.220)
54509 56.86 3.2 1.193 (0.109) 3.414 (0.047) 1.426 (0.021)
54512 59.29 2.7 1.326 (0.135) 2.622 (0.054) 1.380 (0.068)
54521 66.58 3.0 0.902 (0.076) 5.024 (0.740) 1.189 (0.076)
54539 81.16 7.0 0.978 (0.146) 5.296 (1.832) 1.063 (0.075)
54557 95.75 5.4 0.625 (0.039) 9.168 (1.303) 0.916 (0.054)
54575 110.33 8.1 0.646 (0.134) 6.844 (2.606) 0.799 (0.192)
54594 125.72 6.6 0.608 (0.124) 9.11 (4.308) 0.808 (0.168)
54640 162.99 5.1 0.750 (0.128) 5.45 (1.864) 0.670 (0.077)

Note. — The numbers in the parentheses represent the error of each parameter.

photometric SEDs of SN 2008am. We note that the single temperature black-

body fits to the SEDs of SN 2008am are not very good and they get worse

at later epochs. That is due to the fact that Type-IIn SNe are dominated

by emission lines, especially at later epochs. Single temperature black-body

SEDs are generally more accurate during the rise phase of a SN. Thus, the

black-body temperatures and radii derived here are only indicative.

clearpage

The physical result that we obtained from this analysis is that the

derived black-body temperatures are in the range of 10,000-20,000 K and that

the flux appears to move to redder wavelengths at later times as is expected

for a cooling, expanding envelope. A linear fit to the Rbb estimates provides

us with an estimate of an expansion velocity of the black-body, vbb = 4400 ±

2000 km s"1. We should keep in mind, though, that the energy powering

SN 2008am is most probably the interaction between the ejecta and the CSM
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Figure 2.13 The evolution of the black-body temperature Tbb (upper panel),
the black-body radius Rbb (middle panel) and the bolometric luminosity Lbol

(lower panel) of SN 2008am as estimated by black-body fits to the rest frame
photometric SEDs and spectra. The filled triangles refer to the fits to the
photometric SEDs and the open circles to the fits to optical spectra.
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and thus the estimates of Tbb, Rbb and Lbol do not directly correspond to an

expanding photosphere coincident with the ejecta of the SN. The ejecta of

the SN may be hidden behind an optically thick CSM and their e!ects are

probably obscured. In this case the values of Tbb, Rbb and Lbol refer to the

portion of optically-thick CSM with ( # 1, which is the photosphere of the

thick CSM. The pseudo-bolometric LC of the event implies a total radiated

energy of about 1051 ergs. Another estimate of the total radiated energy will

be given later, under the assumption of a radioactive-decay di!usion model.

2.2 Models for SN 2008am

We have established that SN 2008am was a very luminous event with

an absolute R magnitude reaching a peak of $22.3 mag. This places the su-

pernova in the family of the most luminous supernovae (SLSNe) ever observed,

together with SN 2005ap, SN 2006gy, SN 2006tf, SN 2008es SN 2008fz and

SN 2008iy. Figure 2.14 shows the ROTSE unfiltered light-curve of SN 2008am

compared to other SLSN and confirms that SN 2008am is one of the three

brightest SNe ever observed. Another thing to note in Figure 2.14 is that the

late evolution of SN 2008am (after # 120 d) is slower compared to all the

other SLSNe except SN 2003ma. The decline rate of SN 2008am was slower

(0.0065±0.0006 mag d"1 in g,r and i band) than that of SN 2006tf which

was consistent, on average, with the decay of radioactive cobalt (Smith et al.

2008). In the following discussion we use the derived pseudo-bolometric LC of

SN 2008am to obtain estimates on the mass of the shell (ejecta+CSM) around
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Figure 2.14 Comparison of the rest frame LC of SN 2008am to those of other
luminous supernovae.

the event as well as to discuss possible power sources for this exceptional stellar

explosion.

2.2.1 Radioactive decay di!usion models

The first model that we consider for SN 2008am is that of simple ra-

dioactive decay di!usion that was developed by Arnett (1980, 1982) and gen-

eralized by Valenti et al. (2008) (see also supplementary information in Soder-
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berg et al. 2008). In this type of model the main power source of the SN is

the radioactive decay of nickel and cobalt. The energy that is produced by

those reactions then di!uses out from the expanding envelope of the SN ejecta.

The LC output is given by the following formula (Valenti et al. 2008; see also

Chatzopoulos et al. 2009):

L(t) = MNie
"x2

[(*Ni$*Co)

! x

0

2zez
2"2zydz+*Co

! x

0

2zez
2"2yz+2zsdz](1$e"At!2

),

(2.1)

where x = t/tm, tm is the e!ective di!usion time (Arnett 2008), y = tm/2tNi

with tNi =8.8 days, s = tm(tCo $ tNi)/2tCotNi with tCo =111.3 days, MNi

is the initial nickel mass, *Ni = 3.9 ! 1010 erg s"1g"1 and *Co = 6.8 ! 109

erg s"1g"1 are the energy generation rates due to Ni and Co decay. The

factor (1$ e"At!2
) accounts for the gamma-ray leakage, where large A means

that practically all gamma rays are trapped. The gamma-ray optical depth

of the ejecta is taken to be (! = +!'R = At"2, assuming spherical uniform

density ejecta with radius R = vt and the Ni/Co confined in the center. This

yields A = (3+!Mej)/(4,v2) which is controlled by the gamma-ray opacity +! .

The t"2 scaling follows from homologous expansion which is one of the basic

assumptions of the simple analytic models that we adopt here. Thus the main

parameters of this model are the nickel mass MNi and the e!ective di!usion

time, tm which corresponds to an ejecta mass given by the following equation

for a constant density envelope:

Mej(z) =
3

10

#c

+
vph

t2m,ob

(1 + z)2
, (2.2)
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where # is an integration constant equal to about 13.8 (Arnett 1982; Valenti et

al. 2008), + is the mean optical opacity, vph the mean photospheric expansion

velocity, tm,ob the observed e!ective di!usion time and z the redshift of the

SN.

We use a Monte-Carlo chi-square minimization code to determine the

best fitting parameters of this model to the calculated pseudo-bolometric LC.

For the pseudo-bolometric LC of SN 2008am the explosion date is held fixed as

we have established it. Thus, we are left with three fitting parameters: MNi, tm

and A which give us 6 degrees of freedom. The best fit parameters are found to

be MNi=15 M! and tm=32 d in the rest frame, which corresponds to an ejecta

mass Mej=2 M!, using Equation 2.2 for the fiducial values +=0.05 cm2 g"1,

appropriate for Thompson scattering, and vph=2,000 km s"1. A more general

estimate of the scattering opacity is given by + = 0.2(1+X), where X is the H

mass fraction. Throughout this work we use the Thompson scattering opacity

for illustrative purposes and the scaling for higher choices of opacity can be

done in a similar way. The ejecta mass will be smaller for a higher opacity. The

leakage controlling best-fit parameter A in Equation 2.1 is about 3.56!1015 s2

implying that most of the gamma-rays that are produced are trapped the SN

envelope. The corresponding minimum !2/dof (where dof degrees of freedom)

value is 1.2. It is also possible that the CSM around SN 2008am is clumped and

an e!ective gamma-ray opacity should be considered to take into account the

gaps between the clumps through which radiation can easily escape. Such a

model has been proposed for SN 2006gy by Agnoletto et al. (2008) to account
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for the X-rays.

Figure 2.15 shows the best fit radioactive decay di!usion model (red

curve) to the pseudo-bolometric LC of SN 2008am. The late-time decline of

the luminosity agrees, on average, with the radioactive decay rate of cobalt,

which was not the case for the optical P60 bands. The value ofMej is increased

for lower + and higher vph, but for the range of + and vph = typical for core-

collapse SNe it never becomes equal to, or reasonably higher than, the total

nickel mass MNi. Although a large amount of radioactive nickel has been

suggested for some SLSNe as a product of pair-instability (for example, 22 M!

for SN 2006gy; Smith et al. 2007 and 4.5 M! for SN 2006tf; Smith et al.

2008) the inconsistency between the total ejected mass and the nickel mass

in SN 2008am is quite remarkable. Integrating under the solid red curve of

Figure 2.15 yields a total radiated energy output Erad " 2.2!1051 erg. On the

other hand, the kinetic energy of the explosion, EKE = (1/2)Mejv2mean, where

vmean =
"
3/5vph, is 4.6 ! 1049 erg assuming vph = 2000 km s"1 equal to the

characteristic velocities that we derived measuring the FWHM of the relatively

narrow H" lines and for a Thopson scattering opacity. If we adopt for vph =

vbb = 4400 km s"1 characteristic of the ejecta expansion velocity that we

derived previously using black-body curve fits, the kinetic energy increases only

to 2.2! 1050 erg. Even within the uncertainties of these estimates, the kinetic

and total radiated energy are found to be inconsistent. If radioactive decay

contributes somewhat to the output energy, the most significant contribution

must comes from other mechanisms. We discuss other models in the following
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sections.

2.2.2 Shell-Shock di!usion model

Here we consider a shell-shock di!usion model, similar to that sug-

gested by Smith & McCray (2007) for SN 2006gy. In this type of model the

energy that powers the SN lightcurve is produced by the di!usion of shock-

generated energy through an optically thick shell (CSM) of large initial radius.

There are two characteristic time scales that determine the behavior of the

LC in this model: the photon di!usion time scale, which can be expressed as

td = 23d(Msh/Rsh,15) for a constant density CSM shell, where Msh is the mass

of the CSM shell in solar masses and Rsh,15 the radius of that shell in units

1015 cm, and the expansion time scale texp = %R/vexp where vexp is the char-

acteristic velocity of the expansion (2000 km s"1 for SN 2008am). In order to

minimize adiabatic losses, those two time scales should be equal, tdiff = texp.

An expression for the decline of the LC within this class of model is given by

Arnett (1996):

L = Lmaxe
["(td(t"tmax)+(t"tmax)2/2)/(t2d)] (2.3)

where Lmax is the peak luminosity at time tmax. In this model, an initial

energy is deposited at time tmax which then di!uses out from the expanding

envelope at a characteristic cooling time td. In this type of model, the di!usion

of shock generated energy alone produces a very steep rise, similar to the one

observed in SN 1987A during the shock breakout phase. There has to be an

additional heating source in order to explain the observed rise of the LC of
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SN 2008am. We use our Monte-Carlo chi-square minimization code and fit the

model shown in Equation 2.3 to the pseudo-bolometric LC of SN 2008am. We

fix the Lmax and tmax values as set by the radioactive decay di!usion model

and that leaves us with only one fitting parameter, td. The best fit is obtained

for td = 143 d and is shown as the black solid line in Figure 2.15. The curve

fits the data rather well with a !2/dof=1.023. This corresponds to a CSM

shell having a mass equal to about 15 M! and a radius equal to 2.5!1015 cm.

The CSM shell of SN 2008am is thus found to have intermediate properties

between the one deduced for SN 2006gy (Msh = 10 M!, Rsh = 2.4! 1015 cm;

Smith & McCray 2007) and for SN 2006tf (Msh = 18 M!, Rsh = 2.7!1015 cm,

Smith et al. 2008). The estimates for the properties of the shell of SN 2006tf

are very uncertain due to the lack of data during the rising part of the LC and

thus the lack of an accurate explosion date.

An estimate of the optical depth of the CSM shell under the assump-

tion that the derived shell radius is significantly larger than the radius of the

progenitor and for constant density profile is given by:

(sh =
3+Msh

4,R2
sh

(2.4)

Assuming that electron scattering is the main source of opacity (+ =0.05 cm2 g"1)

a lower limit for the optical depth of the shell around SN 2008am at maxi-

mum light is ( # 55 while for SN 2006tf it is ( # 60 and for SN 2006gy

it is ( # 40. The values of the optical depth will increase for di!erent

choices of optical opacity. Since ( & R"2, R2 = R1

"
(1/(2 for a constant
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expansion velocity, R2 = R1 + vsh%t. Combining those two equations yields

%t = R1(
"
(1/(2 $ 1)/vsh. Thus we can estimate how long will it take for the

CSM to become optically thin ((2 = 1) for (1 =55, and R1 = 2.5 ! 1015 cm.

This yields %t " 3yr.

The kinetic energy of a 15 M! shell moving at 2000 km s"1 is # 6 !

1050 ergs which is about half of the total radiated energy. This result violates

the conservation of energy. However, we note that the choice of 2000 km s"1 as

the expansion velocity of the CS shell is just for illustration purposes, since, in a

realistic situation, the shock will not expand with a constant velocity. Also, the

velocity inferred from the FWHM of the relatively narrow H" line corresponds

to the velocity of the CS shock as it runs through the optically thin part of

the CSM and does not provide information on the actual expansion velocity of

the shell. Similarly, the derived photospheric velocity from the black-body fits

(vbb= 4400 km s"1) refers to the expansion velocity of an e!ective photosphere

and not directly to the expansion velocity of the optically thick shell. If we

adopt this velocity estimate then the kinetic energy of the CSM shell is about

1.3! 1051 ergs and consistent, within the uncertainty, with the total radiated

energy. For higher values of velocity, or in a realistic situation where the

expansion is non-uniform, the kinetic energy of the shell might be close to, or

higher than the total radiated energy.

The existence of a large shell around the progenitor of SN 2008am

implies that it must have undergone huge mass-loss in the years prior to the

explosion. The stellar mass loss is of two types: continuous and episodic.

48



Continuous mass loss is driven by stellar winds of red-supergiants or Wolf-

Rayet stars. The wind velocities range from 10 up to 1000 km s"1 for this

type of mass loss. Episodic mass loss can also occur around very massive

LBV stars, similar to - Carinae. In this case the progenitor star ejects its

outer massive shells which are less gravitationally bound to it. Massive shell

ejection can be the product of pulsational pair-instability (Rakavy & Shaviv

1966; Barkat, Rakavy & Sack 1967). It is believed that this process takes place

for progenitor masses in the range 95-130 M!. We note that these masses refer

to original main-sequence masses, and are very dependent on the models of

the evolution, especially of mixing processes. Reference to the range of helium

core masses or oxygen core masses is probably more relevant. Supernova-

like energy can be produced either during the ejection of each of these shells

individually (Kasen et al. 2008), or during the collisions between shells ejected

at di!erent times (Woosley, Blinnikov & Heger 2007). Recently, Quimby et

al. (2009) proposed that this mechanism is responsible for the brightest SN

ever, SN 2005ap, as well as for a number of peculiar transients that have

been discovered recently by the Supernova Cosmology Project (SCP) and the

Palomar Transient Factory (PTF). An estimate for the mass-loss rate is given

by Ṁ = Mshvw/(tmaxvsh), thus, for SN 2008am we find Ṁ = 0.086vw M!/yr

for vsh=2000 km s"1 and with vw in units of km s"1. For the range of wind

velocities 10 km s"1 < vw < 1000 km s"1 the inferred mass loss rates range

from 0.86 up to 86 M!/yr. These extraordinary mass loss rate estimates

imply a very massive LBV type progenitor for SN 2008am, as was suggested
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for SN 2006gy (Smith et al. 2008). Another possibility is that SN 2008am

is powered from collisions between shells that are ejected from a pulsational

pair-instability process that a LBV progenitor may undergo. An ejected shell

of 25 M! was suggested by Woosley, Blinnikov and Heger (2007) to account

for SN 2006gy within a pulsational pair-instability scenario.

2.2.3 Optically thin CSM-ejecta interaction

A di!erent idea that has been considered for SN 2006gy (Ofek et al.

2007), SN 2002ic (Hamuy et al. 2003) and SN 2005gj (Aldering et al. 2006)

is that of the interaction between the ejecta and the CSM in the case where

the latter is dense, but optically thin. In such a model, the shock that forms

due to the collision between the ejecta and the CSM sweeps up optically thin

material which lets the radiation that is produced escape quickly (Chevalier

& Fransson 1994). This solution is assumed to be radiative. The model LC

in this case is analytically given by the following formula (Chugai & Danziger

1994):

L = 2,'CSMR2v3w (2.5)

where 'CSM is the local CSM density, R = vsht is the radius of the shock

at time t and vsh the velocity of the shell. Assuming that the shock enters

the optically thin CSM envelope at a radius r0 and that the density profile

follows a power law of the form ' = '0(r/r0)m, where r = r0 + vsht and m

the slope of the density profile (for a constant velocity wind m=-2), we can

re-write Equation 2.5 as L = 2,'0r20v
3
sh[(r0 + vsht)/r0]m. In our analysis we
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assume that the shock velocity is constant for simplicity. A more accurate

solution can be found if we consider how the shock velocity changes as it runs

through a medium with a power-law density profile. Solutions of this type

are given in Sedov (1959). More accurate solutions that take the change of

the shock velocity into account can also be found in Chevalier (1982) and

Chevalier & Fransson (2001). In the case of optically thin CSM interaction

the shock is assumed to be radiative. If the CSM around the progenitor star

is everywhere optically thin, r0 represents the radius of the progenitor star.

If the CSM around the progenitor star undergoes a transition from optically

thick to optically thin, then r0 is the radius of the optically thick CSM.

Most of the radiation that is produced in models of radiative CSM

interaction goes to ultraviolet and X-ray wavelengths, but we assume that our

pseudo-bolometric LC is a good proxy to the true bolometric LC of SN 2008am.

Then, the best fit of Equation 2.5 to the pseudo-bolometric LC of SN 2008am

provides us with estimates of '0, r0 and m. The optical depth of the optically

thin CSM is

(thin = +

! %

r0

'dr = $ +'0r0
m+ 1

(2.6)

where m < $1. In our fitting process we demand that this optical depth is

less than one for the Thompson scattering opacity + =0.05 cm2 g"1. Thus

we choose the lowest !2 model for which this condition is met in order to

be self-consistent with the initial assumption of an optically thin CSM. This

gives us '0 = 7.41 ! 10"11 g cm"3, r0 = 3.72 ! 1011cm and m = -2.68 with

!2/dof =1.37. The optical depth of the optically thin CSM is approximately
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0.9. The derived radius is consistent with radii of Wolf-Rayet stars but not of

the optically thick shell derived in the previous section. The green solid line

in Figure 2.15 shows the best fit optically thin CSM model.

The implied mass-loss rate is Ṁ = 2Lmaxvw/(3v3sh), combining the ex-

pressions L = (1/2)Ṁv2sh and Ṁ = Mshvw/(tmaxvsh). For Lmax " 1.7 !

1044 erg s"1 the mass-loss rate is in the range 0.2 < Ṁ < 20 M!/yr for the

fiducial range of vw values. Again, this result suggests a massive progenitor

star. Note that the value of m = $2.68 is not consistent with a constant

rate of mass loss, so those numbers are only suggestive. The purely opti-

cally thin model provides a moderate fit to the data and is consistent with

the spectroscopic observations. We argue that an optically thin ejecta-CSM

interaction model could actually be the case for SN 2008am given the simpli-

fying assumptions that we adopted (constant shock velocity, unique power law

density profile).

An alternative estimate for an upper limit of the mass-loss rate of the

progenitor of SN 2008am comes from the X-ray flux upper limit measurement.

According to Immler & Kuntz (2005) the X-ray luminosity comes from thermal

Bremmstrahlung and it is given by

LX =
4

(,m)2
&(T )(

Ṁ

vw
)2(vsht)

"1, (2.7)

where LX is the X-ray luminosity, m the mean mass per particle (we adopt

m = 2.1 ! 1024 g for a H+He plasma) and &(T ) the cooling function of a

plasma which has temperature T . As in Immler & Kuntz (2005) we adopt
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&(T ) = 3 ! 10"23 erg cm3 s"1 for T = 107 K which is characteristic of an

optically thin thermal plasma. For the available XRT upper limit of LX =

1043 ergs"1 corresponding to # 50 rest frame days after explosion we obtain

the range of mass-loss rate upper-limit values (for range of fiducial values of

wind velocity as we discussed) as 10"3 < Ṁ < 10"1 M! yr"1.

A third estimate for the mass-loss rate comes from the luminosity of the

narrow component of the H" line, L(H"). As is shown in Chugai & Danziger

(2003) the luminosity of the H" emission due to the unshocked CSM is given

by the following formula:

L(H") =
1

4,r1
"32h.23(xXwNA)

2(1$ r1
r2
) (2.8)

where r1 is the inner radius corresponding to the e!ective photosphere of the

SN, r2 the outer radius related to the fast-moving forward CS shock, "32 is the

e!ective recombination coe"cient for H" ("32 = 8.64 ! 10"14 cm3 s"1), x is

the degree of H ionization, X is the hydrogen mass fraction, w = Ṁ/vw is the

wind-density parameter (assuming a constant mass loss rate in the integral r1

to r2) and NA is Avogadro’s number. In the limit of r2 >> r1 and for x = 1,

X = 1 and L(H") = -L(H")tot with - being the fraction of the luminosity

due to the narrow component to the total luminosity of H", L(H")tot (where

L(H")tot=1043 erg s"1 for the early HET spectrum 43 rest frame days after

explosion) we estimate w/
'
- to be 1.6 ! 103 M! yr"1/(km/s). The value

of - is very uncertain but based on estimates done for other type-IIn SLSNe

(for SN 2006tf - # 0.03 (Smith et al. 2008 and Table 2 therein) and for
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SN 2008iy - # 0.004 (Miller et al. 2010)) we adopt / = 0.01, so for the

fiducial values for the wind velocity, the range of the upper limit mass-loss

rate is 10"3 < Ṁ < 10"1 M! yr"1 which is consistent with the the previous

result for the X-ray luminosity upper limit.

The di!erence in the derived values of the mass-loss rate between the

first method, 0.2-20M! yr"1 and the other two, Ṁ < 10"3-10"1 M! yr"1, may

be attributed to the uncertainties of the parameters that we used in the last

two methods and all the simplifying assumptions involved. All three methods

imply very high values of mass-loss rate for the progenitor of SN 2008am

pointing to the direction that it was very massive and it must have undergone

LBV-type eruptions prior to the explosion.

Next, we use a hybrid model in which the CSM is comprised of both an

optically-thick and an optically thin region. This is somewhat similar to the

model proposed by Chugai & Danziger (1994) in which the CSM is comprised

of two components: an optically thin rarefied wind and optically thick clumps

or an optically thick disk around the progenitor. In this case, the lightcurve

is described by the sum of Equation 2.3 and Equation 2.5 and r0 = vshtd is

the radius of the optically thick CSM. We assume the whole structure follows

a single power-law density profile ' & rm. The optical depth of the optically

thin part of the CSM is given again by Equation 2.5 and should be less than

one, whereas the optical depth from a radius r within the shell to infinity is

given by

( =
+'0r

m+ 1
(
r

r0
)m (2.9)
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Setting ( = 1 and solving for r1, the radius of unity optical depth,we obtain

r1 = [$rm0 (m + 1)/(+'0)]1/(m+1) and we demand that this radius is larger

than r0 so that both an optically thin and an optically thick part exist in the

CSM. The minimum chi-square fit is achieved for td=135.04 d, '0 = 9.77 !

10"15 g cm"3 and m =-2.08 (!2/dof =1.021). Thus, the outer radius of the

optically thick CSM is Rsh,thick = 2.33 ! 1015 cm and its mass Msh,thick =

13.70 M!. The optically thick generated energy of the best fit hybrid model

dominates the LC of SN 2008am with the optically thin part to have an very

small contribution. The purple curve in Figure 2.15 shows the best-fit hybrid

optically thin and thick model. In any case, optically thin CSM should be

always present, even if it does not contribute significantly to the bolometric

LC, in order to explain the CS lines of H and He that are observed in the

spectrum of SN 2008am.

We also investigated the possibility that SN 2008am is powered by the

reverse shock that we expect to have formed due to an ejecta-CSM interaction,

and not by the forward shock. Chevalier & Fransson (2001) estimate the

density of the swept up matter behind the reverse shock to be

'rev =
(n$ 4)(n$ 3)

2
'CSM (2.10)

where n is a constant which describes the density profile shape of the ejecta

('ej & r"n). The contribution of the reverse shock generated energy is more

important for n % 7 and for high values of Ṁ/vw. The luminosity from the

reverse shock scales as Lrev & t"3/(n"2). In this case the reverse shock may be

55



adiabatic or radiative depending on the optical depth of the shell. We fit a

power law of the form L = Atp to the decline of the observed pseudo-bolometric

LC in order to get an estimate of n and determine whether this model can

account for SN 2008am. The best fit power law model gives p = $0.95± 0.09

which corrsponds to n = 5.16± 0.30. Thus we conclude that the contribution

to the total energy budget by the reverse shock is not as important as the

contribution by the CS shock since n < 7. A possibility is that SN 2008am

enters the optically thin CSM interaction regime later as the CSM envelope

expands and, eventually, becomes optically thin. An evolution like that was

proposed for SN 2006tf by Smith et al. (2008).

2.2.4 A magnetar powered SN 2008am?

Recently, Kasen & Bildsten (2009) and Woosley (2009) proposed the

idea that supernovae LCs may be powered by the spin-down of young mange-

tars and used this idea to model the LC of the SLSN 2008es. In such a model

the energy input by the magnetar is given by the spin-down formula

Lp(t) =
Ep

tp

l $ 1

(1 + t/tp)l
(2.11)

where Ep is the magnetar rotational energy, tp is the characteristic time scale

for spin-down and l =2 for magnetic dipole. The initial period of the magnetar

in units of 10 ms is given by P10 = (2! 1050erg/s /Ep)0.5. The magnetic field

of the magnetar can be estimated by using the Larmor formula for magnetic

dipole radiation and adopting characteristic values for the radius and mass

of the young magnetar (which are similar to the typical masses and radii of
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neutron stars). This yields B14 = (1.3P 2
10/tp,yr)

0.5, where B14 is the magnetic

field in units of 1014 G and tp,yr is the characteristic time scale for spin-down

in units of years.

Adopting Equation 2.11 as the energy deposition function (instead of

the corresponding one for the radioactive decays of Nickel and Cobalt which

leads to the Arnett (1980) solution) and using the first law of thermodynamics

coupled with the di!usion approximation, it can be shown that the LC of a

supernova powered by a magnetar is given by the following expression:

L(t) =
Ep

tp
e"x2/2

! x

0

ez
2/2 z

(1 + yz)2
dz (2.12)

where x = t/td and y = td/tp with td being the characteristic di!usion time.

We fit Equation 2.12 to the pseudo-bolometric LC of SN 2008am and we

obtain Ep = 3.2 ! 1051 erg s"1, td=23.4 d and tp=132.5 d for the minimum

!2/dof =1.24. The fit of this model is shown as the solid orange curve in Figure

2.15. Using the best fit values of Ep and tp we estimate the initial period of

the magnetar to be 2.5 ms and the magnetar magnetic field # 8 ! 1013G.

Those values lie within the range of characteristic magnetar values that are

predicted in Duncan and Thompson (1992) assuming the field to arise in an "-

# dynamo. The magnetar model does provide a reasonable fit to the data. We

argue, however, that it is more likely that ejecta-CSM interaction dominates

given the observational evidence for CS emission lines.
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Figure 2.15 Lowest !2 fits of a radioactive decay di!usion model (red solid
curve), a shell shock di!usion model (black solid curve), an optically thin
ejecta-CSM interaction model (green solid curve) and a magnetar model (or-
ange solid curve) to the pseudo-bolometric LC of SN 2008am. For details on
the best fitting parameters of each model see text.
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2.3 Conclusions and discussion

We presented an analysis of the available photometric and spectroscopic

data of the SLSN SN 2008am. SN 2008am was an extremely energetic event

liberating nearly 2 ! 1051 erg of radiative energy with a peak absolute R-

magnitude of MR =-22.3 mag putting it in the “hall of fame” of the most

luminous SNe ever observed. The host of SN 2008am is a faint extended galaxy

with r-magnitude # 20 mag in the SDSS. At the redshift of z =0.234, the

absolute r-magnitude of the host isMr #-20.2 mag which is in the range typical

for elliptical and spiral galaxies. This is consistent with our assumption that

the host might be an S0 galaxy, which comes from comparing an S0 template

spectrum with the late time Keck spectrum of SN 2008am that we think is

host-dominated. Therefore, the host of SN 2008am is not a subluminous metal-

poor galaxy as is the case for most unusual SLSNe (Miller et al. 2009a; Drake

et al. 2009; Miller et al. 2010). The spectroscopic signatures of relatively

narrow H and He emission lines (# 1000-2000 km s"1) place this SN in the

Type-IIn category. He emission (He I %5876 Å) is detected only in the first two

spectroscopic epochs. The line is undetected in the later spectra indicating

some stratification in composition or excitation e!ects taking place. It is also

possible that the moderate spectral S/N does not allow for the He line to be

detected. SN 2008am was followed up photometrically from the IR to the

UV. All the P60 optical LCs of SN 2008am have flatter decline rates than the

expected decay rate of cobalt indicating that an alternative power source is

present. The rich photometric coverage allowed us to create broad-band SEDs
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of SN 2008am for 10 epochs. We attempted to fit single temperature black-

body curves to the SEDs to study the evolution of the black-body temperature

and radius as well as to estimate a pseudo-bolometric LC for SN 2008am which

we use to test models. Due to the fact that the spectra of Type-IIn SNe are

dominated by emission lines, the single temperature black-body fits were not

very good.

Examples of Type-IIn supernovae that occured embedded in He-rich

CSM include SN 1978K(Chugai, Danzinger & Della Valle 1995), SN 1987B

(Schlegel et al. 1996), SN 1988Z (Stathakis & Sadler 1991; Turatto et al. 1993;

Aretxaga et al. 1999), SN 1995G (Pastorello et al. 2002), SN 1995N (Fransson

et al. 2002; Pastorello et al. 2005; Zampieri etal. 2005), SN 1996L(Benetti et

al. 1999), SN 1997ab (Hagen, Engels & Reimers 1997), SN 1997eg (Salamanca,

Terlevich & Tenorio-Tagle 2002), SN 1998S (Leonard et al. 2000; Gerardy et

al. 2000; Fassia et al. 2001; Anupama, Sivarani & Pandey 2001). Another

example of a supernova that is thought to have been exploded inside a He-

rich CSM is SN 2005la (Pastorello et al. 2008). SN 2005Ia showed strong

hydrogen and helium lines that increased in (full width at half-maximum)

velocity with time, indicating acceleration of the CSM envelope. The model

proposed by Pastorello et al. (2008) for the progenitor of SN 2005Ia is a

very young WN-type Wolf-Rayet star that su!ered mass ejection events in the

years prior to core collapse. SN 2005Ia was classified as a “hybrid” supernova,

sharing properties of the Type-IIn and the Type Ibn (for example, SN 2006jc)

sub-classes.
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Recently, Miller et al. (2010) presented their observations of SN 2008iy,

an unusual Type-IIn SN with the unprecedented slow rise time of 400 days.

The available post-maximum spectra of SN 2008iy are very similar to those

of SN 2008am, with both strong H and He emission lines be present. The

late time decline of the LC of SN 2008iy is slower than the expected decay

rate of cobalt, as is also the case for SN 2008am. Multi-wavelength pho-

tometry of SN 2008iy allowed for broad band SEDs to be constructed for

some epochs. A single temperature black body fails to provide a good fit to

the SEDs of SN 2008iy and our single temperature black body fits for the

SEDs of SN 2008am are not that good either. Miller et al. (2010) identified

three distinct components in the late time H" profile of SN 2008iy: a broad

(# 4500 km s"1), an intermediate (# 1650 km s"1) and a narrow (# 75 km s"1).

To interpret the origin of these components as well as the slowly rising LC of

SN 2008iy, a model of interaction of the SN ejecta with a clumpy CSM is

used, similar to that proposed for SN 1988Z (Chugai & Danziger 1994). The

model implies a massive progenitor which underwent a phase of enhanced mass

loss about a century prior to the explosion. The number density of the CS

clumps in SN 2008iy is speculated to be increasing with distance over a radius

of 1.7 ! 1016 cm and then decreasing at larger distances. The progenitor of

SN 2008iy may have undergone an episodic phase of enhanced mass loss a cen-

tury prior to the explosion. We note that the alternative model presented by

Chugai & Danziger (1994) invoking a dense CS disk may be relevant to both

SN 2008iy and SN 2008am, perhaps even more so than the clump model. Due
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to our limited spectra resolution we were unable to separate the H" profile of

SN 2008am in three distinct components. Nevertheless, given the similarities

of some observational properties of SN 2008am with SN 2008iy and SN 1988Z

we cannot reject a similar model to be the case for SN 2008am.

The lack of P-Cygni profiles in the CS lines is also of interest. In the

cases of SN 2006gy and SN 2006tf, the H" lines had obvious P-Cygni profiles.

In all the available spectra of SN 2008am only the emission component is de-

tected. This might be the result of the emitting area being large compared to

that of the photosphere, but we find the radius of the e!ective photosphere,

Rbb, to be comparable to that of the CS shock Rsh & vsht. Schlegel (1994)

argues that the absence of P-Cygni absorption in H" is a characteristic of the

Type-IIL subclass. In his work, possible explanations for this behavior are:

i) that the material is very hot so that the photosphere is not significantly

recombined to provide enough optical depth for absorption to occur. ii) the

absorption line is Doppler shifted or broadened to such an extent that the con-

trast between the line and continuum is negligible, iii) for wavelengths much

longer than the wavelength corresponding to the maximum flux, pure emission

lines are expected (Best & Wehrse 1994), iv) extra emission fills in the absorp-

tion component and v) the envelope mass is low. It could also be the case that

the source function in the photosphere is not due to pure resonant scattering

which may result to the suppression of the absorption component. Several

of these points might be relevant to SN 2008am. In particular, the derived

black-body temperatures for the epochs for which spectroscopy is available are
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very high compared to the temperatures of typical supernovae photospheres

(5000-6000 K) and this may limit absorption.

It is possible, that the LC of SN 2008am and those of other SLSNe

may be powered by a combination of energy sources (radioactive decay, mag-

netar spin-down, shock propagation or interaction between GRB-jets and the

ejecta) each one of these contributing in a di!erent degree to the true bolo-

metric output. We discussed a variety of models to account for the observed

properties of SN 2008am including radioactive decay di!usion, optically thick

and thin ejecta-CSM interaction as well as the spin-down of an embedded

young magnetar. The magnetar spin-down model provides a good fit to the

data, and the implied parameters (initial period and magnetic field) which

characterize the nature of the magnetar are reasonable (Duncan & Thomp-

son 1992). Despite the relative success of the magnetar model, the presence

of CS emission features in the SN 2008am spectra indicate that CSM-ejecta

interaction is probably the main source of the photon flux in this event. The

radioactive decay di!usion model, provides a good fit to the data, but is phys-

ically inconsistent as the implied nickel mass is significantly larger than any

reasonable estimate of the total ejecta mass. A model of barely optically thin

ejecta-CSM interaction provides a moderate fit to the data and accounts for

the spectroscopic observables so it might as well be the case for SN 2008am.

Models of optically thick CSM interaction or hybrid models of optically thin

and thick interaction in which the optically thick contribution dominates, pro-

vide the best fits to the pseudo-bolometric LC of SN 2008am, at least for the
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first # 180 rest frame days for which photometric observations are available.

We argue that this hypothesis is supported by the following facts:

a) The decline rate of the luminosity of SN 2008am is found to be

slower than that expected for cobalt decay, as well as being the slowest among

the other SLSNe. This indicates that there is an additional source of energy

powering the event that cannot be the decay of 56Co.

b) For all the available HET and Keck optical spectra in the first year

after explosion, we see emission lines of H (and in some cases, He). The widths

of these lines indicate shock velocities of about 2000 km s"1 and their relative

ratios indicate a high optical depth (at least in the Balmer lines) dominated

by recombination.

c) The dominant contributor of the energy budget for this SN is not the

radioactive decay of nickel and cobalt; the estimated ejecta and nickel mass

values are found to be inconsisent.

d) A model for SN 2008am in which the energy is generated through

optically thick CSM-ejecta interaction (shell-shock di!usion) reproduces the

pseudo-bolometric LC of the event and provides the best fit amongst all the

other models we investigated.

e) For physically acceptable H" gas masses to account for the rest frame

luminosity of the H" line, the contribution of the truly narrow component is

found to be very small (Narrow/Total#0.01) indicating that the emission from

the post-shocked gas overwhelms that from the pre-shocked gas.
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One of the results of the shell-shocked di!usion model as applied to

SN 2008am is the massive and large CSM shell that is implied (Msh = 15 M!,

Rsh = 2.5 ! 1015 cm). Although the measured shock velocity of SN 2008am,

vsh=2000 km s"1, is about the same as that for the Type-IIn SLSN SN 2006tf,

the observed LC of SN 2006tf does not contain data on the rise and maximum

phase and thus the estimated CSM shell parameters are very ill-constrained.

We do not know whether SN 2006tf was intristically more luminous than

SN 2008am, due to lack of constraints, and thus, we cannot compare the

characteristics of the CS shells of these two supernovae within a CSM inter-

action model. On the other hand, the maximum luminosity of SN 2008am is

comparable to that of SN 2006gy, despite the fact that the shock velocity in

SN 2006gy is twice that for SN 2008am.

The large mass of the ejected shell in SN 2008am constrains the nature

of the progenitor star. The estimated mass loss rates (# 0.1-10 M!/yr) are

consistent with LBV or PPISN episodic mass loss events. Thus, we conclude

that the progenitor star of SN 2008am was very massive. We also estimated

a lower limit of # 3 yr for the time scale for which the CSM shell around

SN 2008am will remain optically thick. Eventually, as the SN evolves and the

shell becomes optically thin we expect optically thin ejecta-CSM interaction to

become the dominant source of energy at later times. In the far future, if the

underlying SN event had a significant amount of radioactive yield, radioactive

decay (probably of 44Ti) will power the very late time decay of the luminosity

of SN 2008am. If the event is solely powered by interaction between shells
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(Woosley, Blinnikov & Heger 2007) then we do not expect any radioactive

processes to become dominant at very late times.

All this suggests a model for SN 2008am in which a very massive LBV

or - Carinae type progenitor exploded inside a large, dense massive and opaque

CSM envelope. As the ejecta of the SN rammed through the CSM envelope,

a shock with a velocity of 2000 km s"1 is formed which propagates through

the CSM, depositing kinetic energy. The di!usive release of this energy is

the dominant source of the luminosity of the event. As the shock propagates

through the inner regions of the optically thin shell where H and He are present,

the density and temperature behind it are high enough to ionize both species.

Later, only H recombination lines are observed because the shock enters the

outer regions of the shell where the He abundance is lower. However, the

absence of He in the later spectra might also be just due to excitation e!ects.

The SN will continue to be powered by optically thick CSM for years after

the explosion until the envelope becomes transparent and then the energy will

be supplied by optically thin CSM interaction. In the model where there is

an actual SN explosion within the envelope and not just a collision between

a shell with a previously ejected one, at very late times the LC of the event

may be eventually dominated by radioactive decay of titanium-44. This is a

similar model to the one that was proposed for SN 2006tf (Smith et al. 2008).

Our results for the nature of SN 2008am, together with those for all

the other SLSNe including the insights from the properties of the new peculiar

transients (Quimby et al. 2009) point to the direction that all these “titans” are
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powered by ejecta-CSM interaction or interaction between multiply expelled

shells. In the near future, we expect to discover even more extreme stellar

explosions back to the edge of the epoch of re-ionization, probe the existence

of the so far only theoretically predicted pair-instability supernovae, and study

the properties of the host environments of highly energetic stellar destructions.
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Chapter 3

Generalized Semi – Analytical Models of
Supernova LCs

We present generalized supernova (SN) LC (LC) models for a variety of

power inputs including the previously proposed ideas of radioactive decay of

56Ni and 56Co and magnetar spin-down. We extend those solutions to include

finite progenitor radius and stationary photospheres as might be the case for

SN that are powered by interaction of the ejecta with CSM. We provide an

expression for the power input that is produced by self-similar forward and

reverse shocks that e"ciently convert their kinetic energy into radiation. We

find that this ejecta-CSM interaction luminosity that we derive is in agreement

with results from multi-dimensional radiation hydrodynamics simulations in

the case of an optically-thin CSM. We develop a semi-analytical model for the

case of an optically-thick CSM by invoking an approximation for the e!ects

of radiative di!usion similar to that adopted by Arnett (1982) for SN II and

compare this model to the results of numerical radiation hydrodynamics mod-

els. This model can give complex LCs, but for monotonically declining shock

input, the LCs have a smooth rise, peak and decline. In the context of this

model, we provide predictions of the shock breakout of the forward shock from

the optically-thick part of the CSM envelope. We also introduce a hybrid LC
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model that incorporates ejecta-CSM interaction plus 56Ni and 56Co radioactive

decay input. We fit this hybrid model to the LC of the Super-Luminous Su-

pernova (SLSN) 2006gy. We find that shock heating produced by ejecta-CSM

interaction plus some contribution from radioactive decay provides a better fit

to the LC of this event than previously presented models. We also address

the relation between SN IIL and SN IIn with ejecta-CSM interaction models.

The faster decline of SN IIL can be reproduced by the di!usion of previously

deposited shock power if the shock power input to the di!usive component van-

ishes when the reverse shock sweeps up the whole ejecta and/or the forward

shock propagates through the optically-thick CS matter. A CSM interaction

with forward and reverse shock power input can produce the LCs of SN IIn in

terms of duration, shape and decline rate, depending on the properties of the

CSM envelope and the progenitor star. This model can also produce LCs that

are symmetric in shape around peak luminosity, which is the case for the ob-

served LCs of some recently discovered peculiar transient events. We conclude

that the observed LC variety of SN IIn and of some SLSNe is likely to be a

byproduct of the large range of conditions relevant to significant ejecta-CSM

interaction as a power source.

3.1 General LC Model

Following the prescriptions of A80, 82 for Type I SN LCs, we present

a solution for a general heating input. The initial assumptions for our model

remain the same as in A80, 82, those being: 1) homologous expansion of the
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ejecta 2) centrally located power input source 3) radiation pressure dominant.

Under these assumptions we consider the first law of thermodynamics:

Ė + P V̇ = *inp $
0L

0m
, (3.1)

where E = aV T 4 is the specific internal energy, P = (1/3)aT 4V is the pressure,

V = '"1 is the specific volume where ' is density, *inp is the specific input

energy generation rate, L the output radiated luminosity and m is the mass

coordinate of the fluid element. In general, the temperature profile of the

di!usion mass, T , *inp and L are functions of position, x = r/R, and time, t,

where x is the dimensionless position coordinate for a fluid element relative to

a fiducial radius taken to be the radius of the photosphere. For homologous

expansion R = R0 + vt where R0 is the initial radius of the ejecta at the

moment of shock breakout and v is the characteristic expansion velocity of the

ejecta. The velocity v is not necessarily the photospheric expansion velocity,

vph, as measured from SN spectra, but we can use v = vph as an approximation

in some cases.

For the output luminosity we use the radiation di!usion approximation

L = $4,r2%ca

3

0T 4(x, t)

0r
, (3.2)

where % = 1/+' is the mean free path with + being the mean opacity that

we take to be a constant, ' the density, and c the speed of light. In the

following analysis we alter the two first criteria of A80, 82 by considering

v ( 0 (fixed photospheric radius instead of homologous expansion) and input
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sources that terminate due to their movement through the di!usion mass such

as a forward shock that breaks out from an optically-thick CSM envelope.

The assumption of constant opacity is a weakness of our analytical approach,

but it was necessary in order to obtain a separable PDE. In more realistic

situations that are accounted for in radiation hydrodynamics models opacity

is depth and time dependent. We note that while Moriya et al. (2011) use their

radiation hydrodynamics code to compute the ionization state and opacities of

the underlying explosion, they adopt a Thomson electron scattering opacity for

fully ionized solar metallicity material (+ # 0.33 cm2 g"1) within the ionization

front of the CSM. We will use the same value for the optical opacity throughout

this work. This general LC model has been considered and expanded by

Blinnikov & Popov (1993) for the case of a piecewise constant opacity in power-

law density distributions for the SN ejecta. As pointed out in their paper,

the correct approach to the subject belongs to the class of moving boundary

problems and not the usual eigenvalue formulation that has been considered so

far for the analytical models. A di!erent approach has also been considered by

Popov (1995) where he adopts a mixed boundary condition for radiation (not

the radiative zero solution that is considered in the A80, A82, A96 models) and

obtains solutions for general heating terms in the form of Green’s functions

but specifically focusing attention on radioactive heating.
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3.1.1 Solution for homologously expanding photosphere

As shown in Appendix A, the general full solution for the output lumi-

nosity from the photosphere of the SN ejecta can be written as:

L(t) =
2L0

td
e
"[ t

2

t2
d
+

2R0t

vt2
d
]
! t

0

e
[ t

"2
t2
d
+

2R0t
"

vt2
d

]
f(t$)[

R0

vtd
+

t$

td
]dt$ +

Eth,0

t0
e"(t2/t2d+2R0t/vt2d),

(3.3)

where we have introduced the e!ective LC time scale, td =
'
2t0th, and where

t0 = 3+R2
0/V00"c = +M/#cR0 is the di!usion time scale, V00 is the initial

central specific volume of the ejecta, " is a constant arising from the separation

of variables of the LC PDE, th = R0/v is the expansion time-scale, L0 is the

initial luminosity input (see Appendix A), Eth,0 the total SN explosion energy

and # is a constant that accounts for the density profile of the di!usion mass.

A80, 82 adopt # = 13.8 as a good approximation for a variety of di!usion

mass density profiles. The term R(t)/R0t0 (see Equation A9 in Appendix A)

can be written as (R0 + vt)/R0t0 or (2R0/vtd + 2t/td)/td (as we have done

in Equation 3.3) as convenient. For R0 ( 0 the additive term R0t/vt2d that

appears in Equation 3.3 vanishes and the solution for small initial radius is

recovered, as presented in A80, 82. Arnett & Fu (1989) and A96 also implicitly

present this general solution and apply it to the case of the LC of SN 1987A

for several power inputs (pulsar heating, swept-up luminosity and fallback).

The second term in Equation 3.3 is an initial value term related to the internal

energy, Eth,0 that the SN possesses at a given time. In Equation 3.3 this term is

governed by the energy the ejecta have at time t = 0 that they gained from the

SN blast wave that subsequently di!uses from the optically-thick expanding
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envelope. In A80, this term is used to explain SN IIP LCs, for which the CSM

shock input energy from radioactive 56Ni and 56Co decay is small compared

to the total energy of the ejecta at early times. Due to the fast exponential

decay this “fireball” term may be ignored for our purposes since it a!ects the

LC only at very early times. We note that this term does play a role in models

for which the input ceases and di!usion controls the luminous output. In this

context, the coe"cient of the exponential term becomes L0, the initial value of

the luminosity at the time the power input ceases, after which the luminosity

decays according to the exponential di!usion term (§3.1, §3.2.1). In §3 we

will explore several physical luminosity inputs to obtain the final generalized

model LCs.

3.1.2 Solution for fixed photosphere

Next, rather than homologous expansion, we assume v = 0, R = R0 =

Rph (and thus R(t)/R0t0 = 1/t0) for a fixed photosphere radius. The motiva-

tion for this is the fact that around massive SN progenitors there can be an

optically-thick CSM shell, so that when the SN ejecta collide with that sur-

rounding medium, a forward shock is formed that propagates into the nearly

stationary CSM and a reverse shock propagates into the ejecta, both depositing

kinetic energy and heating the interacting media. These shocks provide a nat-

ural source for the output luminosity of the event (Chevalier 1982; Chevalier

& Fransson 1994; Chugai & Danziger 1994). Although the di!usion problem

that we solved above involves an homologously expanding SN photosphere,
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we assume the same principles hold for a stationary photosphere and di!usion

mass. This assumption modifies the final PDE that we solve (see Appendix

A) and leads to the following general solution:

L(t) =
1

t0
e"

t
t0

! t

0

e
t"
t0Linp(t

$)dt$ +
Eth,0

t0
e"t/t0 , (3.4)

where Eth,0 is, again, the initial internal energy from the SN blast wave that

a!ects the LC at early times and that we ignore in our analysis. For small

initial radius (R0 ( 0) that term also goes to zero.

3.2 Power Inputs

Having the general solutions for the output SN LCs provided by Equa-

tions 3.3, and 3.4 for homologously expanding and fixed photosphere, respec-

tively, we now consider several physical heat inputs as the “source functions”

for the integrals of these expressions in order to obtain the final output LC

models. From the form of these general solutions it follows that, in order to

obtain a physical LC that rises smoothly to maximum and subsequently de-

clines, the luminosity deposition function must be a smooth continuous func-

tion that does not monotonically increase. For a constant or monotonically

rising power input, the output luminosity will always increase with time with

a monotonically increasing slope until the heat input vanishes at some point.

For a monotonically declining input, the luminosity will increase to a maxi-

mum value and then decline, dominated by di!usion and cooling. As shown

in §3.3, plausible input sources can rise and then decline. At very late times,

74



the output luminosity will be the same as the input luminosity as the di!usion

time becomes short compared to the total elapsed time. This property is used

as a diagnostic for radioactive decay of 56Ni and 56Co for some SN LCs where

late-time photometric observations indicate a decline rate consistent with that

of 56Co (Colgate & McKee 1969; Colgate et al. 1980). The same is expected

to be the case for other continuous power inputs.

We may consider two general categories of power inputs: centrally lo-

cated ones and moving ones. A well-known input is the radioactive decay of

56Ni and 56Co that is believed to power the SN Ia, SN Ib/c and some SN II LCs

(A80, A82), particularly the maximum of SN 1987A and SN IIb. Although

there can be some outward mixing, the newly-formed nickel is often taken to

be confined near the center of the SN ejecta, around the core of the progenitor

star. This assumption agrees well with some simulations of SN Ia, SN Ib/c

and SN II events (Nomoto et al. 1984). Another centrally located input that

has been considered for SNe is radiation from a magnetic dipole associated

with a pulsar (Ostriker & Gunn 1971) as applied in the case of SN 1987 by

Arnett & Fu (1989) or a magnetar as proposed recently as the power source

for the SLSNe 2007bi and 2008es (Kasen & Bildsten 2010; Woosley 2010; see

also Maeda et al. 2007).

Moving inputs include the energy released in SN ejecta due to the

recombination of H and He and shock heating. Arnett & Fu (1989) presented

a semi-analytical model that takes the e!ects of H recombination into account

in order to reproduce the LC of SN 1987A. The recombination front recedes
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into the expanding SN ejecta. The e!ect of that is the creation of a plateau

phase in the SN LC that is more pronounced for large initial radius and large

mass of the H envelope. The analytical model presented in Arnett & Fu (1989)

can therefore be used to reproduce some SN IIP LC characteristics. Analytical

models for SN IIP LCs have also been provided by Popov (1993) and Kasen

& Woosley (2009).

Shock heating can be another important moving power source for some

SN LCs. SN IIn show evidence for CSM interaction in their spectra with

prominent H and sometimes He emission features indicating the presence of

a shock running into the CSM and depositing kinetic energy (Chevalier 1982;

Chevalier & Fransson 1994). A significant fraction of the recently discovered

SLSNe are SN IIn and show signs of CSM interaction, so an analytical model

that describes the output LC that results from this power input might be

helpful in understanding the basic properties of the CSM involved in the pro-

cess. A peculiarity of this input is that its dynamics depend on the physical

characteristics of the interacting media (the SN ejecta and the CSM shell).

In addition, it is not a continuous input; once the reverse shock sweeps up

all the available ejecta mass or the forward shock sweeps up all the available

CSM mass there is no further heating and all that is left is just the di!usion of

the previously shock-deposited energy. Incorporating forward shock heating

into an optically-thick CSM envelope requires a di!erent treatment in order

to account for the movement of the input source, and the resulting PDE is not

formally separable. For the scope of this work, we will assume that reverse
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and forward shock heating are both centrally located, but that they terminate;

forward shock heating terminates when the shock breaks out of the CSM and

reverse shock heating when the available SN ejecta mass has been swept-up.

With these assumptions, the PDE becomes separable (Appendix B). The as-

sumption of centrally located power source for the case of the forward and the

reverse shocks, although convenient, is not generally true and thus increases

the uncertainties and limitations of this approximate model. For this reason

in §3.2.3.4 we compare our results with numerical results presented by Chugai

et al. (2004), Woosley, Blinnikov & Heger (2007) and Moriya et al. (2011)

for the same initial conditions and discuss the di!erences. These approximate

solutions give useful guidance, as we will see, but a proper solution calls for

numerical radiation hydrodynamics. A combination of power sources, cen-

trally located and moving/terminated, is probably involved for most CCSN.

We consider such a case by developing a hybrid radioactive decay and CSM

interaction di!usion model in §3.2.3.3.

3.2.1 Instantaneous luminosity input at the SN photosphere

We start by considering the simple initial value problem where the ini-

tial luminosity L0 is introduced at t = tmax at the SN photosphere. This

problem was also considered by A80 and deals with the resulting SN LC if the

energy input were just the initial SN shock energy for which L0 = E0/t0 in

Equation 3.3. This input produces a LC with instantaneous rise to maximum

light at t = tmax followed by simple di!usion. A96 also presented solutions of
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Figure 3.1 Examples of LC models for instantaneous luminosity input in the
cases of homologously expanding (solid curve) and fixed (dashed curve) pho-
tosphere (see §3.1). The decline is determined purely by di!usion. The initial
luminosity for this model is L0 = 1044 erg s"1 introduced at t = 10 days for the
choice of di!usion time t0 = 100 days. For the homologously expanding pho-
tosphere case the initial radius is R0 = 1012 cm and the photospheric velocity
v = 10,000 km s"1. For the fixed photosphere, R0 = 1012 cm=constant.
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this “expanding fireball” problem that has the following form in the homolo-

gous expansion case:

L(t) = L0e
"[ (t!tmax)2

t2
d

+
2R0(t!tmax)

vt2
d

]
. (3.5)

In the fixed photosphere case, this reduces to:

L(t) = L0e
"(t"tmax)/t0 . (3.6)

These results are the same in form as the second terms of Equations 3.3 and 3.4

for homologous expansion and fixed photospheric radius, respectively. Pure

di!usion on the decline has the same form for any luminosity input that van-

ishes after some time interval. Similar di!usive decay from an initial value

of luminosity at a given time pertains to models in which the power input is

truncated (§3.2.1, §3.3.2). This simple solution has been considered by some

authors as an interpretation for the decline of some SLSNe (for an example,

see Smith & McCray 2007 for the LC of SN 2006gy). Model LCs powered by

initial value luminosity input are shown in Figure 3.1 for the cases of homol-

ogously expanding matter and stationary photospheres. This model does not

provide a natural explanation for a LC with a smooth extended rise.

3.2.2 Centrally located power inputs

Centrally located power inputs such as the radioactive decay of 56Ni

and 56Co as well as magnetar spin-down have been considered in previous

work. In the following subsections we summarize those past results in order

to use them for comparison with the models that we will introduce.
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Figure 3.2 Example of LC models for a terminated constant luminosity in-
put (“top-hat” - dotted curve) in the cases of homologously expanding matter
(solid curve) and fixed photosphere (dashed curve). See §3.2.1 for details.
The models shown are for total input energy 2 ! 1051 erg that terminates
at tsh = 50 days and for the choice of di!usion time t0 = 100 days. For
the homologously expanding case the initial radius is R0 = 1012 cm and
the photospheric velocity v = 10,000 km s"1. For the fixed photosphere,
R0 = 1012 cm=constant. For this choice of parameters the di!usion mass is
determined to be 11.6 M!.
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3.2.2.1 Terminated constant CS shock luminosity

Motivated by the fact that an instantaneous shock luminosity input

does not provide an output SN LC with a smooth rise to maximum light, we

consider a “top-hat” model in which a constant input is provided for a finite

time and then shuts o!. To be specific, we consider the input to be a shock

with constant luminosity, Lsh lasting for time, tsh, and thus producing total

energy Esh = Lshtsh. Therefore, the input shock luminosity that is provided

to the expanding di!usion mass is Lsh = Esh/tsh for t < tsh and Lsh = 0

otherwise. This is the input luminosity function that we insert into Equations

3.3 and 3.4 to calculate the output LC in the cases of homologously expanding

matter and stationary matter with a photosphere of fixed radius, respectively.

We also assume that the shock luminosity deposition takes place deep within

the di!usion mass, therefore we neglect any corrections attributable to the

movement of the shock towards the photosphere. Direct integration yields

L(t) =

#
Esh
tsh

[1$ e"(t2/2t2d+2R0t/vt2d)], t ) tsh,
Esh
tsh

e"(t2/2t2d+2R0t/vt2d)[e(t
2
sh/2t

2
d+R0tsh/vt2d) $ 1], t % tsh,

(3.7)

in the case of homologously expanding matter and

L(t) =

#
Esh
tsh

[1$ e"t/t0 ], t ) tsh,
Esh
tsh

e"t/t0 [etsh/t0 $ 1], t % tsh,
(3.8)

in the case of fixed photospheric radius. Examples of model LCs for those two

81



cases within the context of this type of luminosity input are shown in Figure

3.2.

In this type of model the energy that powers the SN LC is produced

by the di!usion of shock-generated energy through an optically-thick CSM

shell of large initial radius. Smith & McCray (2007) adopted a L& r2 rise for

their model of SN 2006gy based on the early portion of the di!usion models of

A82. They did not self-consistently consider the input necessary to drive such

a rise. This constant power model is related to the “top hat” magnetar-input

model that is considered in Kasen & Bildsten (2010) with the exception that

we solve for the general case of large initial radius and the di!usion time is

defined somewhat di!erently (see Appendix A). We note that in the case where

R0 is small, the Kasen & Bildsten result for small initial radius is recovered.

While not especially realistic, this “top-hat” model captures the essence of the

shell-shock model on both the rise and decline.

3.2.2.2 Radioactive decays of 56Ni and 56Co

Di!usion of the radioactive decay energy of newly synthesized 56Ni and

56Co has long been considered the source for powering the LCs of SN Ia, SN

Ib/c and some SN II. A79, A80, A82 were the first to analytically solve this

problem and later works by Valenti et al. (2008) and Chatzopoulos, Wheeler

& Vinko (2009) provide the generalized mathematical expressions for the out-

put LC including the contribution due to nickel decay and positron heating

(assuming the same deposition function) as well as the e!ects of gamma-ray
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leakage. The output luminosity in this case is found to be:

L(t) =
2MNi
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), (3.9)

here R0 is the initial radius of the progenitor, MNi is the initial nickel mass,

tNi = 8.8 days, tCo = 111.3 days, *Ni = 3.9 ! 1010 erg s"1 g"1 and *Co =

6.8! 109 erg s"1 g"1 are the energy generation rates due to Ni and Co decays

respectively (Valenti et al. 2008). The factor (1 $ e"At!2
) accounts for the

gamma-ray leakage, where large A means that practically all gamma rays and

positrons are trapped. The gamma-ray optical depth of the ejecta is taken to

be (! = +!'R = At"2, where +! is the gamma-ray opacity of the SN ejecta.

Within this model, for which the time-scales of the power inputs are

known, the following expression for the mass of the SN ejecta can be obtained:

Mej =
#cR(0)t0

+
=

3

10

#c

+
vt2d, (3.10)

where Mej is the mass of the SN ejecta, and # is an integration constant

equal to about 13.8. This equation for the di!usion mass (the mass of the

SN ejecta in this case) holds for both homologously expanding matter and

fixed photosphere, but only under the assumption of a centrally located power

input. If the power input source moves within the di!usion mass, t0 is itself

time-dependent and the di!usion mass also changes with time, depending on

the position of the source relative to the that of the photosphere. Although

this model can provide good formal fits to observed LCs of some SLSNe, it
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cannot be adopted as a general explanation due to the fact that in many cases

the derived MNi is greater than Mej for reasonable choices of +.

The usual assumption of a radioactive decay di!usion model is homol-

ogous expansion of the SN ejecta. We alter this criterion and consider also

the solution for a LC powered by the radioactive decays of 56Ni and 56Co, but

for the case of fixed photospheric radius. This may be the case for some SN

IIn progenitors that are surrounded by a dense extended optically-thick CSM

envelope. In such case, the photosphere of the relative di!usion mass is co-

incident with the photosphere of the optically-thick CSM which, in principle,

does not expand homologously or moves with a velocity small compared to

the velocity of the SN ejecta. Although those types of events are primarily

powered by shock deposited energy there may still be some contribution from

radioactive decay. In this case, we make use of Equation 3.4 for a radioactive

56Ni and 56Co decay input and we arrive at the following solution:

L(t) =
MNi

t0
e"

t
t0 [(*Ni $ *Co)

! t

0

1

t0
e

t"
t0 e"t"/tNidt$

+*Co

! t

0

1

t0
e"

t"
t0 et

"/tCodt$](1$ e"At!2
). (3.11)

3.2.2.3 Magnetar spin-down

Recently, Kasen & Bildsten (2010) and Woosley (2010) considered mod-

els of SLSN LCs powered by the spin-down of a young magnetar (see also Os-

triker & Gunn 1971; Arnett & Fu 1979; Maeda et al. 2007). In such a model,
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the energy input by the magnetar is given by the dipole spin-down formula:

Linp(t) =
Ep

tp

l $ 1

(1 + t/tp)l
, (3.12)

where Ep is the initial magnetar rotational energy, tp is the characteristic time

scale for spin-down that depends on the strength of the magnetic field and

l = 2 for a magnetic dipole. For a fiducial moment of inertia, the initial period

of the magnetar in units of 10 ms is given by P10 = (2 ! 1050erg/s /Ep)0.5.

The magnetic field of the magnetar can be estimated from P10 and tp as B14 =

(1.3P 2
10/tp,yr)

0.5, where B14 is the magnetic field in units of 1014 G and tp,yr is

the characteristic time scale for spin-down in units of years. Incorporating the

magnetar spin-down deposition function presented here into Equation 3.3 and

including the e!ects of large initial radius, we arrive at the following solution:

L(t) =
2Ep

tp
e
"[ t

2

t2
d
+

R0t

vt2
d
]
! x

0

e
[z2+

R0z
vtd

]
$
R0

vtd
+ z

%
1

(1 + yz)2
dz, (3.13)

where x = t/td and y = td/tp with td again being an “e!ective” di!usion time.

As was the case for the radioactive decay di!usion model, the mass of the SN

ejecta for this model is also given by Equation 3.10.

Figure 3.3 shows an example of a radioactive decay di!usion model LC

(solid black curve) compared with a magnetar spin-down model LC (solid red

curve) where the parameters have been chosen so that the output LCs have

approximately the same peak luminosity. The parameters that were used for

the models presented in Figure 3.3 are MNi = 10 M!, Ep = 1.37 ! 1051 erg,

tp = 30 days and for the homologously expanding case for t0 = 40 days,
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R0 = 1014 cm and v = 10,000 km s"1. Whereas the decay times of 56Ni

and 56Co are known experimentally, the magnetar spin-down model contains

two adjustable time-scales, tp and td, instead of just td as is the case for the

radioactive decay di!usion model. The magnetar model therefore provides

more freedom for fitting to observed SN LCs.

3.2.3 Shock heating from CSM-ejecta interaction

SN IIn and the recently discovered SLSNe show a variety of LC char-

acteristics in terms of maximum luminosity, duration, shape and decline rate.

Motivated by that, we attempt to use the ejecta-CSM interaction scenario as

introduced by Chevalier (1982) and Chevalier & Fransson (1994) coupled with

di!usion as treated by A80, 82 in order to obtain model LCs for this type of

events.

3.2.3.1 Forward and reverse shock luminosity from ejecta-CSM in-
teraction

We adopt the scenario introduced by Chevalier & Fransson (1994) in

which the progenitor star is embedded in a CSM shell described by a power-law

density profile 'CSM = qr"s, where 'CSM is the density of the CSM medium,

q is a scaling constant and s the power-law exponent for the CSM density

profile. In general, q = 'CSM,1rs1, where 'CSM,1 is the density of the CSM shell

at r = r1. We use as a fiducial value for r1 = Rp where Rp the radius of the

progenitor star. Thus we set the density scale of the CSM, 'CSM,1, immediately

outside the stellar envelope. For s = 2, a steady-wind CSM model is recovered,
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Figure 3.3 Example of LC models for 56Ni and 56Co radioactive decay input
(dashed black curve) and for magnetar spin-down input (dashed red curve; the
output LC models are presented with solid curves of the same corresponding
colors). The radioactive decay di!usion model is drawn for MNi = 10 M! and
the magnetar spin-down model for Ep = 1.37!1051 erg and tp = 30 days. The
choices of the model parameters were made such that the two model LCs have
approximately the same maximum luminosity. Both models are drawn for
the homologously expanding photosphere case for di!usion time t0 = 40 days,
R0 = 1014 cm and v = 10,000 km s"1. For details on the models see §3.2.
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where q = Ṁ/(4,vw) with Ṁ the pre-SN wind mass-loss rate and vw the pre-

SN wind velocity. Deviations from s = 2 may indicate a di!erent pre-SN mass-

loss history resulting in CSM clumps or shells. Values of s close to zero may

indicate the presence of CSM “bubbles” or shells formed by strong stellar winds

as proposed for the CSM environments around Wolf-Rayet stars (Chevalier &

Liang 1989; Dwarkadas 2011). The density profile of the SN ejecta is taken to

have double power-law profile where the outer ejecta have a power-law density

profile, 'SN = gntn"3r"n, where gn is a scaling parameter for the ejecta density

profile, gn = 1/(4,(&$n))[2(5$&)(n$5)ESN ](n"3)/2/[(3$&)(n$3)Mej](n"5)/2,

n is the power-law exponent of the outer component, and & is the slope of the

inner density profile of the ejecta (values of & = 0, 2 are typical), ESN is the

total SN energy and Mej is the total SN ejecta mass. This assumption for

the evolution and the density profile of the SN ejecta is supported by realistic

numerical calculations. The parameter n varies depending on the nature of

the progenitor and the presence or absence of a convection zone in the outer

parts of the star. A fiducial value for n is 11.7 corresponding to the case for

red supergiant progenitors (Matzner & McKee 1999) whereas lower values of

n correspond to the envelopes of more compact progenitors.

The interaction between those two media, the SN ejecta and the CSM,

each with power-law density profiles results in a forward/CS and a reverse/ejecta

shock, the dynamics of which are described by self-similar solutions presented

in Chevalier & Fransson (1994). We use those similarity solutions to derive

the following expression for the luminosity that is produced from this pro-

88



cess (neglecting the second, initial value, “fireball” term in Equation 3.3; see

Appendix B for the full derivation):

Linp(t) =
2,

(n$ s)3
gn

5!s
n!s q

n!5
n!s (n$ 3)2(n$ 5)#5"s

F A
5!s
n!s (t+ ti)

2n+6s!ns!15
n!s !

1(tFS,# $ t) + 2,(
Agn

q
)
5!n
n!s#5"n

R gn(
3$ s

n$ s
)3(t + ti)

2n+6s!ns!15
n!s 1(tRS,# $ t), (3.14)

where #F , #R and A are constants that depend on the values of n and s and,

for a variety of values, are given in Table 1 of Chevalier (1982), 1(tFS,# $ t),

1(tRS,#$ t) denote the Heaviside step function that controls the termination of

the forward and reverse shock respectively (tFS,# and tRS,# are the termination

time scales for the two shocks) and ti " Rp/vSN is the initial time of the

CSM interaction that sets the initial value for the luminosity produced by

shocks where vSN = [10(n $ 5)ESN/3(n $ 3)Mej ]
1
2/x0 is the characteristic

velocity of the SN ejecta, where x0 = r0(t)/RSN(t) is the dimensionless radius

of the break in the SN ejecta density profile from the inner flat component

(described by &) to the outer, steeper component (described by n) which is

at radius r0(t). The first and the second terms in Equation 3.14 refer to the

forward and reverse shock luminosity input, respectively. The forward shock

termination time-scale, tFS,#, is given by the following expression, assuming

that the input from the forward shock terminates when all the available CSM

has been swept up:

tFS,# = |(3$ s)q(3"n)/n"s)[Agn](s"3)/(n"s)

4,#3"s
F

|
n!s

(n!3)(3!s)M
n!s

(n!3)(3!s)

CSM , (3.15)

where MCSM is the total mass of the CSM. Once the forward shock breaks out

from the optically-thick part of the CSM envelope, the luminosity deposition
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from it is primarily in the UV/X-ray region of the spectrum, not the optical.

The time tFS,# can represent the breakout time if MCSM is taken to be the

mass of the optically-thick CSM, rather than the total mass. We adopt this

assumption below. Assuming that the reverse shock terminates when all the

ejecta are swept-up, the reverse shock termination time-scale, tRS,#, is given

by the following expression:

tRS,# = [
vSN

#R(Agn/q)
1

n!s

(1$ (3$ n)Mej

4,v3"n
SN gn

)
1

3!n ]
n!s
s!3 . (3.16)

where Mej is the total ejecta mass.

To verify the analytical result of Equation 3.14, we compare it to the LC

that is calculated by a two-dimensional simulation of the collision of SN ejecta

with a wind CSM component (s = 2) as presented by Van Marle et al. (2010).

We adopt the same parameters for the CSM and the SN ejecta components as

in their model O01 (n = 11.7, s = 2, vw = 200 km s"1 and Ṁ = 10"4 M! yr"1)

and present the results in Figure 3.4. The agreement between our analytical

result (red solid curve) and their simulation (filled circles) is remarkable given

that they have used a di!erent technique to calculate the radiated luminosity

in their simulation.
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Figure 3.4 Comparison of the model LC from the Van Marle et al. (2010) two-
dimensional optically-thin radiation hydrodynamics simulation of the collision
of SN ejecta from a red supergiant progenitor with a steady-state wind (s = 2)
CSM component (filled circles) with the analytic self-similar result for the FS
luminosity for the same CSM and SN ejecta parameters. The break at about
10 days in the self-similar model represents the time of the forward shock
termination.
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3.2.3.2 Ejecta-CSM interaction with di!usion

The spectrum produced by optically-thin ejecta-CSM interaction, is

expected to be a hard spectrum populated with emission lines produced by

forward and reverse shocks (Chevalier & Fransson 1994; Nymark, Chandra

& Fransson 2009). Spectra with these characteristics have not been seen in

SLSNe so far, so it is natural to assume that the e!ects of radiative di!usion of

the shock-generated luminosity are important in explaining both the currently

observed optical LCs and optical spectra of these events. For this reason we

develop an analytical model that couples the e!ects of a CSM shock heat

input as derived in the previous section, with the prescription of radiative

di!usion as treated by A80, 82. We will consider the case of a stationary CSM

photosphere for this problem and assume that the photosophere is somewhere

in the CSM envelope where it will not, in principle, be rapidly expanding.

In these models we ignore “backwarming” of the photosphere by any shock

that has propagated beyond the CSM photosphere. We include the e!ects of

terminated shock luminosity input.

We start by assuming that the luminosity input from the forward and

the reverse shock happens deep within the fixed photosphere of the CSM and

therefore we treat it as centrally located. This assumption coupled with the

nature of the CSM we explore means that the typical shock crossing time

scale, Rsh/vsh, is larger than the e!ective radiation di!usion time scale td.

This statement is equivalent to the condition that the CSM optical depth

is smaller than the characteristic optical thickness of a radiation-dominated
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and radiation-mediated shock, c/vsh, and thus in the regime considered by

Nakar & Sari (2010) who calculate shock breakout LCs for a variety of SN

progenitors (see also Ensman & Burrows 1992). Chevalier & Irwin (2011)

investigated situations in the opposite regime, Rsh/vsh < td, for a steady

state wind (s = 2), considering the e!ect of the propagation of a radiation-

dominated forward shock into the mass-loss region for the cases where the

characteristic radiation breakout radius (Rd, as defined in their work) is either

smaller or larger than the wind termination radius (Rw). In Chevalier & Irwin

(2011), di!usion occurs when the forward shock reaches Rd and Rsh/vsh # td.

Subsequently, the di!usion would proceed more rapidly than the shock. This

is the regime we consider. We note that when the condition Rsh/vsh > td is

satisfied, the shock is no longer radiation mediated. Ofek et al. (2010) used

a related model to explain the LC of the IIn SN PTF 09uj. Balberg & Loeb

(2011) presented a similar model, but for a less dense wind in the context of

observational signatures of the UV/X-ray shock breakout LC.

Both the forward and the reverse shocks move through the di!usion

mass a!ecting the radiation di!usion time and changing the form of the out-

put LC. Accounting for the movement of the sources makes the resulting PDE

unseparable and the problem hard to solve analytically, and we neglect this

aspect in the current models. We do, however, account for the shock propa-

gation by terminating the shock luminosity input after the specific time scales

that are given by Equations 3.15 and 3.16. We assume that the forward shock

input within the optically thick part of the CSM terminates at a time given
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by Equation 3.15 for MCSM = MCSM,th, where MCSM,th is the mass of the

optically-thick part of the CSM. This shock termination time is close to the

time of forward shock breakout, tFS,BO, which formally occurs when the shock

reaches optical depth tau = vsh/c. The mass of the optically-thick CSM is

given by:

MCSM,th = 4,q

! Rph

Rp

r2"sdr, (3.17)

and we use optical depth,

( = +q

! Rph

RCSM

r"sdr =
2

3
, (3.18)

to determine the radius of the photosphere, Rph, where + is the optical opacity

and RCSM is the total radius of the CSM determined by the following formula:

MCSM = 4,q

! RCSM

Rp

r2"sdr, (3.19)

where MCSM is the total mass of the CSM envelope that we use as the basic

parameter. Solving Equation 3.19 with respect to RCSM , Equation 3.18 forRph

and setting the results back into Equation 3.17 we obtain the final result for

MCSM,th as an expression that depends on the basic model parameters MCSM ,

q, s, Rp and +. Once the forward shock breaks out, the bolometric luminosity

will still invoke the full forward/reverse shock input given by Equation 3.14,

but the optical luminosity will decline since the bulk of the energy will be

emitted in the UV/X-ray region of the spectrum. A portion of the optically-

thin forward shock contribution is expected to be in the optical due to re-

radiation and electron scattering (Chevalier & Fransson 1994), but we neglect
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this e!ect. With this model we can also estimate the time and intensity of the

rise of UV/X-ray flux due to forward shock breakout.

Now we can implement the SN ejecta-CSM interaction luminosity input

from the forward and the reverse shock given by Equation 3.14 into the first

term of Equation 3.4 that accounts for the di!usion through an optically-thick

CSM with a fixed photosphere and obtain the following final expression for

the output model LC:

L(t) =
1

t0
e"

t
t0

! t

0

e
t"
t0 [

2,

(n$ s)3
gn

5!s
n!s q
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n!s (n$ 3)2(n$ 5)#5"s
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5!s
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!(t$ + ti)
2n+6s!ns!15

n!s 1(tFS,BO $ t$) + 2,(
Agn
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5!n
n!s#5"n

R gn(
3$ s

n$ s
)3

(t$ + ti)
2n+6s!ns!15

n!s 1(tRS,# $ t$)]dt$, (3.20)

where, in the case of an optically-thick CSM, t0 = +MCSM,th/#cRph. After

the times of the termination of the shock power inputs, the luminosity decays

according to Equation 3.6 where the initial value of the luminosity is now that

for the corresponding terms in Equation 3.20 at tFS,BO and tRS,#, respectively.

The analytic model described by Equation 3.20 for the output LCs for

SNe powered by SN ejecta-CSM interaction depends on the properties of the

progenitor star (ESN , Mej , Rp, & and n) and the properties of the CSM (s,

'csm,1, + and MCSM). The fact that there are many unknown parameters

involved in this problem follows from the complex nature of CSM interaction

due to the large variety of possible CSM environments (winds, shells of any

density scale) and the large variety of possible SN progenitors (red or blue

supergiant stars). This natural variety can explain certain di!erences in the
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observed optical LC shape, duration and luminosity of SN IIn. In the same

context, the faster post-maximum decline of a SN IIL LC can be the result of

particular conditions in this large parameter space involved in SN ejecta-CSM

interaction, as we discuss next.

3.2.3.3 Ejecta-CSM interaction and radioactive decay input with
di!usion

Here we consider a hybrid model in which the luminosity input is pro-

vided by both SN ejecta-CSM interaction and by the radioactive decays of 56Ni

and 56Co. To find the combined luminosity input we add the radioactive decay

luminosity input to the forward and reverse shock luminosity input given by

Equation 3.14. Figure 3.5 shows an example of this hybrid luminosity input

for collision of SN ejecta (ESN = 1.5! 1051 erg, Mej = 20 M!, Rp = 1014 cm,

n = 12) with an optically-thick massive CSM shell (s = 0, MCSM = 1 M!) in

the case where 1 M! of 56Ni is formed in the explosion, which might be the

case for a hypernova or a pair-instability SN (PISN). The early behavior of the

input is controlled by the relative contribution between the shock inputs and

the radioactive decay, and the very late-time decay rate is equal to the 56Co

radioactive decay rate. In the cases where CSM interaction is dominant, the

early decline of the input simply scales as a power law function of time with

the power being a function of the values of n and s as given by Equation 3.14.

To obtain a model bolometric LC for this hybrid input that can be used

for fits to observed SN LCs we assume that the radioactive decay deposition
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takes place within the whole di!usion mass (Mej +MCSM,th). We assume the

CSM interaction luminosity input takes place just within MCSM,th, since in

this context we assume the shocks to be “frozen” at the interaction region.

We take the interaction region to be the interface between the edge of the

progenitor star and the CSM envelope and deep within the CSM photosphere.

Therefore, the final hybrid CSM interaction plus radioactive decay LC model

has the following form:

L(t) =
1
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(*Ni $ *Co)e"t"/tNi + *Coe"t"/tCodt$, (3.21)

where t0 and t$0 correspond to the di!usion time-scales through MCSM and

Mej +MCSM,th respectively. Once again, the forward and reverse shock terms

are replaced by pure di!usion decay terms analogous to Equation 3.6 when

shock input terminates. Figures 3.6 and 3.7 show some model SN LCs that

result from SN ejecta-CSM interaction with a shell (s = 0) and a steady-state

wind (s = 2), respectively. Examples are plotted for a variety of input luminos-

ity combinations so that the e!ect on the final output LC can be illustrated.
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The parameters used for the models plotted are listed in the captions of the

figures. Some of the peaks of the resulting model SN LCs are not smooth due

to the fact that we have used a simplistic Heaviside function prescription for

the termination of the forward and reverse shock luminosity input. In reality

this termination process will be a smoother function of time, thus making the

peak of those LCs smoother, too.

Note in Figures 3.6 and 3.7 that when the shock inputs rise monotoni-

cally with time (shell model; Figure 3.6) the LC on the rise has a monotonically

increasing slope, but when the shock inputs decline monotonically with time

(wind model; Figure 3.7), the LC on the rise has a monotonically decreasing

slope, reminiscent of most observed SNe. The shape of the rising LC is thus

a potentially strong constraint on the models. Given the large number of pa-

rameters involved in the hybrid model described by Equation 3.21, a careful

survey of the parameter space is needed in order to investigate issues of pa-

rameter degeneracy and correlation. From a qualitative perspective, model

LCs presented here will generally be brighter and briefer for higher values of

ESN , Rp and 'CSM,1 and lower values of MCSM . Luminosities characteristic of

SLSNe are more e!ectively produced considering interactions with dense shells

(s = 0) rather than with steady-state winds (s = 2). Models with constant

density shells tend to be more sensitive to Rp than those with winds because

of the e!ect of the forward and reverse shocks. Interactions with steady-state

winds are capable of producing LCs reminiscent of some normal luminosity

SNe IIn.
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We now use the hybrid model presented in Equation 3.21 to investi-

gate the variety of LC shapes that we can obtain from that model and discuss

implications for the SN II classification scheme. As can be seen in Figure

3.8, a hybrid CSM interaction plus radioactive decay input in which CSM in-

teraction dominates can produce a faster post-maximum decline rate that is

consistent with the observed rapid post-maximum decline rate (“linear” in the

logarithmic scale) of SN IIL. This is due to the termination of the dominant

luminosity input (at t = tRS,# in the case illustrated, for which the reverse

shock luminosity dominates) that will lead to a fast post-maximum decline

dominated by cooling and di!usion of previously deposited shock luminosity.

Furthermore, the di!erences seen between SN IIL and SN IIn in their spectra,

namely the absence of P Cygni absorption components in the Balmer lines in

the latter, maybe due to di!erences in the optical depth of the CSM involved:

A higher optical depth would obscure the e!ects of the underlying SN photo-

sphere expansion thus leading to significant CSM interaction and the presence

of narrow Balmer emission lines without a detectable broad absorption com-

ponent, whereas a lower optical depth in the CSM allows for the underlying

SN expansion to be seen and the e!ects of the CSM interaction are mainly

imprinted in the LC of the event. Therefore, the SN IIL class may represent

a subset attributable to a particular restricted range in the large number of

parameters involved in the more generic SN ejecta-CSM interaction scenario

and thus SN IIL may be a subclass of SN IIn.

The generic model presented here might also be used to explain the ex-
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istence of approximately symmetric SN LCs like the ones observed for the tran-

sients SCP06F6 (Barbary et al. 2009), PTF09cwl, PTF09cnd and PTF09atu

(Quimby et al. 2011). An example of such a “symmetric” LC around the

peak is also seen in Figure 3.8 when CSM interaction and radioactive decay

are comparable.

This hybrid model also allows us to predict when the forward shock will

break out of the CSM photosphere based on the fit to the optical LC. The shock

breakout will be followed by an X-ray/UV burst of radiation. The model may

also be used to estimate the intensity of that radiation and the subsequent

UV/X-ray LC. In Figure 3.9 we illustrate this by plotting the optical and

UV/X-ray output LCs for a choice of parameters given in the captions for the

case of SN ejecta interaction with a constant density shell (s = 0; left panel)

and a wind (s = 2; right panel).

100



10 20 30 40 50 60 70 80 90 100 110
Time [days]

1×1043

2×1043

3×1043

4×1043

5×1043

6×1043

Lu
m

in
os

ity
 [e

rg
/s]

FS+RS+Ni/Co
FS
RS
Ni/Co decay

tFS,BO tRS,*

Figure 3.5 Example of a hybrid ejecta-CSM interaction plus 56Ni and 56Co
radioactive decay input (solid black curve). The dashed red, green and blue
curves represent the forward, reverse and radioactive decay luminosity inputs,
respectively. The vertical dotted lines indicate the termination time for the
forward and reverse shock luminosity inputs. This hybrid luminosity input
model is drawn for the following choice of parameters: & = 0, n = 12, s = 0,
ESN = 1 ! 1051 erg, Mej = 15 M!, MCSM = 1 M!, Rp = 1 ! 1014 cm,
'CSM,1 = 5! 10"13 g cm"3, MNi = 0.05 M!.
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Figure 3.6 Comparison of SN ejecta-CSM interaction and hybrid SN ejecta-
CSM interaction plus 56Ni and 56Co radioactive decay LC models for the case
of collision with a constant density CSM shell (n = 12, s = 0). The hybrid
forward, reverse and 56Ni and 56Co radioactive decay model is shown in black
and the pure forward and reverse shock ejecta-CSM interaction model in red.
In each case the dashed curve represents the input luminosity and the solid
curve the output LC model. The dotted vertical lines indicate the forward
shock breakout time (essentially equal to the time of termination of forward
shock input in the optically-thick part of the CSM) and the reverse shock
termination time scale. The forward termination time scale is very close to its
breakout time scale in the case of a CSM constant density shell. The models
were drawn for the following choice of parameters: & = 0, ESN = 1051 erg,
Mej = 12 M!, MCSM = 1 M!, Rp = 1014 cm, 'CSM,1 = 10"13 g cm"3,
MNi = 0.08 M!.
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Figure 3.7 Comparison of SN ejecta-CSM interaction and hybrid SN ejecta-
CSM interaction plus 56Ni and 56Co radioactive decay LC models for the case
of collision with a steady state wind (n = 12, s = 2). The wind is terminated
at a finite mass. The hybrid forward, reverse and 56Ni and 56Co radioactive
decay model is shown in black and the pure forward and reverse shock ejecta-
CSM interaction model in red. In each case the dashed curve represents the
input luminosity and the solid curve the output LC model. The dotted vertical
lines indicate the forward shock breakout time (essentially equal to the time
of termination of forward shock input in the optically-thick part of the CSM)
and the reverse shock termination time scale. The reverse shock termination
time scale is much later, outside of the range of this graph. The models
were drawn for the following choice of parameters: & = 0, ESN = 1051 erg,
Mej = 12 M!, MCSM = 0.1 M!, Rp = 2!1014 cm, 'CSM,1 = 5!10"13 g cm"3,
MNi = 0.05 M!.
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Figure 3.8 Comparison of hybrid CSM interaction plus radioactive decay LC
models for a case where CSM interaction in a constant density shell is the
dominant contributor to the output luminosity (solid curve), a case where CSM
interaction and radioactive decay have comparable luminosity inputs (dashed
curve) and a case where radioactive decay is the dominant input luminosity
source (dotted curve). The post-maximum decline rate can be more rapid for
the hybrid models for which CSM interaction dominates or is comparable to the
radioactive decay input. Such models are consistent with the decay seen in SN
IIL. For appropriate choices of parameters, the hybrid model can also produce
an approximately symmetric LC shape around peak luminosity, similar to the
observed optical LC of the peculiar transient SCP 06F6 (Barbary et al. 2008)
as illustrated here by the model for which the CSM dominates. For the case
where CSM interaction is dominant the following parameters were used: & = 0,
n = 12, s = 0, ESN = 1051 erg, Mej = 10 M!, MCSM = 5 M!, Rp = 11014 cm,
'CSM,1 = 10"13 g cm"3, MNi = 0.05 M!. For the case where radioactive decay
input is comparable to the CSM input the following parameters were used:
& = 0, n = 12, s = 0, ESN = 4 ! 1051 erg, Mej = 40 M!, MCSM = 7 M!,
Rp = 1014 cm, 'CSM,1 = 10"13 g cm"3, MNi = 2 M!. Finally, for the case
where the radioactive decay input is dominant the following parameters were
used: & = 0, n = 12, s = 0, ESN = 7!1050 erg, Mej = 21 M!, MCSM = 2 M!,
Rp = 1014 cm, 'CSM,1 = 6! 10"16 g cm"3, MNi = 0.8 M!.
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Figure 3.9 Comparison between the optical (solid curve) and the UV/X-ray
(dashed curve) LC for a hybrid CSM interaction plus 56Ni and 56Co radioactive
decay model in the case of SN ejecta interaction with a shell (s = 0; left panel)
and a wind (s = 2; right panel). The dotted vertical lines indicate the times of
forward shock breakout (essentially equal to the time of termination of forward
shock input in the optically-thick part of the CSM), forward shock termination
(the end of optically-thin X-ray and UV input by the forward shock) and
reverse shock termination. The s = 0 model corresponds to the following
choice of parameters: & = 0, n = 12, ESN = 1.2 ! 1051 erg, Mej = 20 M!,
MCSM = 2 M!, Rp = 2!1014 cm, 'CSM,1 = 5!10"13 g cm"3, MNi = 0.05 M!.
The s = 2 model corresponds to the following choice of parameters: & = 0,
n = 12 ESN = 1.2 ! 1051 erg, Mej = 18 M!, MCSM = 1 M!, Rp = 1014 cm,
'CSM,1 = 2! 10"12 g cm"3, MNi = 0.05 M!.
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3.2.3.4 Comparison with results from radiation hydrodynamics mod-
eling

The various approximations associated with our analytic hybrid SN LC

model and its limitations do not allow us to use it to address more specific

emission characteristics like radio emission, thermalization of the radiation,

the ionization state, the change in the opacity of the gas, and the evolution

of the photosphere properties. Those aspects can be addressed only via nu-

merical radiation hydrodynamics simulations and are beyond the scope of this

project. We can, however, address the limitations and uncertainties of our

model bolometric SN LCs by benchmarking our results against existing nu-

merical calculations for the same initial conditions. To do so, we have used

the results from three sets of numerical simulations: the Woosley, Blinnikov

& Heger (2007) (hereafter WBH07) simulation of the LCs produced by a pul-

sational pair-instability supernova (PPISN), the Moriya et al. (2011, 2013)

simulations of the interaction between SN ejecta from RSG progenitors with

optically-thick CSM winds and the Chugai et al. (2004) simulation of the

collision of SN ejecta with a 0.4 M! CSM with density profile 'CSM # r"1

in order to reproduce the LC of SN 1994W. We note that in our treatment

we neglect the initial o!set that the LCs will have in the time axis due to the

fact that the first light will emerge after a di!usion time-scale. This o!set is

shown in the simulations of WBH07 and Moriya et al. (2011) and we can also

explicitly calculate it in each case.

WBH07 considered the evolution of a 110M! star that ends its life with
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an oxygen core of # 50 M! that is in the domain for which the core is unstable

due to electron-positron pair production. The collapse and subsequent pulse

is not strong enough to disrupt the whole star, but only to eject 24.5 M! of

its outer parts. The remainder of the star (with radius # 1014 cm) contracts,

encountering pair-instability again after 6.8 years that leads to a second, more

energetic pulse (6! 1050 erg) that ejects 5.1 M!. The ejecta from this second

pulse then collides with the slower moving ejecta from the first pulse producing

a luminous SN-like output LC that was calculated using the code STELLA

(Blinnikov & Bartunov 1993; Blinnikov et al. 1998; Blinnikov et al. 2006) and

presented in supplementary Figure 6 of WBH07. The authors consider this

PPISN phenomenon as an explanation for the SLSN 2006gy.

To reproduce the WBH07 result, we use our hybrid model, presented by

Equation 3.21 above, for the same parameters (ESN = 6!1050 erg, Rp = 1014 cm,

Mej = 5.1 M!, MCSM = 24.5 M!, MNi = 0 M!). The parameter 'CSM,1 is

not explicitly given in WBH07 however we can estimate it, assuming steady-

state mass loss. In this case 'CSM,1 = Ṁ/(4,vwR2
p) and Ṁ " (24.5 M!)/(6.8

years), so for vw " 1,000 km s"1 'CSM,1 " 1.8 ! 10"11 g cm"3. This value is

close to the dense shell values seen in supplementary Figures 3.10 and 3.11 of

WBH07. The density profiles of the SN ejecta (second pulse) and the CSM

(ejecta from first pulse) are also uncertain and not necessarily described by

power laws in the context of a PPISN. For the purposes of our comparison,

we will assume that the SN ejecta from the second pulse has a SN-like power

law density profile with slope n = 12 and for the CSM we will consider two
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cases: one for a constant density shell (s = 0) and one for a steady state

wind (s = 2). We also assume in our model that the photosphere is within a

stationary CSM while in the model of WBH07 the first shell which comprises

the CSM is expanding homologously at a speed of 100-1,000 km s"1. The

results of our comparison are shown in Figure 3.10. The solid black and red

curves correspond to the bolometric LCs for the original ejecta velocity and

a doubled ejecta velocity, respectively, and the dotted black and red curves

correspond to the UBVRI LCs as calculated by WBH07. The dashed curves

show our analytic LCs for s = 0 (green curve), for s = 2 (blue curve) and

for s = 2 but for the values of Mej and MCSM adjusted in order to provide a

better fit to the results from the simulations (yellow curve). As can be seen,

given the uncertainties of the density profiles and the simplifying assumptions

of our model (centrally located power input and a fixed photosphere in the

CSM) the two models agree in terms of rise time to maximum light and peak

luminosity. The post-maximum decline rates of our models are similar to those

found by WBH07, but of higher luminosity. A somewhat better agreement is

found if we decrease Mej and MCSM by about 50 %, giving some indication of

the uncertainty in our ability to estimate parameters.

Bolometric and color LCs of SNe produced by the interaction of SN

ejecta (from a RSG progenitor) with a CSM that is a steady state wind (s = 2)

or with a s = 1.5 density profile slope were presented by Moriya et al. (2011)

as results of 1-D numerical radiation hydrodynamics calculations. We com-

pare the output LCs from our analytic hybrid model to those presented by
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Moriya et al. (2011) for four of their models: s13hw2r20m2e3 (ESN = 3 !

1051 erg, Rp = 5 ! 1013 cm, Mej = 8 M!, MCSM = 0.65 M!, 'CSM,1 = 2 !

10"11 g cm"3), s15hw2r10m3e3 (ESN = 3 ! 1051 erg, Rp = 5 ! 1013 cm,

Mej = 10M!,MCSM = 0.031M!, 'CSM,1 = 2!10"12 g cm"3), s15hw2r20m2e1

(ESN = 1051 erg, Rp = 5 ! 1013 cm, Mej = 10 M!, MCSM = 0.65 M!,

'CSM,1 = 2!10"11 g cm"3) and s15hw2r20m3e3 (ESN = 3!1051 erg, Rp = 5!

1013 cm, Mej = 10 M!, MCSM = 0.065 M!, 'CSM,1 = 2! 10"12 g cm"3). The

details for the parameters used for these models are given in Table 2 of Moriya

et al. (2011). Figure 3.11 shows the result of this comparison. The solid curves

give the model LCs from the Moriya et al. (2011) simulations and the dashed

curves our analytical model LCs. Our models again produce the rise time to

maximum light and peak luminosity as well as the width of the main di!usion

curve. Our post-maximum decline rates are again consistently similar to or

slower than the ones found by the simulations.

Chugai et al. (2004) sucessfully reproduced the plateau-like LC of the

SN IIn SN 1994W with radiation hydrodynamics simulations that involved

contribution from both the radioactive decay of 56Ni and interaction with a

dense CSM. More specifically they computed three models, of which their

sn94w58 model provided the best fit to the data. This model considered the

explosion of a progenitor with a very extended radius (Rp = 1.4 ! 1015 cm;

their wind termination radius is several times larger) with energy ESN = 1.5!

1051 erg and Mej = 7 M! that produced 0.015 M! of radioactive 56Ni within a

0.4M! CSM with density profile slope s = 1. Given those parameters the scale
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density at the base of the CSM is 'CSM,1 = 1.2 ! 10"14 g cm"3. Using those

parameters, we plot our analytical LC model (dotted curve) and compare it

to the Chugai et al. (2004) numerical V-band (solid green curve) and U-band

(solid blue curve) LCs in Figure 3.12. We again see that the overall agreement

between the models is very good. Our analytical model reproduces the plateau

of SN 1994W in terms of duration and luminosity. We also observe that the

analytical LC model is closer to the U-band LC numerical model; it reproduces

the two luminosity breaks of the LC as a result of forward (early break) and

reverse (later break) shock input termination.

The comparison between our analytic model LCs and radiation hydro

LCs for the same conditions presented here illustrates the uncertainties in-

volved. The fact that we consider the forward and reverse shock power input

to be centrally located and the photosphere to be fixed in the CSM in order

to obtain a separable PDE leads to an overestimate of the di!usion time scale

in our models because the relative shock and photosphere dynamics in reality

will lead to an ever decreasing optical depth between the forward shock and

the photosphere in the CSM. This will have the e!ect of producing a LC with a

slower post-maximum decline rate in our models, which is what we see in Fig-

ures 3.10 and 3.11. Consequently, the overestimate of the di!usion time scales

means we must employ smaller di!usion masses (MCSM and Mej) to better fit

a given LC. For a given LC, we will tend to underestimate the masses involved.

This is illustrated by our adjusted s = 2 model to better reproduce the result

of WBH07. The optical depth and the di!usion characteristics will also be
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a!ected by proper treatment of the acceleration of the CSM by the precursor

wave, the ionization state of the CSM, and the position of the ionization front

taking into account the decline in optical opacity beyond it, e!ects considered

by Moriya et al. (2011).

Our comparison with the models of Moriya et al. (2011) are a particu-

larly stringent test, since the CSM in their models was of rather low mass and

our models are designed to represent the case of especially massive CSM shells.

The breaks in luminosity seen in the two classes of models are of somewhat

di!erent, but closely, related nature. In our case, the first break in luminosity

occurs when the forward shock breaks out of the optically-thick CSM or when

the reverse shock has swept up all the available mass of SN ejecta. For Moriya

et al. (2011), these breaks are the result of the photosphere receding within the

interaction region; the late time radiation is due to “left-over” thermal emis-

sion within the ejecta. In our models, the shock moves out to the photosphere;

in the models of Moriya et al. (2011) the photosphere moves inward to meet

the forward shock, thanks in large part to the acceleration of the CSM by the

radiation flow. For substantially more massive CSM the radiative acceleration

will be less, and we would expect our models and those of Moriya et al. to

converge to greater similarity. As noted above, we get quite good agreement

with the results of Chugai et al. (2004) for models with a more massive CSM.

Although the physics involved is accounted for in a more accurate way

in the numerical simulations, our simple analytic results reproduce the basic

LC features. We understand the sign of the e!ect of neglecting the decrease
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in optical depth in front of the forward shock. Our models may thus be

used as a first step in fitting observed SN LCs to get a basic understanding

of the parameters involved before proceeding to more expensive numerical

simulations.
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Figure 3.10 Comparison of analytical SN LCs with numerical results from
Woosley, Blinnikov & Heger (2007) for the same initial conditions. The solid
black and red curves correspond to the bolometric LCs for the original ejecta
velocity and a doubled ejecta velocity, respectively, and the dotted black and
red curves correspond to the UBVRI LCs as calculated by WBH07. The
dashed curves show our analytical LCs for s = 0 (green curve), for s = 2 (blue
curve) and for s = 2 but for the values of Mej and MCSM adjusted in order
to provide a better fit to the results from the simulations (yellow curve; see
text).
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Figure 3.11 Comparison of analytical SN LCs (dashed curves) with numerical
results from Moriya et al. (2011) (solid curves) for the same set of initial
conditions for four models: s13hw2r20m2e3 (upper left panel), s15hw2r10m3e3
(upper right panel), s15hw2r20m2e1 (lower left panel) and s15hw2r20m3e3
(lower right panel). See text for model parameters.
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Figure 3.12 Comparison of analytical SN LC (dashed curve) with the numer-
ical V-band (solid green curve) and U-band (solid blue curve) LCs for model
sn94w58 of Chugai et al. (2004) for SN 1994W. See text for model parameters.
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3.3 Discussion and Conclusions

We derived semi-analytical models for the LCs of SN II by incorporat-

ing the e!ects of di!usion as treated by A80, 82 with a variety of inputs that

are considered candidate SN LC powering mechanisms (radioactive decays of

56Ni and 56Co, magnetar spin-down and ejecta-CSM interaction). We found

solutions for the cases of a fixed (in radius) CSM photosphere and homolo-

gously expanding matter, including the e!ects of terminated power input in

the case of CS shock heating.

One implication from our results is that the principal factor that gives

rise to the observed diversity in the shape, duration and luminosity of SN IIn

is the presence or absence of a CSM enviroment and the physical properties

that are associated with it; mainly its optical depth, characteristic density and

density profile. SN IIP, SN Ib and SN Ic are all the result of CCSN explosions

with the di!erence that in SN Ib and SN Ic events the H and He envelope of the

progenitor star is lost and in SN IIP the large outer H envelope is retained.

The CSM enviroment around these events is probably of very low optical

depth, so that the e!ects of ejecta-CSM interaction are negligible and the only

mechanism that gives rise to the optical luminosity output are shock heating of

the ejecta (for SN IIP) plus an internal source (radioactive decays or magnetar

spin-down) combined with the e!ects of H and He recombination. For SN IIP

events where the H envelope is retained, the e!ects of H recombination are

more pronounced, while for SN Ib and SN Ic events the LCs lack an extended

plateau phase due to the absence of the outer envelope. Some SN Ib/c events
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develop SN IIn characteristics in their nebular spectra at late times, indicating

that the ejecta have finally reached the previously expelled H or He envelope

and started to interact with it (Pastorello et al. 2008).

On the other hand, in SN IIL and SN IIn events, the CSM envelopes

have higher optical depth so that the e!ects of ejecta-CSM interaction domi-

nate the output luminosity. In the case of SN IIL the optical depth is probably

moderate since P Cygni features are seen and the LC decline is faster, while

for SN IIn a high optical depth is implied that keeps the expansion of the

SN ejecta obscured and produces a LC of longer duration. The pronounced

e!ects of the optically-thick CSM environment on the LC of luminous SN

IIn manifest themselves by showing a variety in the LC shapes and durations

of these events. This leads us to argue that the SN IIL classification could

be a byproduct of the diversity of CSM properties and not a separate class

of SN explosions. The faster decline and apparently symmetric shape of the

LCs of some SN IIL and SLSNe (SCP06F6; Barbary et al. 2009, PTF09cwl,

PTF09cnd and PTF09atu; Quimby et al. 2011) may be well reproduced by

models of shock heating, where the forward and reverse shocks terminate their

contribution once they have swept up most of the available SN ejecta and CSM

mass. If that is true, then strong pre-SN mass loss might constitute a signifi-

cant source of diversity among SNe IIn, producing SLSNe at the high mass end,

and putting such interacting SNe into a di!erent parameter space compared

to SNe that do not strongly interact. This point of view was advocated by

Blinnikov & Bartunov (1993) where they presented radiation-hydrodynamics
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models of SN IIL in order to fit the LC of SN 1979C.

We applied our hybrid CSM interaction plus radioactive decay model in

the case of the LC of SLSN 2006gy. We found that the LC of this extraordinary

event could be reasonably well reproduced by a model where interaction of

# 40 M! of SN ejecta with a CS shell of # 5 M! plus radioactive decay of

# 2 M! of 56Ni provide the luminosity input. Although we derive a smaller

56Ni mass than previous authors, it remains the case that SLSN 2006gy was a

brilliant explosion and that the progenitor star must have undergone episodic

mass-loss, a picture consistent with an LBV-type star (Smith et al. 2007). We

note that alternative scenarios for the nature of the massive CSM shell around

SLSN 2006gy, such as a wind blown-bubble (Dwarkadas 2011) or a PPISN

(Woosley, Heger & Blinnikov; 2007) cannot be excluded.

The models we present here are only approximate and have a large

number of parameters, but they also provide the means to e"ciently explore

a large range of parameter space. In this way, parameters can be chosen

to guide more elaborate and expensive numerical radiation-hydrodynamics

calculations. The ultimate goal is to deduce the physical properties of the

progenitors and the CSM environments of a variety of SNe using their observed

optical LCs and spectra in order to constrain the mass-loss history and pre-SN

evolution of massive stars.
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Chapter 4

Analytical Models of Superluminous
Supernovae and Related Events:
!2-Minimization of Parameter Fits

We present fits of generalized semi-analytic supernova (SN) LC (LC)

models for a variety of power inputs including 56Ni and 56Co radioactive decay,

magnetar spin-down, and forward and reverse shock heating due to supernova

ejecta-CSM interaction. We apply our models to the observed LCs of the Super

Luminous Supernovae (SLSNe) SN 2005ap, SCP06F6, SN 2006gy, SN 2006tf,

SN 2007bi, SN 2008am, SN 2008es, SN 2010gx, SN 2010kd and CSS100217

as well as to the interacting SN 2008iy and PTF 09uj. We introduce the SN

LC fitting code MINIM developed by our Hungarian colleagues that calculates

the quality of fit, the associated uncertainties and parameter correlation. Our

goal is to determine the dominant mechanism that powers the LCs of these

extraordinary events and the physical conditions involved in each case. We

also present a comparison of our semi-analytical results with recent results

from numerical radiation hydrodynamics calculations in the particular case of

SN 2006gy in order to explore the strengths and weaknesses of our models.

We find that CS shock heating produced by ejecta-CSM interaction provides

a better fit to the LCs of most of the events we examine. We discuss the possi-
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bility that collision of supernova ejecta with hydrogen-deficient CSM accounts

for some of the hydrogen-deficient SLSNe (SLSN-I) and may be a plausible

explanation for the explosion mechanism of SN 2007bi, the pair-instability

supernova (PISN) candidate.

4.1 The Models for Supernova LCs

The analytical SN LC models that we use to fit observed SN LCs are

presented in detail in CWV12. Here, we give a review of the models and

of their physical assumptions. The derivation of those models was largely

based on the methods discussed in A80, A80, A96 making the assumptions of

homologous expansion for the SN ejecta, centrally located power input source,

radiation pressure being dominant and separability of the spatial and temporal

behavior. In the generalized solutions presented in CWV12 we have relaxed

the criterion for homologous expansion of the ejecta and also considered cases

for large initial radius as may be the case for the progenitors of some SLSNe,

as well as cases where the photosphere is stationary within an optically-thick

CSM envelope, as may be the case for luminous interacting SNe IIn. The

generalized solutions are presented for a variety of power input mechanisms

including those that have been proposed in the past.

The first power input mechanism considered is the radioactive decay

of 56Ni and 56Co (hereafter the “RD” model) that leads to the deposition of

energetic gamma rays that are assumed to thermalize in the homologously

expanding SN ejecta. As shown in CWV12, the generalized LC model in this

120



case has the following form:
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where L is the output luminosity in erg s"1, t is the time in days, MNi is the

initial nickel mass, td is the e!ective LC time scale, R0 is the initial radius

of the progenitor, v is the expansion velocity of the ejecta, tNi = 8.8 days,

tCo = 111.3 days, *Ni = 3.9! 1010 erg s"1 g"1 and *Co = 6.8! 109 erg s"1 g"1

are the specific energy generation rates due to Ni and Co decays respectively

(Nadyozhin 1994; Valenti et al. 2008). The factor (1 $ e"At!2
) accounts

for the gamma-ray leakage, where large A means that practically all gamma

rays and positrons are trapped. The gamma-ray optical depth of the ejecta

is taken to be (! = +!'R = At"2, where +! is the gamma-ray opacity of

the SN ejecta (typically # 0.03 cm2 g"1; Colgate, Petschek and Kriese 1980).

Taking into account that R0/vtd << 1 for all SNe considered in this work, the

application of Equation 1 is greatly simplified. Thus, the fitting parameters

for this model in the case of small initial radius R0 are MNi, td and A since

reasonable assumptions can be made for v based on observations. For most of

the models, A is so large as to be irrelevant.

Another input that has recently been used to explain the LCs of some

SLSNe such as SN 2008es and SN 2007bi is that of the energy released by the

spin-down of a young magnetar located in the center of the SN ejecta (hereafter

the “MAG” model; Ostriker & Gunn 1971; Arnett & Fu 1989; Maeda et al.
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2007; Kasen & Bildsten 2010; Woosley 2010). The LC of a SN powered by

such input is given by the following formula:

L(t) =
2Ep

tp
e
"[ t

2

t2
d
+

R0t

vt2
d
]
! x

0

e
[z2+

R0z
vtd

]
$
R0

vtd
+ z

%
1

(1 + yz)2
dz, (4.2)

where x = t/td and y = td/tp with td again being an “e!ective” di!usion time,

Ep the initial magnetar rotational energy and tp = the characteristic time scale

for spin-down that depends on the strength of the magnetic field. For a fiducial

moment of inertia (1045 g cm2), the initial period of the magnetar in units of

10 ms is given by P10 = (2 ! 1050erg/s /Ep)0.5. The dipole magnetic field

of the magnetar can be estimated from P10 and tp as B14 = (1.3P 2
10/tp,yr)

0.5,

where B14 is the magnetic field in units of 1014 G and tp,yr is the characteristic

time scale for spin-down in units of years. Therefore, for the MAG model the

fitting parameters are the following four: Ep, tp, R0 and td. We note that this

model assumes that the input from the pulsar is thermalized in the ejecta.

Simulations of this process show that the energy may not thermalize, but be

ejected as magneto-hydrodynamic (MHD) jets (Bucciantini et al. 2006), thus

compromising the mechanism as a model for SLSNe.

For both the RD and the MAG models, the SN ejecta mass, Mej, is

given by the following equation:

Mej =
3

10

#c

+
vt2d, (4.3)

where Mej is the mass of the SN ejecta, # is an integration constant equal to

about 13.8, and c is the speed of light. The value of Mej for a particular SN
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determined by its LC is uncertain because of the uncertainties associated with

+. For the purposes of this work we will adopt the Thomson electron scattering

opacity for fully ionized solar metallicity material (+ # 0.33 cm2 g"1). We also

adopt as a fiducial value for the expansion velocity v = 10,000 km s"1 for the

estimates presented in the Tables. The uncertainty of Mej has an important

e!ect on the criterion MNi < Mej that serves as a consistency check for the

RD model.

Another power input that is accepted as being the dominant one in the

case of some SLSNe and SN IIn is that of shock heating. Some SN progenitors

are embedded within dense CSM environments that are formed via continouus

or sporadic mass loss. When the SN explosion occurs, the SN ejecta violently

interact with the CSM producing a double shock structure composed of a

forward shock moving in the CSM and a reverse shock moving back into the

SN ejecta. Both the forward and the reverse shocks deposit kinetic energy

into the material which is then radiatively released powering the LCs of these

events. The physics of SN ejecta - CSM interaction is described in the works

of Chevalier (1982) and Chevalier & Fransson (1994). Simplified models based

on this mechanism have recently been considered as a power source for some

SN IIn (Ofek et al. 2010 in the case of PTF 09uj; Chevalier & Irwin 2011).

In addition, a few numerical radiation hydrodynamics simulations have been

performed yielding model LCs with the purpose of reproducing the LCs of

some events (Chugai et al. 2004 for SN 1994W; Moriya et al. 2011, 2013).

CWV12 presented an analytical LC model that incorporates the e!ects of
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forward and reverse shock deposited energy with those of di!usion through

an optically-thick CSM under the assumption that the shocks are deep within

the photosphere so that the typical shock crossing time scale is larger than

the e!ective radiation di!usion time scale. CWV12 also presented a hybrid

version of this model where the e!ects of energy deposition by the radioactive

decays of 56Ni and 56Co are also considered (hereafter the “CSM+RD” model),

given by the following expression:

L(t) =
1

t0
e"

t
t0

! t

0

e
t"
t0 [

2,

(n$ s)3
gn

5!s
n!s q

n!5
n!s (n$ 3)2(n$ 5)#5"s

F A
5!s
n!s

!(t$ + ti)
2n+6s!ns!15

n!s 1(tFS,BO $ t$) + 2,(
Agn

q
)
5!n
n!s#5"n

R gn(
3$ s

n$ s
)3

(t$ + ti)
2n+6s!ns!15

n!s 1(tRS,# $ t$)]dt$, (4.4)

where t0 and t$0 correspond to the di!usion time-scales through the mass of

the optically-thick part of the CSM, MCSM,th, and the sum of the mass of the

ejecta and the optically-thick part of the CSM, Mej + MCSM,th, respectively,

s is the power-law exponent for the CSM density profile, q = 'CSM,1rs1, where

'CSM,1 is the density of the CSM shell at r = r1 (we use as a fiducial value

r1 = Rp where Rp the radius of the progenitor star, thus we set the density

scale of the CSM, 'CSM,1, immediately outside the stellar envelope), gn is a

scaling parameter for the ejecta density profile, gn = 1/(4,(&$n))[2(5$&)(n$

5)ESN ](n"3)/2/[(3 $ &)(n $ 3)Mej](n"5)/2, where n is the power-law exponent

of the outer component, and & is the slope of the inner density profile of

the ejecta (values of & = 0, 2 are typical), ESN is the total SN energy, #F ,
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#R and A are constants that depend on the values of n and s and, for a

variety of values, are given in Table 1 of Chevalier (1982), 1(tFS,# $ t) and

1(tRS,#$ t) denote the Heaviside step functions that control the termination of

the forward and reverse shock respectively (tFS,# and tRS,# are the termination

time scales for the two shocks) and ti " Rp/vSN is the initial time of the CSM

interaction that sets the initial value for the luminosity produced by shocks

where vSN = [10(n$ 5)ESN/3(n$ 3)Mej]
1
2/x0 is the characteristic velocity of

the SN ejecta and x0 = r0(t)/RSN(t) is the dimensionless radius of the break

in the SN ejecta density profile from the inner flat component (described by

&) to the outer, steeper component (described by n), which is at radius r0(t).

This hybrid CSM+RD model can be easily turned into a pure CSM interaction

LC model by setting MNi = 0. Moriya et al. (2013) noted that in the case of

SN 2006gy CSM interaction is the dominant source of the input energy with

any additional energy due to 56Ni and 56Co decays found to be negligible and

not to contribute to any of the main features of the resulting LC.

The forward and reverse shock termination time-scales are given by:

tFS,# = |(3$ s)q(3"n)/n"s)[Agn](s"3)/(n"s)

4,#3"s
F

|
n!s

(n!3)(3!s)M
n!s

(n!3)(3!s)

CSM , (4.5)

and

tRS,# = [
vSN

#R(Agn/q)
1

n!s

(1$ (3$ n)Mej

4,v3"n
SN gn

)
1

3!n ]
n!s
s!3 , (4.6)

respectively. A simplifying and convenient assumption of our model is that

it does not take into account the movement of the shocks in the involved

di!usion masses (SN ejecta and CSM) which has a direct e!ect on the LC
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di!usion time-scale. In reality, the forward shock will propagate towards the

photosphere within the optically-thick CSM envelope therefore having an ever-

decreasing di!usion time that will lead to a faster evolution for the LC. This

caveat was discussed in CWV12 and underlined in radiation-hydrodynamic

models recently presented by Moriya et al. (2013). In §4.3.1.1 we present a

comparison between our CSM+RD model LC for SN 2006gy and the numerical

model obtained by Moriya et al. (2012) using the same parameters that they

used in one of their best-fitting models.

The large parameter space associated with SN ejecta - CSM interaction

is reflected by the large number of fitting parameters in this hybrid CSM+RD

model: parameters associated with the nature of the progenitor star (&, n,

vSN , Rp, Mej , MNi) and parameters associated with the nature of the CSM

(MCSM , s, 'CSM,1). Since we fix &, n and s for the model fits presented here,

we have a total of 6 fitting parameters, making fits to observed SN LCs hard

to constrain. The main fitting parameters can be used to derive other physical

quantities that give constraints on the configuration of the CSM envelope

implied by a certain fit, in particular the energy of the supernova explosion

ESN = [3(n $ 3)/(2(5 $ &)(n $ 5)]Mej(x0vSN)2 (where x0 the dimensionless

radius where the supernova ejecta density profile breaks from a flat to a steep

power-law) the radius of the photosphere within the CSM envelope, Rph, the

total radius of the CSM shell, RCSM , and the optical depth of the CSM, (CSM .

Due to the large parameter space associated with the hybrid CSM+RD LC

model, a simplified version of shock heating input, which considers the input to
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be a “top-hat” function of time, is also presented in CWV12 and can be used

for some illustrative fits (hereafter the “TH” model). In this model, constant

shock energy input Esh is injected in a di!usion mass for a time, tsh, and then

shuts o!. For this model, the output LC in the case of fixed photospheric

radius is given by:

L(t) =

#
Esh
tsh

[1$ e"(t2/2t2d+2R0t/vt2d)], t ) tsh,
Esh
tsh

e"(t2/2t2d+2R0t/vt2d)[e(t
2
sh/2t

2
d+R0tsh/vt2d) $ 1], t % tsh,

(4.7)

4.2 The Fitting Method

The semi-analytic LC models described in §4.1 were fitted to the ob-

served data by applying the !2-minimization code MINIM that was developed

by our colleagues at the Department of Optics and Quantum Electronics at

the University of Szeged, Hungary, namely Z. L. Horvath, A. Nagy and Jozsef

Vinko and implemented in C++. They also fitted the semi-analytic LC models

described in §4.1 to the observed data. MINIM uses a controlled random-search

technique, the Price algorithm (Brachetti et al. 1997), which has been ex-

tensively tested and applied for solving global optimization problems. The

algorithm treats the unknown parameters as random variables in the Np-

dimensional hyperspace, where Np is the number of parameters. The bound-

aries of the permitted values for each parameter are defined as pi(low) and

pi(high) and given to the code in the input file. The aim of the algorithm is to

find the global minimum of the !2 function within this permitted parameter
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volume.

After reading the input data, the code randomly selects Nr vectors in

the parameter hyperspace. Each vector is defined as 2p = (p1, p2, ..., pNp), and

each pi parameter is chosen as an equally-distributed random number between

pi(low) and pi(high). For each 2p vector the value of !2 is calculated. We have

applied Nr = 200, which was found to be a good compromise between reliable

convergence (i.e. finding the global minimum !2) and computation speed. The

algorithm then chooses a new trial 2p vector by combining a randomly chosen

subset of Np+1 elements from the stored vectors, and compares their !2 value

with those of the stored vectors. If a vector with a better !2 is found, then

the one with the highest !2 in the stored vector set is replaced by this new

vector. This process is iterated until the di!erence between the !2 values of

the stored vectors are less than %!2 = 1.

As a final step, the Levenberg-Marquardt algorithm is applied to fine-

tune the parameters in the lowest !2 vector produced by the Price algorithm.

The result of this routine is accepted as the best-fitting model parameter

set. The uncertainties of the fitted parameters are estimated by calculating

the standard deviation of each pi parameter in the final set of the Nr random

vectors around the best-fitting vector. Our tests with simple analytic functions

and simulated data have shown that this kind of error estimate is consistent

with using the full covariance matrix of the !2 hypersurface. An extensive

discussion of parameter correlation and degeneracy as calculated by MINIM in

the case of the CSM+RD model is presented in Appendix C.
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4.3 Fits to Observed LCs of SLSNe and Related Events

In this section we attempt to fit the semi-analytical LC models that

are given by Equations 1, 2, 4 and 7 to the observed LCs of some interesting

SN events, in order to understand which mechanism best describes their na-

ture. To do so, we use the available photometric observations of the recently

discovered SLSNe and related events that are of spectral type IIn (SN 2006gy,

2006tf, 2008am, 2008iy, PTF 09uj and CSS100217), those in the hydrogen-

deficient category defined by Quimby et al. (2011) (SN 2005ap, SCP06F6,

2008es, 2010gx) and those that are candidates to be PISNe and similar events

(SN 2007bi, 2010kd). A recent review by Gal-Yam (2012) classifies SLSNe in a

similar manner, referring to hydrogen-rich events as SLSN-II and to hydrogen-

poor events as SLSN-I. In our classification scheme, the SLSN-I category in-

cludes SLSN-R events which are hypothesized to be powered by large amounts

of radioactive 56Ni (for example, SN 2007bi). A summary of the basic charac-

teristics of the sample of SNe studied in this work is presented in Table 4.1.

The fitting is done using the chi-square minimization code described in §4.2.

We note that in some cases the fitting is ill-constrained due to the small num-

ber of data points and the presence of many fitting parameters. We also note

that estimates for the di!usion or SN ejecta mass, Mej , provided by Equation

3 for the RD, MAG and TH models, are uncertain because of the uncertainty

in the optical opacity, +, but also due to the intrinsic uncertainty in the fit-

ted value for the LC time-scale, td, which is dependent upon the explosion

time, texp, another parameter that for most SLSNe is not well-constrained.
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A summary of the fitting parameters is given in Tables 4.3-4.6 and the fits

are presented in Figures 4.2, 4.3 and 4.4. Tables 4.3 and 4.4 present the RD,

MAG and TH model fitting parameters for hydrogen-rich and hydrogen-poor

events, respectively. Tables 4.5 and 4.6 present the CSM+RD model fitting

parameters. For the hybrid CSM+RD model we assume & = 2 and n = 12 for

the SN ejecta inner and outer power-law density profile slopes respectively in

all cases. The range in fitted parameters for various models that give approxi-

mately equally good fits yield some notion of the range of parameters in viable

model space. Ideally, we would incorporate the density slope of the CSM, s,

as a parameter to be fitted. This can be done, but substantially increases the

computation time. Here we have investigated two relevant values of s, 0 and

2, and randomly varied other parameters.

4.3.1 Hydrogen-rich Events (SLSN-II)

In this section we present fits to events classified as Hydrogen-rich due

to the presence of Balmer emission lines in their spectra. All of these events

fall in the Type IIn category with most of them being SLSN-II (SN 2006gy,

SN 2006tf, SN 2008am, CSS100217) and some normal luminosity SNe IIn with

interesting LC features (SN 2008iy, PTF 09uj).

4.3.1.1 SN 2006gy: A comparison with results by radiation hydro-
dynamics calculations.

The archetypical SLSN IIn SN 2006gy was discovered by the Texas Su-

pernova Search (TSS) project and first presented by Smith et al. (2007). In
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CWV12 we presented an indicative fit of the hybrid CSM+RD model to the ob-

served KAIT LC of SN 2006gy (Smith et al. 2007) and provided a discussion of

the event in the context of a variety of LC powering mechanisms. Moriya et al.

(2012) presented 1-D radiation hydrodynamics simulations of SN ejecta with

CSM envelopes with power-law density profiles for several power-law indices

(s = 0, 2 and 5) performed with the code STELLA (Blinnikov & Bartunov

1993). Moriya et al. (2013) also present a comparison of their numerical LC

with our analytical model using the same parameters as presented in CWV12

and note several discrepancies between the two (their section 6.4 and Figure

14). We therefore find it interesting to further compare our approximate mod-

els with their numerical results for SN 2006gy in order to better assess the

limitations and weaknesses due to the assumptions made for the analytical

models.

To do so, we pick the parameters given for model F1 of Moriya et

al. (2013), which is one of their models that best reproduces the observed

LC of SN 2006gy. For this model we have: ESN = 1052 erg, Mej = 20 M!,

MCSM = 15 M!, & = 1, n = 7, s = 0 and MNi = 0. The outer radius of the

CSM is RCSM,o = 1.1 ! 1016 cm and the inner radius RCSM,i = 5 ! 1015 cm

giving a thickness of the CSM shell of %R = 6! 1015 cm. While our radii are

di!erent, our %R is the same as Moriya et al. (2013). Thomson scattering is

the dominant source of opacity in the CSM beyond the forward shock in the

simulations of Moriya et al. (2013) and has the value + = 0.34 cm2 s"1 for a

solar mixture (X = 0.7), but it is calculated self-consistently in the radiation
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hydrodynamics calculations. The radius of the progenitor star is not a pa-

rameter considered in the simulations of Moriya et al. (2013) who start their

simulations by considering freely expanding SN ejecta with a density profile

that is described by Chevalier & Soker (1989). It is likely that the progenitors

of those SNe are large, therefore we adopt Rp to be in the range # 1013-1014 cm

consistent with either blue supergiant stars (BSG) or RSG stars. Moriya et

al. (2013) consider the collision between the SN ejecta and the CSM shell to

be inelastic, therefore associated with an energy conversion e"ciency. For the

F1 model, it is determined that only 29% of the total SN energy is converted

to radiation yielding Erad = 2.9 ! 1051 erg. In our semi-analytical hybrid

CSM+RD model the conversion e"ciency of the shock kinetic energy to ra-

diation is assumed to be 100%. Additionally, in order to take into account

multi-dimensional e!ects such as Raleigh-Taylor instabilities (present in the

dense CSM shell) in 1-D calculations Moriya et al. (2013) consider a “smear-

ing” parameter Bq. Taking these model variations into consideration together

with the uncertainty associated when converting ROTSE magnitudes to bolo-

metric luminosities induce a general uncertainty in the value of ESN . Moriya

et al. (2013) estimate ESN to be greater than 4! 1051 erg for SN 2006gy.

Keeping in mind the above-mentioned uncertainties in the values of

ESN , Rp and + we present several variations of the model F1 LC in Fig-

ure 4.1 and Table 4.2 as calculated with our semi-analytical CSM interaction

model presented by Equation 4. We do not attempt to formally fit the LC of

SN 2006gy using MINIM for parameters close to those of Moriya et al. (2013),
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but rather explore how closely our models agree with theirs for similar pa-

rameter choices. In the top left panel of Figure 4.1 we present model C1 with

ESN = 2.2!1051 erg, Rp = 1013 cm, RCSM = 2.4!1015 cm and + = 0.2 cm2 s"1.

This value of + is suitable for a hydrogen-poor CSM. Although this is not the

case for SN 2006gy, this choice allows for the fact that one of the assumptions

of the semi-analytical model is that the energy deposition from the forward and

reverse shocks takes place at a constant radius deep within the CSM while, in

reality, the double-shock structure moves outwards in radius reaching smaller

and smaller optical depths and resulting in ever-decreasing di!usion time-

scales. As a result, a way to account for this di!usion time-scale decrease in

our model is to assume a smaller “e!ective” optical opacity.

It can be seen in Figure 4.1 that this model represents well the rising

part and the peak luminosity of the LC of SN 2006gy, but has di"culty fitting

the post-maximum decline. A much better result is obtained for an even

smaller choice for + (0.09 cm2 s"1) and for ESN = 1.7! 1051 erg, Rp = 0.9!

1013 cm and RCSM = 2! 1015 cm (upper right panel, model C2). In the lower

left panel we present three more variations of the Moriya et al. (2013) F1

model that use the same ESN = 1052 erg, Rp = 1014 cm and + = 0.33 cm2 s"1,

but with varying slope of the ejecta density profile and the mass of the CSM

(n =7, MCSM = 15 M! for the red curve fitted in the open circles (model

C3); n =12, MCSM = 15 M! for the green curve fitted in the open squares

(model C4); n =12, MCSM = 5 M! for the blue curve fitted in the open

triangles (model C5)). The open circles, squares and triangles represent the
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same SN 2006gy LC data moved in the time axis by di!erent constant values

(days) in order to best match the corresponding models. We note that for

these models we had to scale down the resulting luminosities by factors of 5-7

in order to fit the SN 2006gy data. As we noted above, this uncertainty results

from the fact that we assume 100% conversion e"ciency from kinetic energy

of the shocks to radiation in our model (leading to more luminous outputs).

Decreasing the luminosity is roughly equivalent to decreasing the conversion

e"ciency. Also, we recall that our LC of SN 2006gy is constructed assuming

a zero BC for the ROTSE data. The BC for such a complex luminous SN IIn

is expected to be large and to vary with time as the LC evolves, especially

due to the fact that the bulk of the shock deposited energy is emitted at short

wavelengths (UV and soft X-rays) particularly in early epochs (Chevalier &

Fransson 1994). It can be seen that model C4 best reproduces the LC of

SN 2006gy. This model uses the same parameters as the F1 model of Moriya

et al. (2013) with a di!erent choice for n (12 instead of 7 that corresponds

better to the SN ejecta density profile slope for an RSG progenitor star) and

the luminosity scale-down by a factor of # 7.

The comparisons of the semi-analytical versions of the F1 model of

Moriya et al. (2013) with the observed LC of SN 2006gy presented above

lead to the main conclusion that, within the uncertainties associated with the

semi-analytic model and its simplifying and convenient assumptions, it can

be a useful tool to provide estimates of the physical parameters associated

with SLSN-II. The considerable di!erences between the first version of our
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hybrid CSM+RD model for SN 2006gy that we presented in CWV12 and the

numerical LC of Moriya et al. (2013) for the same parameters are partially

attributable to the large parameter space associated with SN ejecta - CSM

interaction that makes it hard to find an “absolute” minimum value for !2

representing the true best-fit to the LC data. It is possible that there are

several combinations of the semi-analytic CSM interaction model parameters

that produce fits of similar quality but for which more accurate, numerical LCs

might not be good representations of the observed LC. This was the case for

the initial CSM+RD model we presented for the LC of SN 2006gy in CWV12.

For this reason we think it is useful to use the semi-analytical models in order

to obtain a number of good fits corresponding to !2 minima and then to use

those fits as starting points to perform more computationally expensive and

physically self-consistent numerical radiation hydrodynamics simulations that

will certainly clarify which parameter choice best matches observed LC data.

To illustrate the fact that a good fit is obtained with many combinations

of parameters in our models (especially the CSM+RD model), we present the

lowest !2 fits of the semi-analytical models to the observed LC of SN 2006gy in

the upper left panel of Figure 4.2. Our best-fit CSM+RD model is found to in-

volve the interaction between # 10.7± 0.1M! of SN ejecta and# 5.2± 0.2M!

of a constant density CSM shell. The fitted CSM shell density implies an av-

erage mass-loss rate of Ṁ = (2.0± 0.3)! 10"3 M! yr"1, assuming a constant

wind velocity of # 10 km s"1 that, in turn, would imply that the mass-loss

from the progenitor star happened during the last t " M/Ṁ # 2500 years
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before the SN explosion. The total optical depth of the CSM shell around

SN 2006gy is estimated to be # 40. Another possibilty is to adopt a higher

wind velocity of # 1000 km s"1 which, keeping the density of the CSM shell,

'CSM,1 fixed to the fitted value presented in Table 4.5, implies a higher mass-

loss rate of 0.2 M! yr"1. In this case the CSM shell would have been ejected

at time t " M/Ṁ # 25 years prior to the SN explosion suggesting that the

progenitor of SN 2006gy was most likely an LBV-type star, as proposed by

Smith et al. (2007). As noted in CWV12, models based on steady-state winds,

s = 2, do not produce good fits.
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Figure 4.1 Model LCs for the hybrid CSM+RD model compared to the ob-
served LC of SN 2006gy for parameters similar to those of model F1 of Moriya
et al. (2013; dashed black curves - scaled by a factor of 1.6 to fit the observed
LC of SN 2006gy). Upper left panel: CSM+RD model C1. Upper right panel:
CSM+RD model C2. Lower left panel: CSM+RD model C3 (red curve fit-
ted to open circles, scaled down by a factor of 5 in luminosity). CSM+RD
model C4 (green curve fitted to open squares, scaled down by a factor of 7 in
luminosity). CSM+RD model C5 (blue curve fitted to open triangles, scaled
down by a factor of 5 in luminosity). The CSM+RD model parameters are
detailed in Table 2. The open circles, squares and triangles represent the same
data for the LC of SN 2006gy but moved by a constant amount of days on
the time axis to best fit the corresponding model. The green curve provides a
reasonable fit to the observations.
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4.3.1.2 SN 2006tf

SN 2006tf was a strongly interacting Type IIn SN discovered by the

TSS project (Smith et al. 2008). The B,V,R and I band LC of SN 2006tf

was constructed using observations from the KAIT telescope. The SN was

discovered after peak luminosity so the explosion date of SN 2006tf remains

uknown. This will have an impact on the parameters of the models that we

attempt to fit below. As an initial value for the explosion date, we adopt

MJDexpl = 54050 which is 50 days prior to the first photometric observation

by the KAIT R-band and within the range proposed by Smith et al. (2008).

The spectra of SN 2006tf were characteristic of the Type IIn subclass show-

ing strong intermediate-width emission features of H. The H" features had

FWHM" 2,000 km s"1. We stress that is value does not directly reflect a

characteristic fluid velocity value due to the the ambiguity of the interpreta-

tion of the line widths which are a!ected by several broadening mechanisms

(see Smith et al. 2012; CWV12). SN 2006tf exhibited spectroscopic similari-

ties with other SLSNe such as SN 2006gy (Smith et al. 2007) and SN 2008am

(Chatzopoulos et al. 2011) and, given the duration of its observed LC, it is

considered a classic example of a Type IIn event associated with a massive

progenitor (Smith et al. 2008).

We use the available KAIT R-band LC of SN 2006tf converted to bolo-

metric luminosity (BC=0) to test our models. The upper right panel of Figure

4.2 presents the best fit for each model. The RD and MAG best-fit mod-

els are eliminated due to the SN ejecta and 56Ni mass inconsistency (Table
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4.3) and the spectral characteristics that show clear signs of CSM interac-

tion, respectively (without eliminating the possibility that the bulk of the

energy was supplied by magnetar spin-down but CSM interaction was simul-

taneously relevant). Therefore, only the CSM interaction-related models (TH

and CSM+RD) are left as the best LC powering mechanisms for SN 2006tf.

The uncertaintly in the explosion date, however, induces an uncertainty in

the fitted td and implied Mej values implying the explosion of a large star

(ESN = 3.15!1051 erg, Mej = 33.6 ± 1.7 M!) within a # 4.7 ± 0.3 M! CSM

shell with large optical depth (# 560) that is located 1015 cm away from the

progenitor.

4.3.1.3 SN 2008am

SN 2008am was another bright explosion discovered by the ROTSE

Supernova Verification Project (RSVP) (Chatzopoulos et al. 2011). The

ROTSE-IIIb telescope followed up SN 2008am photometrically for over# 150d.

The spectra determine the redshift of the event to be z = 0.2338. For stan-

dard &-CDM cosmology this redshift translates to a distance of " 1121 Mpc

making SN 2008am one of the most luminous explosions discovered with peak

ROTSE magnitude -22.3 mag. The spectra show classic Type IIn Balmer and

HeI emission lines with typical FWHM # 1,000 km s"1. As for the case of

SN 2006gy, the width of the emission lines may be attributable to electron

scattering e!ects and not to true bulk kinematic motion. Chatzopoulos et al.

(2011) used the ROTSE LC of SN 2008am to determine the explosion date of
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MJDexpl = 54438.8 ± 1.

For the purposes of this work, we will use the ROTSE LC which has

many data points and contains data on the rise. This use of the ROTSE

LC is in accord with the analysis we did for other events discussed here. We

convert the ROTSE LC to a pseudo-bolometric one assuming BC=0. The

results of our model fits to the LC of SN 2008am are illustrated in the lower

left panel of Figure 4.2. The RD best-fit model shows a large discrepancy

between Mej and MNi which makes it an improbable scenario for SN 2008am.

Similarly, the best-fit MAG model implies too small Mej and Rp to be con-

sistent with a SN explosion. Therefore we are left with CSM interaction (the

hybrid CSM+RD model and its simplified version, the TH model) as the

most plausible candidates for the LC of SN 2008am. The CSM+RD model

gives ESN " 1.3 ! 1052 erg, Mej = 48 ± 8 M!, MCSM = 4.9 ± 0.3 M! and

RCSM # 1015 cm indicating a massive progenitor for the event which died as

an energetic CCSN. The optical depth of the CSM is # 630 indicating that

di!usion e!ects pertain for most of the duration of the LC of SN 2008am,

in agreement with the implications from the spectra and the photometry and

with the results of Chatzopoulos et al. (2011), who concluded that optically-

thick ejecta-CSM interaction was the most likely explanation for SN 2008am.

Finally we note that the fitting results we obtain for the simplistic TH model

version of CSM interaction here are also close to the ones initially presented

by Chatzopoulos et al. (2011).
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4.3.1.4 SN 2008iy

The Catalina Real-Time Transient Survey (CRTS; Drake et al. 2009a)

discovered SN IIn 2008iy. SN 2008iy is not a SLSN, but has the longest rise

time to maximum luminosity known in the history of SNe (# 400d; Miller et al.

2010). Miller et al. (2010) present an extensive photometric study of SN 2008iy

in the IR (PAIRITEL), Optical (Nickel and DS) and UV (Swift) bands. Study-

ing the pre-explosion CRTS frames, Miller et al. (2010) accept the explosion

date to be MJDexpl = 54356, and allow for an uncertainty of approximately

50 days prior to that. Keck LRIS and Kast Lick-3m Shane telescope spectra

confirmed SN 2008iy as a classic SN IIn with strong intermediate-width H

and He emission features. The characteristic velocity implied by the FWHM

of the H" line is # 5,000 km s"1. Miller et al. (2010) marginally detect P

Cygni profiles associated with late-time (# 911d after discovery) H" features

that give a hint of photospheric expansion associated with SN 2008iy. The

redshift of SN 2008iy is z = 0.0411. The extremely long rise time of SN 2008iy

prompted Miller et al. (2010) to adopt a scenario of extensive CSM interaction

as a natural explanation for this event. They specifically discussed a model of

interaction with CSM clumps (Chugai & Danziger 1994) in which the number

density of the clumps increases over a radius of # 1.7 ! 1016 cm from the

progenitor.

To test this hypothesis, as well as the other LC models that we consider

in our study, we convert the available DS and Nickel I-band LC of SN 2008iy

to a pseudo-bolometric one, assuming BC=0. The DS band is similar to the
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SDSS i$ band, so also in good agreement with Nickel I-band. We determine the

best fits of our RD, MAG, TH and CSM+RD models to the LC of SN 2008iy

and present our results in the lower right panel of Figure 4.2. We note that

due to the fact that the maximum of the LC of SN 2008iy is not constrained

by the data, there will be corresponding uncertainties induced to our model fit

parameters. The best-fit RD and MAG models for the LC of SN 2008iy imply

very large associated Mej , primarily due to the long duration of the LC which

corresponds to a large td value. Neither of these models naturally accounts

for the spectroscopic characteristics of the SN which indicate continuous CSM

interaction, so we do not consider them to be good candidates for this event.

As a result, CSM interaction is also the best scenario for SN 2008es. Our

best-fit CSM+RD model implies a very massive, extended and dense CSM

shell (MCSM = 39 ± 2 M!, RCSM = 4 ! 1015 cm) that was impacted by

slow SN ejecta of similar mass (Mej = 36 ± 9 M! with ESN = 2! 1050 erg).

The implied large total mass involved in this system (# 75 M! for CSM shell

and SN ejecta) might imply an initially large mass progenitor star that lost a

significant fraction of its mass in the course of its life. This mass-loss could have

happened quiescently (in the form of steady-state winds), or episodically via

multiple LBV or PPISN type shell ejections. Our model for CSM interaction

for this event, is not nessesarily in contradiction with the clumpy CSM model

discussed in Miller et al. (2010), in which the CSM clump number density

around the progenitor of SN 2008iy increases with radius. It is natural to

assume that the actual CSM environments around SN progenitors are more
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complex than constant density shells. On the other hand, the assumptions and

estimates that are considered in the clumpy CSM model are also simplified.

We therefore propose the CSM shell interaction model that we present here

as an alternative and complementary interpretation to the one presented by

Miller et al. (2010) for SN 2008iy.

4.3.1.5 PTF 09uj

The Palomar Transient Factory reported the discovery of the transient

PTF 09uj that was identified as a Type IIn event (Ofek et al. 2010). This

object is not a SLSN but has been modeled with CSM interaction, so we include

it in our own study. PTF 09uj was discovered during its rise to maximum

light by the Oschin 48-inch Schmidt telescope (P48) at Palomar Observatory.

Pre-explosion images by GALEX constrained the explosion time of the SN

to be MJDexpl = 55000, which was used for the LCs presented by Ofek et

al. (2010). P48 R-band and P60 r-band follow up photometry of the event

was presented in the same work. A Lick spectrum obtained around peak

luminosity revealed emission lines of H and He, typical for Type IIn events.

Only a hint of P Cygni absorption associated with H" was detected (Ofek et

al. 2010). The Lick spectrum was also used to determine the redshift of the SN

(z = 0.065). Ofek et al. (2010) interpreted PTF 09uj with a model of ejecta-

CSM interaction, where the CSM is a dense wind (s = 2). The same study

derived the characteristic values Ṁ = 0.1 M! yr"1 and vw = 100 km s"1 for

the mass-loss rate and the velocity of the wind of the progenitor star. Under
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these assumptions the whole LC of this event is powered by CS shock breakout

from the optically-thick part of the wind. To derive these estimates, Ofek et

al. (2010) took the di!usion time to be equal to the time of shock-break out

and assumed a value vsh = 10,000 km s"1 as the typical velocity of the CS

shock, which we will also adopt for the purposes of our study.

We convert the P48 R and P60 r-band LC of PTF 09uj to pseudo-

bolometric assuming BC=0 and we fit our four semi-analytical models to it.

Our results are presented in the upper left panel of Figure 4.3. As can be seen

by the derived fitting parameters in Table 4.3, the RD and MAG models are

immediately ruled out mainly due to the unrealistically small Mej values in

the context of a SN explosion, but also due to the extremely high magnetic

field (> 1015 G) derived for the best-fit MAG model. Therefore the next step

is to seek CSM+RD models that involve interaction either with a constant

density CSM shell (s = 0) or a dense steady-state wind (s = 2) as used

by Ofek et al. (2010). In the s = 0 case, a relatively soft explosion or pulse

(ESN = 1050 erg) ejects a small amount of mass (# 1.5± 0.1M!) that interacts

with a CSM shell of # 0.032 ± 0.001M!. The derived average mass-loss rate is

< Ṁ >= 0.15 ± 0.01 M! yr"1 assuming constant wind velocity of 10 km s"1;

however this implies that, for the fitted parameters, the shell was ejected only

# 0.2 years (# 2.5 months) prior to the explosion, a surprisingly short period.

Alternatively, PTF 09uj could be the result of SN ejecta interaction with a

dense r"2 steady-state wind, in accordance with the findings of Ofek et al.

(2010). Our best-fit CSM+RD, s = 2 model presented as the red dotted
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curve in the upper left panel of Figure 4.3 implies Mej = 37.4 ± 2.3 M! and

MCSM = 0.16 ± 0.01 M! of steady-state wind CSM shed by the progenitor

star with a mass-loss rate of # 0.033 ± 0.002 M! yr"1, using the fiducial wind

velocity of 10 km s"1, which corresponds to # 5 years of continuous mass-loss

prior to the SN explosion. For the higher wind velocity of 100 km s"1 adopted

by Ofek et al. (2010) we obtain Ṁ = 0.33 ± 0.02 M! yr"1 which is close to

the value 0.1 M! yr"1 that they estimated. Therefore we also conclude that

a CSM interaction model that involves collision of SN ejecta from a massive

progenitor with an optically-thick steady-state wind is the most likely scenario

for this low luminosity Type IIn event.

4.3.1.6 CSS100217:102913+404220

CSS100217:102913+404220 (hereafter CSS100217) was discovered on

February 17, 2010 (Drake et al. 2011). Drake et al. (2011) determine the

redshift of the host of CSS100217 spectroscopically to be 0.147, implying a

distance of 680.4 Mpc for the event assuming standard &-CDM cosmology. At

this distance, and assuming Milky-Way extinction of E(B $ V ) = 0.1426 at

the position of the SN, the absolute magnitude of CSS100217 is MV = -22.7

approximately 45d after the discovery corresponding to an optical luminosity

of 1.3!1045 erg s"1 making the event one of the most luminous ever discovered.

Multi-wavelength photometry was obtained though the course of the transient

in the radio, near-IR, optical and UV. The transient was also detected by the

Swift XRT in the 0.2-10 keV band as a soft source. The photometric data
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yield a total radiated energy of # 1.2 ! 1052 erg over a period of # 287 rest-

frame days. The spectra of CSS100217 are similar to those of SN 2008iy and

other Type IIn SN and show narrow Balmer emission lines indicating that

the mechanism that powered that event is most likely strong interaction of

SN ejecta with a massive CSM medium. Drake et al. (2011) also consider

alternative scenaria such as AGN variability or a tidal disruption event (TDE)

which they rule out based on arguments related to the spectroscopic evolution

of the event.

We convert the CSS LC of CSS100217 (corresponding to V-magnitudes)

to bolometric in accord with Equation 1 of Drake et al. (2011) and the

assumptions discussed therein. The conversion yields a peak luminosity of

# 4 ! 1044 erg s"1, consistent with the one cited by Drake et al. (2011), at

# 73 d after explosion in the rest-frame assuming MJDexpl = 55160, the time

that the first real detection of the transient was recorded. We fit all four LC

models considered here to the LC of the event and present the result in the

upper right panel of Figure 4.3. The large luminosity and duration of the LC

of CSS100217 makes the RAD and MAG models physically impossible for this

event: the best-fit RAD model implies a 56Ni mass of # 105 ± 142 M! needed

to power the explosion while the best-fit MAG model implies an extremely fast

magnetar (with initial rotational period of 1 ms) but with a magnetic field be-

low that of a typical magnetar (1.5! 1013 G). Only models that involve some

form of CSM interaction and shock deposited energy seem to be possible for

this event (TH and CSM+RD). Our best-fit CSM+RD model, however, im-
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plies an extreme value for the mass of the CSM shell (MCSM # 78.3 ± 0.7 M!)

which is also found to extend to large radius (RCSM = 6.4 ! 1015 cm). Simi-

lar high CSM mass values are also obtained in the case of the simplified TH

model (MCSM # 86 M!). The underlying SN explosion in the case of the

hybrid CSM+RD model is found to be highly energetic with ESN # 1053 erg

and to have Mej # 100 ± 4 M!. These parameters imply that either the pro-

genitor star of CSS100217 was extremely massive and su!ered from extreme

mass-loss in the thousands of years preceeding the explosion, or that the star

was embedded within a pre-existing optically-thick CSM cloud with typical

density of # 10"13 g cm"3.

4.3.2 Hydrogen-deficient Events (SLSN-I/SLSN-R)

In this section we present fits of our models to events which show no

signs of hydrogen in their spectra. All of these events are SLSNe but some

seem to be associated with CSM interaction (SLSN-I events: SN 2005ap,

SCP06F6, SN 2008es, SN 2010gx) while some others with PISN (SLSN-R

events: SN 2007bi, SN 2010kd). We consider that the CSM around some pro-

genitors of SLSNe could be H-poor (Chatzopoulos & Wheeler 2012b) leading

to interaction with di!erent spectral characteristics including the absence of H

emission lines. o In addition, Quimby et al. (2011) propose that some of those

objects represent the luminous output due to shell collisions from a pulsational

pair-instability SN (PPISN) (Woosley, Blinnikov & Heger 2007; Kasen et al.

2008).
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4.3.2.1 SN 2005ap

SN 2005ap was the first SLSN discovered by the Robotic Optical Tran-

sient Search Experiment (ROTSE) telescopes of the TSS program (Quimby

et al. 2007). The only available LC of SN 2005ap was that taken from the

ROTSE-IIIb telecope. Even though the S/N ratio was moderate, the post-

maximum evolution of the LC of SN 2005ap shows a fast decline. The exact

explosion date of the event is not well-constrained, but Quimby et al. (2007)

adopt a value 7-21 days before maximum based on comparisons with SN IIL

template LCs. Spectra of SN 2005ap showed broad P Cygni features of C, N

and O that correspond to a velocity of # 20,000 km s"1. The spectra also

indicate a redshift of z = 0.2832 for SN 2005ap, which means that the peak

absolute unfiltered magnitude of SN 2005ap was -22.6 mag. Quimby et al.

(2011) put SN 2005ap in the same category as the recently discovered pecu-

liar transients SCP06F6 (Barbary et al. 2008), PTF09cwl, PTF09cnd and

PTF09atu. Recently, Ginzburg & Balberg (2012) presented a SN ejecta-CSM

interaction scenario for SN 2005ap in which the LC of the event is the result

of the violent collision between equal mass (# 15 M!) SN ejecta and steady-

state wind (r"2) CSM. Here we consider an s = 0 constant density CSM shell

instead that may be more consistent with episodic, LBV-type mass-loss that

is implied by the high mass-loss rate suggested for the event.

We convert the SN 2005ap ROTSE LC to rest-frame pseudo-bolometric

LC by assuming zero bolometric correction (BC). We then fit the semi-analytical

models described in §4.1 to the pseudo-bolometric LC of SN 2005ap in order to
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determine which models best describe the observations as well as to compute

the relevant fitting parameters. The lower left panel of Figure 4.3 shows our

results. As can be seen from the relative fitting parameters for SN 2005ap pre-

sented in Table 4.4, the RD model is unphysical for this event due to the large

discrepancy between the total SN ejecta and the 56Ni masses. The MAG and

the CSM+RD models provide the best fits to the LC of SN 2005ap; however

it is hard to favor one versus the other due to the lack of indicative features

in the spectra of the event, like narrow lines of H or He that would indicate

H-rich CSM interaction. The CSM+RD model fit for SN 2005ap implies inter-

action of # 7.4 ± 0.7 M! of SN ejecta with a # 1.2 ± 0.1 M! constant density

CSM shell. The energy of the SN explosion in this framework is found to be

# 5 ! 1051 erg and the CSM shell to be at a radius of RCSM " 8 ! 1014 cm

with total optical depth of # 200. Although a relatively high value for MNi

(# 3.6 ± 1.5 M!) is found we obtain practically the same LC model for

SN 2005ap with MNi = 0. We conclude that SN 2005ap is most likely an

interacting event: either the result of SN ejecta colliding with a dense CSM

shell ejected from an LBV-type progenitor or interactions of ejected shells in

the context of a PPISN, as suggested by Quimby et al. (2011).

4.3.2.2 SCP06F6

SCP06F6 was a controversial transient event discovered by Barbary

et al. (2009). The LC of SCP06F6 was constructed by observations in the

F850LP (similar to SDSS z$) and F775W (similar to SDSS i$) filters of the
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Advanced Camera for Surveys (ACS) Wide-Field Camera mounted on the

Hubble Space Telescope (HST). The LC of SCP06F6 is fairly symmetric in

shape with a rise time-scale close to its decline time-scale. The redshift of

SCP06F6 remained unknown for over two years due to its peculiar spectrum.

Three optical spectra obtained with the Very Large Telescope (VLT) Low

Dispersion Spectrograph 2 (FORS2), Keck-LRIS and Subaru-FOCAS showed

unidentified broad absorption features in the blue. Works by Gaensicke et al.

(2009), Soker et al. (2010) and Chatzopoulos et al. (2009) made attempts to

identify the nature of these features and determine the redshift of SCP06F6

unsuccesfully. Quimby et al. (2011) associated the spectrum of SCP06F6 with

spectra of other similar recently discovered Palomar Transient Factory (PTF)

transients (PTF09cwl, PTF09cnd and PTF09atu) and determined the redshift

of SCP06F6 to be z = 1.189. The same work identified the controversal broad

spectral features as Fe/Co blends and NiIII, OII and SiIII lines.

Using the observed broad-band LCs of SCP06F6, we construct the

rest-frame pseudo-bolometric LC following the technique described in Chat-

zopoulos, Wheeler & Vinko (2009) for the currently accepted redshift of the

event. We fit our semi-analytical models to the pseudo bolometric LC of

SCP06F6 for which we consider the explosion date of the event well con-

strained, as determined by the data presented in Barbary et al. (2009), to

be MJDexpl = 53772.3. The lower right panel of Figure 4.3 presents the fits

of all models discussed here to the LC of SCP06F6. The symmetric LC of

SCP06F6 can be better fit by the CSM+RD model and the fit is superior to
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any of the models explored by Chatzopoulos, Wheeler & Vinko (2009) who

struggled to reproduce the symmetric LC and account for the late-time lu-

minosity. However, even this !2-minimization CSM+RD model fit presented

here has di"culty fitting the first data point and misses the last data point by

about # 5-$. This is due to the fact that MINIM converged to a fit based on

the main LC data points around peak luminosity which had small error bars.

The di"culty in fitting the late time luminosity of SCP06F6 is also discussed

in Chazopoulos, Wheeler & Vinko (2009) where RD models that account for

the e!ects of hydrogen recombination based on Arnett & Fu (1989) are pre-

sented and arguments that involve possible dust extinction at late times are

discussed. The CSM+RD best-fit model implies interaction between SN ejecta

and a CSM shell of constant density at a large radius (RCSM " 3 ! 1015 cm)

with nearly masses # 7.4 ± 0.7 and # 1.2 ± 0.1 M! respectively.

4.3.2.3 SN 2007bi

Gal-Yam et al. (2009) reported the discovery of the best candidate

for a PISN explosion to date, SN 2007bi, by the Supernova Factory (SNF)

program (Aldering et al. 2009). Palomar-60 (P60) R-band photometry of

SN 2007bi was obtained for over # 130d period at the rest frame of the SN. The

explosion date of SN 2007bi is uncertain which induces an uncertainty in the

models applied to explain the LC of the event. We adopt as a reference value

MJDexpl = 54089, which is 70 days before peak R-magnitude, in accordance

with the range proposed by Gal-Yam et al. (2010). The explosion date will be
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a fitting parameter for the LC of this SN in our work. The spectra of SN 2007bi

do not show signs of CSM interaction and H and He features are not detected.

Strong Ca, Mg and Fe features and Ni/Co/Fe blends are identified close to

the NUV part of the spectrum (Gal-Yam et al. 2010). Spectral fits provide

us with an estimate of the characteristic velocity of v = 12,000 km s"1. The

lack of H and He features led to the classification of this event as a SN Ic

explosion. Also, the lack of evidence for a SN IIn CSM interaction and the

long duration and high luminosity of the event make it a good candidate for a

PISN explosion (Gal-Yam et al. 2010). Other proposed models for SN 2007bi

are an energetic CC explosion (Moriya et al. 2010) and a magnetar spin-down

model developed by Kasen & Bildsten (2010) and Woosley (2010).

We use our semi-analytical models to test the proposed theories for

the nature of SN 2007bi. The results of our model fits are presented in the

upper left panel of Figure 4.4. Although the RD model shows the Mej < MNi

inconsistency, we cannot certainly rule it out due to the large uncertainty

associated with + for SN 2007bi leading to large uncertainties in the value of

Mej . As mentioned before, the values of Mej cited in Table 4.4 for the RD

model assume a Thomson scattering opacity for solar mixture (0.33 cm2 g"1)

but the spectra of SN 2007bi indicate H-poor material that would possess a

smaller opacity that would imply a somewhat largerMej . In addition the rising

part of the LC of SN 2007bi is not well constrained and that is reflected in the

fitted value of td which is used for the determination of Mej . As a result we

cannot definitively rule out our best-fit RD model for SN 2007bi. Moreover,
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this model implies a nickel mass consistent with the range predicted by the

numerical results of Gal-Yam et al. (2010) (3 M! < MNi < 11 M!).

The MAG model that we present here also provides a good fit to the LC

of SN 2007bi. The derived magnetar parameters are Pi = 2.7 ms for the initial

period of the magnetar and B = 1.3! 1014 G for the poloidal magnetic field.

Those values are in agreement with the ones expected in the case of magnetar

fields arising in an "-# dynamo (Duncan & Thompson 1992). They are also

close to the values estimated by Kasen & Bildsten (2010) (B = 2.5 ! 1014 G

and Pi = 2 ms). The mass of the SN ejecta within this class of model is 7 M!.

The hybrid CSM+RD model presented here implies an energetic CCSN

explosion (ESN = 5 ! 1051 erg) that ejected # 44 ± 3 M! that subsequently

collided with a # 4.3 ± 0.3 M! CSM shell at a distance of # 1015 cm from the

progenitor. In this framework the progenitor of SN 2007bi must be quite mas-

sive, but the mass we derive is still not su"cient to encounter pair-instability

and produce a PISN according to models of the phenomenon (Heger &Woosley

2002 ; Chatzopoulos & Wheeler 2012a; Yoon, Dierks & Langer 2012).

Following Miller et al. (2008) for the case of the SN 2008es, as well

as the same arguments we presented in the discussion for SN 2005ap and

SCP06F6, we consider it to be ambiguous whether or not the lack of SN

IIn emission features in the spectrum of SN 2007bi automatically constitutes

absence of appreciable contribution from ejecta-CSM interaction to the lu-

minosity output of the event. Detailed radiation hydrodynamics modeling

(that includes treatment of line transfer) of SN powered by all the proposed
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mechanisms is needed to decide whether the apparent spectral properties of a

particular event are consistent with all or some of the models. Therefore, at

this point it is di"cult to decide which power input mechanism best describes

the case of SN 2007bi. We can fit the LC with a CSM interaction model and

we conclude that the nature of this event remains controversial.

4.3.2.4 SN 2008es

Another bright SLSN discovered by ROTSE-IIIb and the RSVP pro-

gram was SN 2008es (Gezari et al. 2009). The ROTSE-IIIb telescope man-

aged to capture this event before maximum light which allowed Gezari et al.

(2009) to constrain the explosion date of the event (MJDexpl = 54574 ± 1).

Post-maximum photometric observations of SN 2008es were obtained in IR

(PAIRITEL; Miller et al. 2008), optical (KAIT, Nickel, PFC, UVOT; Miller

et al. 2008 and P60, P200; Gezari et al. 2009) and UV (UVOT; Miller et al.

2008) bands which allowed a comprehensive study of the event. SN 2008es

was followed up spectroscopically for over # 100d and exhibited a slow spec-

troscopic evolution with nearly featureless spectra in the first # 20d after

maximum with H" emission appearing only in the nebular spectra. This, to-

gether with the approximately linear decline of the optical LC (in magnitude

scale), led Miller et al. (2008) to classify SN 2008es as a Type IIL explosion.

The spectra revealed the redshift of the SN to be z = 0.213 (Miller et al. 2008)

with characteristic velocities of # 10,000 km s"1 which is the value we use for

reference here. P Cygni features were detected in the nebular spectra for the
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H and He emission lines and became more prominent as the event evolved,

indicating photospheric expansion. Although SN 2008es did not show classic

SN IIn features, CSM interaction was considered as the most likely candidate

for the event by Miller et al. (2008) and Gezari et al. (2009). They argue

that an initially dense CSM can account for the absence of characteristic CSM

interaction emission features. Kasen & Bildsten (2010) considered a MAG

model as an explanation for SN 2008es which, although it provides a good fit

to the LC, may have di"culty in accounting for the spectroscopic features.

We use the P60 r-band together with the ROTSE unfiltered observa-

tions of SN 2008es converted to bolometric LC to test the semi-analytical

models that we discuss in this work. The upper right panel of Figure 4.4

presents our results. The TH and CSM+RD models provide the best and

most physically consistent fits for the LC of SN 2008es. The derived B and Pi

magnetar parameters of our best-fit MAG model are consistent with the ones

reported by Kasen & Bildsten (2010), but we derive a significantly smaller

Mej (0.3 instead of # 5 M!). The value of Mej could be scaled up for dif-

ferent choices of + in the same manner as we discussed for the RD model for

SN 2007bi. The CSM+RD model for the LC of SN 2008es implies the inter-

action of # 12 ± 0.3 M! of SN ejecta with a CSM shell of # 2.7 ±0.1 M!

and optical depth of # 200. The derived average Ṁ = 0.030 ± 0.003 M! yr"1

indicates that the CSM shell was ejected 100 years prior to the SN explosion.

Our results for SN 2008es are in good agreement with the results of Miller et

al. (2008) and Gezari et al. (2009).
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4.3.2.5 SN 2010gx

SN 2010gx was discovered on March 13, 2010 at 18.5 mag by the CRTS

team (Mahabal et al. 2010; Pastorello et al. 2010). Independent discovery

wes later announced by the PTF survey (Quimby et al. 2010). The host of

SN 2010gx is identified as a faint galaxy in the SDSS images and its redshift

is estimated to be 0.23. For standard &-CDM cosmology this redshift trans-

lates to a distance of " 1120 Mpc making this object yet another member

of the class of SLSNe (MB,peak " -21.2). Extensive photometric follow up

was obtained in the ugriz bands using a variety of telescopes (Pastorello et

al. 2010) which provided an estimate for the explosion date of the event to

be MJDexpl = 55260 yielding a rise time to maximum light of #16 d in the

rest-frame. Pre-maximum spectra obtained for SN 2010gx show a very blue

continuum (TBB =15,000±1700 K) with broad absorption features in the bluer

parts. Later spectra also show broad P Cygni absorptions of CaII , FeII and SiII

which led to classification of the object as a SN Ib/c. Pastorello et al. (2010)

have di"culty suggesting a model that accounts for the overall characteris-

tics of SN 2010gx (spectral evolution, fast evolution of LC, peak luminosity)

and suggest that most scenarios (56Ni decay powered CCSN, PISN, PPISN or

magnetar-powered SN) do not comfortably match the event. Therefore here

we attempt to re-visit those models in more detail and also consider CSM

interaction as an alternative. SN ejecta interaction with a dense r"2 wind as

the power mechanism for SN 2010gx was recently considered by Ginzburg &

Balberg (2012) who presented hydrodynamics simulations of such phenomena
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that take into account the e!ects of radiation di!usion and calculate model

LCs. Ginzburg & Balberg determined that collision of # 15 M! of SN ejecta

(with energy ESN = 2! 1051 erg) with # 15 M! of a steady-state CSM wind

that terminates at a radius of 2.5 ! 1015 cm reproduced well the observed

LC and black-body temperature evolution of SN 2010gx. The implied aver-

age mass-loss rate for their parameters assuming a fiducial wind velocity of

10 km s"1 is Ṁ = 0.2 M! yr"1 which is inconsistent with steady-state, quies-

cent mass-loss and more in accord with episodic, LBV-type mass loss that, in

turn, does not necessarily lead to a r"2 density profile for the CSM. Here we

will consider CSM interaction with an s = 0 constant density CSM shell that

might be more consistent with non-steady mass-loss.

We converted the r band LC of SN 2010gx to pseudo-bolometric as-

suming BC=0, E(B $ V ) = 0.04 (Schlegel et al. 1998) and E(B $ V )host = 0

(Pastorello et al. 2010) and fit all semi-analytic models to it. The results

are presented in the lower left panel of Figure 4.4. The RD model is again

excluded for this SLSN due to the MNi > Mej discrepancy (Table 4.4). The

MAG model implies a significantly high magnetic field of # 8 ! 1014 G for

the magnetar as well as a very low SN ejecta mass. Therefore the TH and

CSM+RD models are left as the more viable interpretations for the nature of

SN 2010gx. A perfect fit with physically acceptable parameters was hard to

find in the case of SN ejecta collision with a constant density shell (s = 0)

and we were able to find a better fit assuming s = 2 (steady-state CSM

wind). In the s = 0 case the best-fit was found for Mej " 17.6 ± 0.8 M!
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and MCSM " 1.4 ± 1.4 M!. For the fiducial wind velocity of 10 km s"1 we

find an average mass-loss rate # 0.13 ± 0.02 M! yr"1 which implies that the

CSM shell was ejected # 10 years prior to the explosion. For the s = 2 case,

which provided a much better fit, we obtain that # 9.7 ± 0.3 M! of SN ejecta

with energy # 1051 erg interacts with a 1.6 ± 0.3 M! CSM wind with mass-

loss rate # 0.033 ± 0.001 M! yr"1, which implies that the progenitor star

was losing large amounts of mass for # 50 years prior to the SN explosion.

Although this mass-loss rate is on the high end for the values predicted in the

case of steady-state winds it is a possibility for some extreme SN progenitors

(Quataert & Shiode 2012). We conclude that in the case of SN 2010gx, al-

though a better fit is obtained for s = 2 it is hard to argue for that case versus

the other (s = 0), but it is safe to accept CSM interaction as the most relevant

LC powering mechanism compared to the other hypotheses.

4.3.2.6 SN 2010kd

The Rotse-IIIb telescope of the RSVP project discovered SN 2010kd

on November 14, 2010 (Vinko et al. 2010) at a magnitude of # 17 mag. Spec-

tra obtained by the HET and Keck showed narrow H" emission which helped

constrain the redshift of the object at z = 0.101 implying an absolute ROTSE

magnitude of #-21 suggesting the event is super-luminous. The transient was

followed up photometrically in the UBVRI filters and in the UV and X-ray by

Swift UVOT and the XRT. The SN was detected as a strong UV source, but no

X-ray flux was measured. The photometric observations and the date of dis-
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covery provide an estimate for the actual explosion date at MJDexpl = 55483

implying a rest-frame rise time to peak luminosity of # 60d (Vinko et al.

2011; Vinko et al. 2012 in preparation). The observed spectroscopic evolution

of SN 2010kd implies a behavior similar to SN 2007bi with a lack of H and He

features and presence of CII , OI , OII and possibly CoIII making it a Type Ic

event.

We converted the V-band LC of SN 2010kd to pseudo-bolometric as-

suming BC=0, E(B $ V ) = 0.0213 (Schlegel et al. 1998) which implies a

peak luminosity of # 1044 erg s"1. We present the results in the lower right

panel of Figure 4.4. The fit of the RD model, although of good quality, rules

out the possibility of a PISN associated with SN 2010kd. The reason for that

is the large discrepancy between the implied 56Ni mass (12.35 M!) required

and the SN ejecta mass which, even for a lower choice for the optical opac-

ity (+ = 0.2 cm2 g"1 for H-poor material yields Mej = 8.5 M!) implies a

progenitor not massive enough to encounter pair-instability (Chatzopoulos &

Wheeler 2012a and Yoon, Dierks & Langer 2012 suggest that even for rapidly

rotating zero metallicity stars the limiting lower mass to produce a PISN is

75-90M!). The MAG and the CSM+RD models provide the best fits to the

LC of SN 2010kd with the only uncertainty being the consistency with the

observed spectroscopic evolution of the object. The lack of H and He features

from the spectra of the event, however, cannot rule out the CSM interac-

tion scenario given the possibility that the CSM is H-poor, an assumption

similar to that which we presented for SN 2007bi as well as for SN 2006oz
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(Leloudas et al. 2012). Accepting that H-poor CSM interaction is likely to be

the mechanism that powered the LC of SN 2010kd, we obtain a fit implying

the collision of # 34 ± 2 M! of SN ejecta resulting from an exposion with

total energy of # 4 ! 1051 erg with # 3.3 ± 0.2 M! of a constant-density

('CSM " 10"12 g cm"3) CSM shell. Those parameters imply that the CSM

shell extends at a radius of # 1015 cm and has an optical depth of # 250.
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Figure 4.2 Lowest !2 model fits to the observed LCs of SN 2006gy (upper
left panel), SN 2006tf (upper right panel), SN 2008am (lower left panel) and
SN 2008iy (lower right panel). Solid curves correspond to the RD model,
dashed curves to the MAG model, dashed-dotted curves to the TH model and
dotted curves to the hybrid CSM+RD model in the case of constant density
CSM shell (s = 0). The red dotted curve in the upper left panel show the
best-fit CSM+RD model for SN 2006gy for the choice s = 2 (steady-state
wind CSM); this model is inferior to all the others for SN 2006gy. Parameters
of the best fit models are given in Tables 1 and 3.
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(upper right panel), SN 2005ap (lower left panel) and SCP06F6 (lower right
panel). The red dotted curve in the upper left panel show the best-fit
CSM+RD model for PTF 09uj for the choice s = 2 (steady-state wind CSM).
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Figure 4.4 Same as Figure 2 but for SN 2007bi (upper left panel), SN 2008es
(upper right panel), SN 2010gx (lower left panel) and SN 2010kd (lower right
panel). The red dotted curve in the lower left panel show the best-fit CSM+RD
model for SN 2010gx for the choice s = 2 (steady-state wind CSM).
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Table 4.1. Basic data for the studied SLSNe.

SN Type z texp (MJD) Lpeak (1043 erg s"1) Tsp (104 K) Reference

SN2008iy IIn 0.041 54356 1.1 1.6 Miller et al. (2010)
PTF09uj IIn 0.065 55000 1.4 1.7 Ofek et al. (2010)
SN2006gy SLSN-II 0.019 53967 21.4 1.2 Smith et al. (2007)
SN2006tf SLSN-II 0.074 54050 5.2 0.8 Smith et al. (2008)
SN2008am SLSN-II 0.234 54439 26.7 1.2 Chatzopoulos et al. (2011)
SN2008es SLSN-II 0.202 54574 31.0 1.4 Gezari et al. (2009)
CSS100217 SLSN-II 0.147 55160 42.0 1.6 Drake et al. (2011)
SN2005ap SLSN-I 0.283 53430 37.0 2.0 Quimby et al. (2007)
SCP06F6 SLSN-I 1.189 53772 23.72 1.4 Barbary et al. (2009)a

SN2007bi SLSN-I 0.129 54089 11.1 1.2 Gal-Yam et al. (2009)
SN2010gx SLSN-I 0.230 55260 9.7 1.5 Pastorello et al. (2010)
SN2010kd SLSN-I 0.101 55483 8.2 1.4 Vinko et al. (2012)

Note. — Temperature estimate is from Leloudas et al. (2012).

Table 4.2. Summary of the parameters of the CSM+RD models presented
in Figure 1 and compared to the F1 model of Moriya et al. (2013).

Parameter C1 C2 C3 C4 C5 F1

s 0 0 0 0 0 0
$ (cm2 g!1) 0.2 0.09 0.33 0.33 0.33 0.34
RCSM (1015 cm) 2.4 2.0 6.0 6.0 6.0 6.0
MCSM (M#) 15 15 15 15 5.0 15
n 7 7 7 12 12 7
ESN (1051 erg) 2.2 1.7 10 10 10 10
Mej (M#) 20 20 20 20 20 20

Rp (1013 cm) 1.0 0.9 10 10 10 -
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Table 4.3. Summary of the fitting parameters for the RD, MAG and TH SN
LC models to the LCs of hydrogen-rich events.

Parameter SN 2006gy SN 2006tf SN 2008am SN 2008iy PTF 09uj CSS100217

trise (d) 56.00 (0.08) 53.88 (0.50) 44.00 (7.85) 315.00 (2.38) 5.00 (0.06) 115.4 (5.6)
MNi (M#) 22.76 (0.24) 5.94 (0.03) 20.45 (13.82) 13.18 (0.13) 0.234 (0.002) 104.6 (4.7)
td (d) 56.81 (0.43) 46.47 (0.52) 39.11 (32.53) 509.30 (4.49) 3.00 (0.02) 127.50 (7.81)
#2/dof a 13.7592 1.9429 1.5091 0.4432 5.6317 6.5311

Mej (M#) b 4.5 3.0 2.14 363.6 0.01 22.78
trise (d) 49.06(0.21) 65.00 (1.07) 41.03 (0.03) 292.00 (2.28) 5.00 (0.08) 112.00 (2.50)
Ep (1051 erg) 4.10 (0.10) 1.09 (0.01) 4.07 (0.02) 1.39 (0.05) 0.0235 (0.0004) 17.18 (6.44)
tp (d) 12.67 (0.06) 58.91 (1.40) 134.40 (1.01) 101.90 (10.48) 5.00 (0.16) 216.1 (23.7)
td (d) 65.49 (0.02) 58.92 (0.60) 26.88 (0.05) 342.20 (6.74) 4.36 (0.12) 82.24 (7.59)
R0 (1013 cm) 2.00 (0.80) 2.49 (1.68) 0.11 (0.22) 31.20 (15.81) 0.01 (0.37) 85.26 (8.98)
#2/dof a 12.7841 2.8252 1.5773 0.4020 0.0470 0.7801

Mej (M#) b 6.01 4.87 1.01 164.13 0.027 9.45
Pi (ms) 2.21 4.28 2.22 3.79 29.17 1.08
B (1014 G) 1.35 1.22 0.42 0.62 28.42 0.16
trise (d) 60.00 (0.08) 14.00 (5.23) 37.00 (1.63) 31.00 (5.34) 5.00 (0.11) 118.2 (0.65)
Esh (1051 erg) 1.34 (0.01) 0.74 (0.07) 2.37 (0.02) 0.74 (0.02) 0.0134 (0.0002) 11.92 (0.08)
tsh (d) 60.55 (0.51) 13.80 (11.57) 36.80 (2.14) 30.48 (26.55) 4.68 (0.21) 83.58 (0.94)
td (d) 51.36 (0.25) 95.13 (0.52) 103.70 (1.29) 461.70 (8.89) 8.37 (0.24) 248.2 (2.5)
#2/dof a 13.7199 3.7981 1.5196 1.9169 0.2544 1.5547

MCSM,th (M#) b 3.70 12.68 15.07 298.77 0.09 86.34

Note. — The numbers in parentheses indicate the corresponding errors of the fitting parameters. Parameters without cited
errors indicate derived physical parameters. The parameters for the three models are separated with sold straight lines in the
following order: RD = 56Ni and 56Co radioactive decay di"usion model, MAG = Magnetar spin-down model and TH = “Top-hat”
model. a #2 per degree of freedom (dof = N ! M ! 1, where N is the number of data points and M is the number of fitting

parameters). b Using Equation 3 and assuming v = 10,000 km s"1, $ = 0.33 cm2 g"1.
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Table 4.4. Summary of the fitting parameters for the RD, MAG and TH SN
LC models to the LCs of hydrogen-poor events.

Parameter SN 2005ap SCP 06F6 SN 2007bi SN 2008es SN 2010gx SN 2010kd

trise (d) 16.00 (0.40) 24.00 (4.55) 27.00 (14.22) 22.00 (2.36) 21.18 (0.24) 59.00 (3.15)
MNi (M#) 15.98 (0.33) 17.15 (1.19) 9.46 (1.32) 16.07 (0.60) 12.97 (0.50) 12.35 (1.13)
td (d) 13.68 (0.42) 28.09 (4.91) 25.19 (14.29) 19.79 (1.98) 31.12 (0.50) 60.76 (5.52)
#2/dof a 0.6019 8.3011 2.4020 4.9611 3.4697 0.1659

Mej (M#) b 0.26 1.1 0.9 0.55 5.17 8.5
trise (d) 16.00 (0.69) 28.70 (0.59) 61.00 (0.87) 20.00 (0.002) 14.00 (0.20) 47.99 (1.63)
Ep (1051 erg) 2.12 (0.07) 3.21 (0.18) 2.79 (0.04) 2.43 (0.01) 1.49 (0.03) 2.66 (0.10)
tp (d) 28.87 (4.29) 9.59 (1.23) 19.46 (0.60) 47.31 (0.36) 1.01 (0.01) 8.06 (1.80)
td (d) 12.12 (1.20) 38.63 (1.34) 72.51 (0.70) 14.21 (0.09) 35.22 (0.18) 70.2 (3.5)
R0 (1013 cm) 2.46 (0.91) 32.46 (14.77) 2.36 (0.90) 0.04 (0.22) 9.97 (0.28) 2.55 (1.10)
#2/dof a 0.5814 3.0915 2.2542 2.8706 0.2965 0.1298

Mej (M#) b 0.21 2.09 7.37 0.28 1.74 6.91
Pi (ms) 3.10 2.50 2.67 2.87 3.66 2.74
B (1014 G) 1.25 1.76 1.32 0.91 7.98 2.10
trise (d) 12.12 (4.68) 43.01 (0.45) 2.00 (28.2) 34.00 (11.13) 47.00 (0.34) 69.00 (5.55)
Esh (1051 erg) 1.32 (0.09) 1.15 (0.02) 0.99 (0.06) 1.57 (0.10) 0.45 (0.003) 0.73 (0.02)
tsh (d) 21.5 (5.16) 45.50 (0.75) 48.8 (7.30) 34.16 (15.29) 46.93 (0.39) 69.27 (6.89)
td (d) 29.1 (1.35) 27.94 (1.25) 70.15 (0.59) 42.29 (1.86) 20.32 (0.18) 52.39 (0.74)
#2/dof a 0.5360 1.6465 2.6045 1.2843 1.3614 0.2702

MCSM,th (M#) b 1.17 2.90 6.90 2.51 0.58 3.85

Note. — The numbers in parentheses indicate the corresponding errors of the fitting parameters. Parameters without
cited errors indicate derived physical parameters. The parameters for the three models are separated with sold straight lines
in the following order: RD = 56Ni and 56Co radioactive decay di"usion model, MAG = Magnetar spin-down model and TH
= “Top-hat” model. a #2 per degree of freedom (dof = N ! M ! 1, where N is the number of data points and M is the

number of fitting parameters). b Using Equation 3 and assuming v = 10,000 km s"1, $ = 0.33 cm2 g"1.
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Table 4.5. (a) Summary of the fitting parameters for the CSM+RD SN LC
model to the hydrogen-rich events.

Parameter SN 2006gy (s = 0) SN 2006gy (s = 2) SN 2006tf SN 2008am

trise (d) 67.12 (0.09) 29.00 (0.04) 45.00(1.19) 28.99 (1.30)
vSN (103 km s"1) 35.24 (0.11) 31.57 (0.47) 27.08 (0.82) 45.29 (0.98)
Mej (M#) 10.70 (0.08) 7.87 (31.17) 33.58 (1.65) 47.77 (7.58)
Rp (1013 cm) 53.12 (3.83) 1.57 (0.10) 36.62 (2.92) 36.56 (3.57)
MCSM (M#) 5.18 (0.15) 3.64 (0.07) 4.72 (0.33) 4.90 (0.30)
%CSM,1 (10"12 g cm"3) 0.0365 (0.0118) 573.00 (282) 3.1541 (0.8004) 3.6959 (1.5502)
MNi (M#) 3.25 (0.04) 3.80 (0.50) 0.0 (0.04) 1.57 (1.30)
#2/dof a 4.8665 49.2972 3.7982 1.5164
ESN (1051 erg) 1.70 1.00 3.15 12.54
MCSM,th (M#) 4.97 3.45 4.71 4.89

Rph (1014 cm) 40.51 37.55 9.14 8.74

RCSM (1014 cm) 41.07 39.60 9.15 8.74
&CSM 42 67 566 630
tRS,$ (d) 104.68 51.23 44.83 28.37
tFS,BO (d) 66.98 86.91 10.56 5.61

Note. — The numbers in parentheses indicate the corresponding errors of the fitting parameters. Parameters
without cited errors indicate derived physical parameters. a #2 per degree of freedom (dof = N ! M ! 1, where N
is the number of data points and M is the number of fitting parameters). For the CSM+RD best-fit models we have
adopted ' = 2 and n = 12.

Table 4.6. (b) Continued.

Parameter SN 2008iy PTF 09uj (s = 0) PTF 09uj (s = 2) CSS100217

trise (d) 241.00 (4.64) 6.00 (0.19) 5.00 (0.10) 71.34 (0.86)
vSN (103 km s"1) 5.99 (0.81) 21.46 (0.27) 13.33 (0.17) 35.46 (0.10)
Mej (M#) 36.31 (8.65) 1.52 (0.08) 37.39 (2.33) 100.2 (0.4)
Rp (1013 cm) 42.89 (5.65) 8.67 (0.55) 32.59 (1.67) 99.94 (0.85)
MCSM (M#) 38.58 (1.66) 0.032 (0.001) 0.16 (0.01) 78.27 (0.65)
%CSM,1 (10"12 g cm"3) 0.2859 (0.1406) 99.3659 (23.9267) 1.5718 (0.2939) 0.15 (0.01)
MNi (M#) 2.44 (0.26) 0.28 (0.04) 0.32 (0.10) 0.50 (0.43)
#2/dof a 0.3511 0.0494 0.0466 1.1489
ESN (1051 erg) 0.17 0.09 0.85 83.58
MCSM,th (M#) 38.37 0.03 0.15 77.42

Rph (1014 cm) 40.06 0.93 4.74 63.44

RCSM (1014 cm) 40.13 0.93 4.76 63.67
&CSM 336 208 53 319
tRS,$ (d) 458.61 6.34 505.86 73.13
tFS,BO (d) 438.47 0.07 4.84 56.36

Note. — The numbers in parentheses indicate the corresponding errors of the fitting parameters. Parameters
without cited errors indicate derived physical parameters. a #2 per degree of freedom (dof = N !M ! 1, where
N is the number of data points and M is the number of fitting parameters). For the CSM+RD best-fit models
we have adopted ' = 2 and n = 12.
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Table 4.7. (a) Summary of the fitting parameters for the CSM+RD SN LC
model to the hydrogen-poor events.

Parameter SN 2005ap SCP 06F6 SN 2007bi SN 2008es

trise (d) 15.00 (0.94) 39.39 (0.94) 59.00 (1.25) 21.00 (0.21)
vSN (103 km s"1) 72.24 (1.60) 43.46 (0.64) 29.96 (0.90) 61.85 (0.62)
Mej (M#) 7.36 (0.72) 7.55 (0.39) 44.27 (2.61) 11.90 (0.33)
Rp (1013 cm) 27.48 (3.84) 34.98 (7.92) 31.28 (4.98) 45.28 (3.40)
MCSM (M#) 1.19 (0.07) 4.08 (0.22) 4.28 (0.26) 2.69 (0.12)
%CSM,1 (10"12 g cm"3) 1.0691 (0.6788) 0.05 (0.03) 1.3440 (1.2125) 0.8568 (0.2293)
MNi (M#) 3.56 (1.48) 0.00 (0.28) 0.57 (0.22) 0.04 (0.06)
#2/dof a 0.5314 0.6097 2.5989 1.2680
ESN (1051 erg) 4.91 5.11 5.08 5.82
MCSM,th (M#) 1.18 3.84 4.26 2.67

Rph (1014 cm) 8.18 33.35 11.55 12.21

RCSM (1014 cm) 8.20 34.03 11.57 12.24
&CSM 192 54 373 187
tRS,$ (d) 14.53 49.10 59.00 22.53
tFS,BO (d) 4.12 34.03 14.97 6.94

Note. — The numbers in parentheses indicate the corresponding errors of the fitting parameters.
Parameters without cited errors indicate derived physical parameters. a #2 per degree of freedom
(dof = N ! M ! 1, where N is the number of data points and M is the number of fitting parameters).
For the CSM+RD best-fit models we have adopted ' = 2 and n = 12.

Table 4.8. (b) Continued.

Parameter SN 2010gx (s = 0)d SN 2010gx (s = 2)d SN 2010kd

trise (d) 43.00 (0.37) 31.00 (0.16) 58.00 (1.10)
vSN (103 km s"1) 37.24 (0.68) 30.37 (0.11) 30.01 (0.57)
Mej (M#) 17.59 (0.78) 9.70 (0.26) 34.1 (1.91)

Rp (1013 cm) 93.5 (5.07) 2.00 (1.51) 43.25 (5.31)
MCSM (M#) 1.39 (0.05) 1.64 (0.26) 3.28 (0.15)
%CSM,1 (10"12 g cm"3) 0.0261 (0.0013) 1664.3000 (975.9040) 1.0920 (0.6563)
MNi (M#) 0.00 (0.01) 0.00 (0.01) 0.00 (0.15)
#2/dof a 1.8806 0.9808 0.2703
ESN (1051 erg) 3.12 1.14 3.93
MCSM,th (M#) 1.37 1.61 3.26

Rph (1014 cm) 12.00 15.5 11.47

RCSM (1014 cm) 12.00 15.8 11.49
&CSM 63 5434 256
tRS,$ (d) 42.88 57.93 57.90
tFS,BO (d) 2.64 33.37 12.07

Note. — The numbers in parentheses indicate the corresponding errors of the fitting parameters.
Parameters without cited errors indicate derived physical parameters. a #2 per degree of freedom
(dof = N !M !1, where N is the number of data points and M is the number of fitting parameters).
For the CSM+RD best-fit models we have adopted ' = 2 and n = 12.
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4.4 Discussion and Conclusions

Using the available ROTSE and other optical photometry of a sample

of recently discovered interesting transients (10 SLSNe: SN 2005ap, SCP06F6,

SN 2006tf, SN 2006gy, SN 2007bi, SN 2008am, SN 2008es, SN 2010kd, SN 2010gx

and CSS100217 and 2 normal luminosity Type IIn SNe: SN 2008iy and PTF 09uj),

we constructed their pseudo-bolometric LCs and fit them with all the semi-

analytical models discussed: the 56Ni and 56Co radioactive decay di!usion

model (RD), magnetar spin-down model (MAG), “top-hat” model assuming

constant shock energy input (TH) and hybrid 56Ni and 56Co radioactive decay

di!usion plus self-similar CSM interaction model (CSM+RD). For each model,

we determined the lowest !2 value by using a newly developed fitting code and

tested its validity by examining the implications of the derived fitting param-

eters. For the fits that were of similar quality we checked their consistency

with spectroscopic results and we selected as the best candidate for each event

the model with the smallest number of parameters (more degrees of freedom).

We also presented an extensive comparison between our semi-analytical hy-

brid CSM+RD model for the LC of SN 2006gy with the numerical LC models

recently presented by Moriya et al. (2013). We found that, using the same

parameters as their best-fit model, we get a fit of similar quality with our

CSM+RD model.

Table 4. 7 summarizes our final results. The first column gives the

name of the transient, the second column its spectral type as determined

by previous authors, the third column comments on the presence or not of
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P Cygni absorption associated with H features, if those are present, and the

fourth column presents the best-fit model(s) that we determined for each event.

We see that all events but SN 2007bi, which are mainly Type IIL and Type

IIn events, can be reproduced by an ejecta-CSM interaction scenario where

contribution by radioactive decays of 56Ni and 56Co is minimal and the bulk

of the energy is provided by the forward and the reverse shocks. We also see

that strong, unambiguous P Cygni absorption is usually detected in spectra

of Type IIL SN and only hints of it are present in the spectra of Type IIn

events. Additionally, the LCs of most SNe are consistent with CSM+RD

models for which the CSM shell is taken to have constant density and to be

static or moving slowly compared to the motion of the CS shock. The best-fit

CSM+RD models for the SLSNe in our sample imply massive CSM shells (1-

5 M!, with the exception of CSS100217 for which MCSM # 90 M!) extending

# 10 stellar radii away from the progenitor stars in most cases. The implied

SN ejecta masses are found within the range # 10-50 M! implying massive

LBV-type progenitors are plausible for most of these events. Some SN ejecta

have masses within the range predicted for PPISN events. We note that such

high implied values for the CSM mass (and average mass-loss) are not uniquely

tied to the LBV progenitor hypothesis. It has been proposed that previous

epochs of wind interaction may lead to the formation of CSM bubbles of high

density around the progenitor star, which may acount for significant ejecta-

CSM interaction and high luminosity (Dwarkadas 2011). Another alternative

is interaction of the SN ejecta with a relic proto-stellar dense equatorial disk

170



(Metzger 2010). Also, interaction with dense CSM clumps and equatorial

disks have been considered in detail by Chugai & Danziger (1994). For the

normal SN IIn PTF 09uj we presented a fit for the case where the CSM is

a steady-state wind with a r"2 density profile and found results that were

more physically consistent than in the case of a constant density shell. We

also explored this case for SN 2010gx. The implication from these results is

that the main factor that gives rise to the observed diversity in the shape,

duration and luminosity of SLSNe and SN IIn events is the large parameter

space associated with the nature of SN ejecta-CSM interaction.

Another specific result of our study is that the LC and main properties

of the controversial transient SCP06F6 can be well reproduced by the interac-

tion of SN ejecta with a dense wind. Quimby et al. (2011) adopted a model in

which this event, together with SN 2005ap, and the PTF transients PTF09cwl,

PTF09cnd and PTF09atu represent a class of explosions that mark the inter-

action between shells expelled from the progenitor star due to a PPISN. Our

model of CSM interaction for SCP06F6 has, in principle, the same properties

as shell to shell interaction, where the main luminosity input is heating by a

shock. In the context of such a model the reason why the H and He emis-

sion features are absent from the spectra of SCP06F6 could also be because

the CSM around the progenitor of the SN was H-poor. SN 2007bi remains the

only strong candidate for true pair-instability (Gal-Yam et al. 2010), energetic

CCSN (Moriya et al. 2010), or magnetar spin-down powered explosion. In ad-

dition to these possibilities we find that CSM interaction can be a plausible
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alternative. We again argue that the assumption of H-poor CSM interaction

might be key to solving this problem. The true nature of SN 2007bi will re-

main debatable until a detailed realistic radiation hydrodynamics modeling

that considers all the luminosity inputs discussed here gives information on

the optical spectra which might be associated with each mechanism.
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Table 4.9. Summary of the characteristics of the sample of transients
studied in this work.

Event Type Spectral properties Best-fit LC modela

SN 2006gy II-L P Cygni H CSM+RD/TH
SN 2006tf IIn Pure H emission, weak P Cygni CSM+RD/TH
SN 2008am IIn Pure H emission CSM+RD/TH
SN 2008iy IIn Pure H emission, weak P Cygni CSM+RD/TH
PTF 09uj IIn Pure H emission weak P Cygni CSM+RD/TH
CSS100217 IIn Pure H emission, weak P Cygni CSM+RD/TH
SN 2005ap II-L Broad P Cygni C, N, O CSM+RD/TH
SCP06F6 ? Peculiar CSM+RD/TH
SN 2007bi Ic Ni/Co/Fe blends, no H RD, MAG, CSM+RD/TH
SN 2008es II-L? P Cygni H MAG, CSM+RD
SN 2010gx Ic P Cygni CaII, FeII, SiII CSM+RD/TH
SN 2010kd Ic Peculiar, no H, He MAG, CSM+RD/TH

Note. — a RD = 56Ni and 56Co radioactive decay di"usion model, MAG = Magnetar
spin-down model, TH = “Top-hat” model and CSM+RD = Hybrid SN ejecta-CSM interaction
plus 56Ni and 56Co decay model, CSM = SN ejecta-CSM interaction model (zero input from
radioactive decays).
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Chapter 5

E!ects of Rotationally-Induced Mixing in
Compact Binary Systems with Low-Mass
Secondaries and in Single Solar-Type Stars

Many population synthesis and stellar evolution studies have addressed

the evolution of close binary systems in which the primary is a compact rem-

nant and the secondary is filling its Roche lobe, thus triggering mass transfer.

Although tidal locking is expected in such systems, most studies have ne-

glected the rotationally-induced mixing that may occur. Here we study the

possible e!ects of mixing in the mass-losing stars for a range in secondary

star masses and metallicities. We find that tidal locking can induce rotational

mixing prior to contact and thus a!ect the evolution of the secondary star

if the e!ects of the Spruit-Tayler dynamo are included both for angular mo-

mentum and chemical transport. Once contact is made, the e!ect of mass

transfer tends to be more rapid than the evolutionary time scale, so the e!ects

of mixing are no longer directly important, but the mass transfer strips matter

to inner layers that may have been a!ected by the mixing. These e!ects are

enhanced for secondaries of 1-1.2 M! and for lower metallicities. We discuss

the possible implications for the paucity of carbon in the secondaries of the

cataclysmic variable SS Cyg and the black hole candidate XTE J1118+480
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and for the progenitor evolution of Type Ia supernovae. We also address the

issue of the origin of blue straggler stars in globular and open clusters. We find

that for models that include rotation consistent with that observed for some

blue straggler stars, evolution is chemically homogeneous. This leads to tracks

in the HR diagram that are brighter and bluer than the non-rotating main-

sequence turn-o! point. Rotational mixing could thus be one of the factors

that contribute to the formation of blue stragglers.

5.1 Models

We have used the Modules for Stellar Experiments in Astrophysics

(MESA version 3647; Paxton et al. 2011) code to calculate the evolution of

a grid of low-mass secondaries (0.8 M!, 1 M!, 1.2 M!, 1.5 M! and 1.8 M!)

for three di!erent metallicities: Z = Z!, Z = 0.1 Z! and Z = 0.01 Z!.

Sub-solar metallicity is encountered in the Large and Small Magellanic Clouds

(LMC and SMC respectively) and in globular clusters (GCs) and is relevant

to CVs and binary systems found there. Models with sub-solar metallicity

might also be relevant to Type Ia SN progenitors in other environments. All

models were run for two di!erent degrees of ZAMS rotation: 0 and 30% of

the critical Keplerian rotation #crit = (g(1 $ $)/R)1/2 where g = GM/R2 is

the gravitational acceleration at the surface of the star, G is the gravitational

constant, M is the mass, R is the radius of the star and $ = L/LEd is the

Eddington factor where L and LEd are the total radiated luminosity and the

Eddington luminosity, respectively. Initial (ZAMS) rigid body rotation was
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assumed in all cases.

The reason we did not consider higher rotational velocities is because

for a variety of mass ratios q = M2/MWD for the binary system, the maximum

allowable rotation is about 33-38% the critical value, where M2 is the mass of

the secondary star and MWD is the mass of the white dwarf. This comes from

combining Kepler’s third law expressed in terms of angular velocity:

(
#Kep

#crit
)2 = (R/a)3(

1 + q

q
), (5.1)

with the the Paczynski (1971) expression for the Roche lobe radius:

(RL/a) = 0.38 + 0.20 log(q), (5.2)

where #Kep is the Keplerian orbital frequency, RL is the Roche lobe radius,

R is the radius of the secondary star and a is the orbital separation. Setting

R = RL in Equation 5.2 to account for the fact that the maximum rotation

prior to mass transfer occurs when the secondary fills its Roche lobe, Equations

5.1 and 5.2 yield:

#max

#crit
= [0.38 + 0.2 log(q)]3/2(

1 + q

q
)1/2. (5.3)

The dependence on q is weak. For the range 1 < q < 3 we get 0.33 <

#max/#crit < 0.38. We note that there are binary systems in which the

secondaries have smaller rotational periods than the orbital period. Recent

examples include some Kepler discoveries of binaries consisting of A-type star

secondaries and white dwarf primaries (van Kerkwijk et al. 2010; Breton et
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al. 2011; Carter et al. 2011; Bloemen et al. 2012). We do not consider this

possiblity here, but the issue of rotational mixing in such systems is clearly of

interest.

MESA was run with the Schwarzschild criterion for convection with

the fiducial value for the mixing length parameter, "MLT = 1.5. Wind-driven

mass loss was calculated using the prescriptions of Glebbeek et al. (2009)

and de Jager, Nieuwenhuijzen & van der Hucht (1988) as implemented in the

code. MESA employs a combination of equations of state (EOS), but for the

regime of densities and temperatures encountered by low-mass stars the OPAL

EOS tables of Rogers & Nayfonov (2002) are used. For higher densities and

temperatures the EOS transitions to HELM EOS (Timmes & Swesty 2000).

For the treatment of nuclear processes with MESA we employ the “approx21”

network (Timmes 1999), which covers all major stellar nuclear reaction rates.

The e!ects of angular momentum and chemical transport via rotation and

magnetic fields are treated based on the one-dimensional approximations of

Spruit (1999, 2002), Heger, Langer & Woosley (2000) and Heger, Woosley

& Spruit (2005). Those include di!erent types of mixing due to rotation

such as dynamical shear instability, secular shear instability, Solberg-Hoiland

instability, Eddington-Sweet circulation (meridional circulation), Goldreich-

Schubert-Fricke instability as well as the Spruit-Tayler (ST) dynamo. For the

e"ciency of rotationally-induced mixing, fc, we adopt the value 0.0228 based

on the findings of Brott et al. (2009) who calibrated this parameter using

recent observations of massive rotating early B type stars in the LMC and the
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SMC. A value of fc of 0.046 was proposed by Pinsonneault et al. (1989) in order

to explain solar lithium abundances while theoretical predictions by Chaboyer

& Zahn (1992) provided a value of 0.033, which was adopted in calculations

of massive rotating models done by Heger et al. (2000). We note that most of

those values are calibrated by observations of rapidly rotating massive nearby

stars. There are currently no observations of rapidly rotating (> 20-30% the

critical velocity) solar-type stars that can yield a value of fc directly relevant

to them. Rotationally-induced mass loss is also calculated following Heger,

Langer & Woosley (2000) and is equal to Ṁrot = Ṁno"rot/(1 $ #/#crit)0.43

where Ṁno"rot is the mass loss rate in the case of zero rotation, due to the

e!ect of radiatively driven winds. In order to take into account the inhibiting

e!ect of a gradient in the mean molecular weight in the e"ciency of mixing

triggered by rotation we adopted the value fµ = 0.1 which is the same as the

one used by Yoon et al. (2005) who calibrated their models including the

e!ects of ST.

In order to validate the results found with the new MESA stellar evolu-

tion code that includes the e!ects of rotation and magnetic fields against older

well-established codes such as the Geneva stellar evolution code (Eggenberger

et al. 2008), the Yoon & Langer (2005) code and the modified KEPLER code

introduced by Heger, Woosley & Spruit (2005) we ran some of the same models

presented in those works with MESA. We present an extensive comparison of

the results in Appendix D. There, we also compare our results with observa-

tions of nearby massive rotating stars provided by the VLT-FLAMES survey
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(Hunter et al. 2008, 2009).

In our suite of models, we find that the mixing is dominated by the

meridional circulation and the ST mechanism, with the Goldreich-Schubert-

Fricke instability having a minor role. The contribution of the ST mechanism

tends to be comparable to, or even slightly dominant over, the meridional

circulation at mass fraction greater than 0.8 - 0.9, and to dominate in a shell

covering the mass fraction between 0.2 and 0.4. While the basic physics of the

ST mechanism is solid, the employment of this complex, multi-dimensional

process in a spherical model may be especially suspect. We checked the role of

this process by omitting the Spruit-Tayler mechanism in a trial calculation of

the model with 1.0M!, and Z = Z! rotating at 30% of the critical velocity (see

Appendix D, Figure D7). Omission of the Spruit-Taylor mechanism changed

our results considerably. We find that meridional mixing alone in low mass

stars cannot induce significant surface abundance changes that are adequate

to explain the observed features of carbon-deficient binaries. We return to this

point in the conclusions.

We define a timescale, tRL, as the time for the secondary star to

evolve from non-contact to Roche lobe overflow (RLOF). This time-scale is

ill-constrained due to uncertainties involved in the mechanism of angular mo-

mentum loss (common envelope evolution, magnetic braking) and can vary

over a large range. We will discuss those uncertainties in more detail in §5.2.2.

As a fiducial value for the start of RLOF, chosen in order to calibrate our

results for di!erent initial masses and present surface abundance ratios at this
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epoch in Table 5.1, we choose tRL " (MS, where (MS is the main-sequence life

time of the secondary. Once our models reach RLOF, a constant mass loss

rate typical for CVs can be employed, in the range 2-6 !10"10 M! yr"1. This

rate of mass loss reduces the secondary to a mass typically around 0.6 M!,

characteristic of white dwarf - red dwarf binary systems such as SS Cygni,

within # 3!109 years. This mass loss rate is scaled up by four orders of mag-

nitude if mass loss occurs on a thermal timescale, a scenario that we discuss

in §5.3. We emphasize that we consider the evolution of the secondary stars

as single stars, and we do not model the evolution of the binary system as a

whole. In the case of close binary systems, the secondary stars will experience

tidal forces that will change the shape of the star. Rotation will have the

additional e!ect of inducing oblateness. Those e!ects are not considered in

our one-dimensional stellar evolution calculations.
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Table 5.1. Chemical properties of the models for low-mass binary
secondaries studied in this work.

MZAMS (M#) #/#c,i XH,s,MS/XH,s,i
a XHe,s,MS/XHe,s,i

a XC,s,MS/XC,s,i
a XN,s,MS/XN,s,i

a

Z = Z#
0.8 0.0 1.0000 1.0000 1.0000 1.0000
0.8 0.3 0.9640 1.0881 0.8266 1.6979
1.0 0.0 1.0000 1.0000 1.0000 1.0000
1.0 0.3 0.8986 1.1535 0.5018 1.5072
1.2 0.0 1.0000 1.0000 0.8202 1.0000
1.2 0.3 0.9365 1.1520 0.5019 3.5157
1.5 0.0 1.0000 1.0000 0.8202 1.0000
1.5 0.3 0.9698 1.0723 0.5255 3.3124
1.8 0.0 1.0000 1.0000 0.8202 1.0000
1.8 0.3 0.9827 1.0414 0.5574 3.1625

Z = 0.1 Z#
0.8 0.0 1.0000 1.0000 1.0000 1.0000
0.8 0.3 0.9158 1.2592 0.5754 2.6936
1.0 0.0 1.0000 1.0000 1.0000 1.0000
1.0 0.3 0.9153 1.2653 0.2915 3.7102
1.2 0.0 1.0000 1.0000 1.0000 1.0000
1.2 0.3 0.9101 1.2534 0.1943 4.1908
1.5 0.0 1.0000 1.0000 1.0000 1.0000
1.5 0.3 0.9610 1.1170 0.3182 3.7951
1.8 0.0 1.0000 1.0000 1.0000 1.0000
1.8 0.3 0.9516 1.0995 0.3618 3.2097

Z = 0.01 Z#
0.8 0.0 1.0000 1.0000 1.0000 1.0000
0.8 0.3 0.8917 1.3472 0.4502 3.2118
1.0 0.0 1.0000 1.0000 1.0000 1.0000
1.0 0.3 0.8363 1.4405 0.0825 5.7059
1.2 0.0 1.0000 1.0000 1.0000 1.0000
1.2 0.3 0.8860 1.3642 0.0687 5.2941
1.5 0.0 1.0000 1.0000 1.0000 1.0000
1.5 0.3 0.8976 1.3049 0.1203 5.4235
1.8 0.0 1.0000 1.0000 1.0000 1.0000
1.8 0.3 0.9254 1.2287 0.1443 5.9529

Note. — a The ratio of the ZAMS surface mass fraction of a specific element to the surface mass fraction of the same element
at the end of the MS.
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Figure 5.1 Left Panel: Evolution of #/#crit, during the MS for the 1 M!,
Z = Z!, #/#crit = 0.3 (solid curve) model. The two horizontal vertical lines
indicate the range of #/#crit for which the secondary star fills its Roche lobe
(see §2). Right Panel: Evolution of the 1 M!, Z = Z!, #/#crit = 0 (solid
curve) and #/#crit = 0.3 (dashed curve) models in the H-R diagram.
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5.2 Results

5.2.1 Evolution of Surface Composition

In order to illustrate the general e!ects of rapid rotation on the evolu-

tion of low-mass stars, we present the evolution of #/#crit with time in the left

panel and the evolution in the H-R diagram in the right panel of Figure 5.1 for

the 1 M!, Z = Z! model. MESA includes solar mixtures on several scales as

presented by Asplund et al. (2005). We see that #/#crit slowly increases with

time during the MS. This is the result of increasing radius and luminosity and

can be shown by considering angular momentum conservation and the defi-

nition of #crit as presented in §5.1. Even though #/#crit increase, it remains

under the upper limits of 0.33-0.38. As is the case with more massive rotating

models, the low-mass rotating stars in the HR diagram lie everywhere bluer

than the evolutionary tracks of the non-rotating stars.

Next, we examine the e!ect of rapid rotation on the surface abundances

of key elements such as 1H, 4He, 12C and 14N. Su"cient rotational mixing is

expected to lead to chemically homogeneous evolution, as observed in more

massive stars (Heger, Langer & Woosley 2000; de Mink et al. 2009; Chat-

zopoulos & Wheeler 2012; Yoon, Dierks & Langer 2012). Mixing of material

from the core up to the surface leads to di!erent surface composition than for

the non-rotating case. In general, models of rapidly rotating stars are found

to be rich in 14N and 4He while heavily depleted in 1H and less so in 12C. Spec-

troscopy of rapidly rotating massive stars seems to indicate, however, that the

e"ciency of rotational mixing is still controversial (Hunter et al. 2008; Brott
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et al. 2011b) since some discrepancies are found with the predictions of some

rotating models in the evolution of surface abundances.

Figures 5.2 through 5.5 show the evolution of the surface mass fractions

of 1H, 4He, 12C and 14N for the grid of models we investigate in this work. In

each figure, the upper left panel shows the results for Z = Z!, the upper right

panel for Z = 0.1 Z! and the lower left panel for Z = 0.01 Z!. In all cases solid

lines correspond to the #/#crit = 0 models and dashed lines to #/#crit = 0.3

models. Also, black color denotes M2 = 0.8 M!, red 1 M!, blue 1.2 M!, green

1.5 M! and orange 1.8 M!. Figure 5.6 shows the evolution of the stellar radius

with time for all the models and also provides information on the MS life-time

of each model before they enter the giant phase. The steep vertical lines for

the non-rotating models in Figures 5.2 - 5.5 represent the onset of evolution

to the red giant branch, as shown in Figure 5.6. This transition is muted or

modified for the rotating models. Figures 5.2 - 5.6 show that rapidly rotating

stars generally live longer than those of zero rotation. All evolutionary tracks

have been computed almost up to core helium ignition.

Figure 5.2 shows the evolution of the surface abundance of hydrogen,

XH,s, for all the models. The depletion of hydrogen is stronger for intermediate

masses and lower metallicities. This is a natural consequence of the fact that

somewhat higher mass stars have hotter interiors so that nuclear burning via

the pp-chain and CNO cycle processes is more e"cient, but as the mass gets

even higher, the star lives on the main-sequence for a smaller time that is not

su"cient for mixing before it comes in contact or before turning into a giant.
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The 1 M!, Z = 0.01 Z!, #/#crit = 0.3 model reaches XH,s < 0.62 by the

end of the MS. In Figure 5.3, the same model is seen to be helium enriched

on the surface, compared to the non-rotating case. The outcome of enhanced

CNO processing in rotating stars is best seen in Figure 5.4 where depletion

of carbon at the surface occurs towards high rotation, intermediate masses

and lower metallicity and in Figure 5.5 where the resulting 14N enrichment is

seen in the same regions of the parameter space. The results for all models

are given in Table 5.1 where the ratio of surface mass fraction for all those

elements on the ZAMS compared to that on the end of the MS is given.

The e!ects of rotation on the composition structure of low mass sec-

ondaries are also illustrated in Figure 5.7. We observe that, even though

homogenization is weaker in low mass stars than it is in more massive stars,

the partial mixing that occurs is strong enough to drive abundance changes

throughout the interior of the star. This also results in the cores of the rotat-

ing stars being somewhat more massive that those of non-rotating ones and in

hydrogen depletion at the center being more pronounced, especially for lower

metallicities.

In order to investigate the e!ects of RLOF mass loss on the evolution

of the surface abundances of our models, we have run the 1 M!, Z = Z!,

#/#crit = 0 and the 1 M!, Z = Z!, #/#crit = 0.3 models up to tRL # 5! 109

years without RLOF mass loss and then turned on a constant mass loss rate

of 5 ! 10"10 M! yr"1, within the range expected for CVs. This mass loss is

maintained until the total mass of the star is reduced to # 0.55 M!, requiring
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an interval of # 9 ! 108 years. The evolution of the surface mass fraction of

carbon, XC,s, for these models is shown as the solid (non-rotating) and dashed

(rotating) light blue curves in the upper left panel of Figure 5.4. In the case of

the non-rotating mass-losing model, XC,s does not change much because car-

bon depletion is strong only in the inner 0.3M! of the star and mass-stripping

does not reach this depth. Also, since we are left with a 0.55 M! star its MS

life-time is significantly prolonged leaving XC,s at the same value for more than

a Hubble time. For the rotating, mass-losing model we see that RLOF mass

loss has only a small e!ect, a decrease of about a factor of 2, on the further

evolution of the surface carbon abundance. However, the comparison between

the mass-losing non-rotating and rotating models indicates that rotationally-

induced mixing leading to abundance changes throughout the whole stellar

interior remains the main reason for XC,s depletion even when mass loss is ac-

counted for, at least for the fiducial example presented here. It is the mixing

that took place the first # 5! 109 years that lead to carbon depletion in the

surface as well as in some inner layers in di!erent degrees with mass loss being

a second order e!ect because in the absence of such mixing, as can be seen for

the non-rotating mass-losing model, mass loss alone did not lead to significant

changes. For both mass-losing cases we also note that once the stellar mass

becomes small (< 0.8 M!), carbon depletion is diminished because the core

temperature becomes su"ciently low that the fusion of C to N can no longer

take place. In addition, rotationally-induced mixing becomes less e"cient. In

reality, the process of RLOF mass loss is, of course, more complicated and
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the mass loss rate changes with time such that it starts with initially very

high mass loss rate then declines to values characteristic for CVs. We argue

that the most interesting phase of chemically quasi-homogeneous evolution in

rapidly rotating secondaries is that before the star loses significant amounts of

mass via RLOF. The extent of RLOF mass loss itself has an impact only on

the magnitude of these e!ects in the sense that deeper regions of the star are

probed with somewhat di!erent (but not significantly so) composition.
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Figure 5.2 Evolution of the surface hydrogen mass fraction, XH,s, for the
0.8 M! (black curves), 1 M! (red curves), 1.2 M! (blue curves), 1.5 M!
(green curves) and 1.8 M! (orange curves) models with Z = Z! (upper left
panel), Z = 0.1 Z! (upper right panel) and Z = 0.01 Z! (lower left panel).
The solid curves are for #/#crit = 0 and the dashed curves for #/#crit = 0.3.
The steep vertical lines for the non-rotating models represent the onset of
evolution to the red giant branch, as shown in Figure 5.6.
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Figure 5.3 Evolution of the surface helium mass fraction, XHe,s. The curves
represent the same models as those decribed in the caption of Figure 5.2.
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Figure 5.4 Evolution of the surface carbon mass fraction, XC,s. The curves
represent the same models as those decribed in the caption of Figure 5.2.
The light blue curves show the evolution of XC,s for the 1 M!, Z = Z!,
#/#crit = 0 (solid) and the 1 M!, Z = Z!, #/#crit = 0.3 (dashed) models in
the case where we adopt a RLOF mass loss rate ṀRLOF = 5! 10"10 M! yr"1

starting at tRL = 5! 109 years The “X” marks indicate the end of the MS for
the rotating models. The time of RLOF mass loss is also indicated.
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5.2.2 Constraints by Loss of Angular Momentum.

The e!ects of rotationally-induced mixing on the surface abundances

of low mass secondaries that we presented is §5.2.1 are only valid under the

assumption that the secondary star rotates at relatively high velocities (# 30%

the critical value) for a su"cient time, tRL, before loss of angular momentum

causes the secondary to fill its Roche lobe and begin transfering mass to the

white dwarf. To investigate the constraints of angular momentum loss on our

results we calculate relevant time-scales. The time scales we wish to compare

are the characteristic time-scales for synchronization, for su"cient mixing that

leads to considerable surface abundance changes, and for angular momentum

loss.

First of all, we demand that the system be synchronized so that the

orbital period is equal to the rotational period of the secondary. The synchro-

nization time-scale for a binary system based on the influence on tides is given

by the following expression (Zahn 1977, 1989):

(sync = fturb
1

q2
(
a

R2
)6 yr, (5.4)

where fturb is a constant that depends on the structure of the secondary and

is typically of the order of unity for stars with convective envelopes. For a

combination of masses and for a/R2 ) 20 the synchronization time-scales are

less than # 108 years, indicating that most of the systems under consideration

synchronize rapidly compared to their MS life spans. This time-scale can be

even shorter if radiative dissipation due to oscillation damping near the stellar
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surface is considered (Zahn 1975). For the mixing time-scale, we choose a

lower limit of tRL = 3 ! 109 years and an upper limit of tRL = 7 ! 109 years

based on the maximum carbon depletion that we find for the representative

models of 1 M! and 1.2 M! for Z = 0.1 Z! and Z = 0.01 Z! (XC,s declines

by about an order of magnitude for these models in the chosen time range).

The angular momentum loss time-scale is given by (AML = J/J̇ where

J is the total orbital angular momentum and J̇ is the rate of change of the

orbital angular momentum. We can write J = M5/3
! G2/3mwdm2m"1/3#"1/3

orb

with M! the solar mass, G the gravitational constant, mwd, m2 and m the

masses of the white dwarf, the secondary star and the sum of the two in

units of the solar mass, respectively (capital letters denote those masses in cgs

units), and #orb = (GM!m/a3)1/2 is the orbital frequency. The prescription

for J̇ depends on the angular momentum loss mechanism.

There are two basic models for angular momentum loss in binary sys-

tems: angular momentum loss via gravitational radiation (for systems with

shorter orbital periods) and via magnetic braking (for systems with larger

orbital separation). For angular momentum loss by gravitational radiation

Paczynski (1967) gives for J/J̇ :

(GR =
1.25! 109r4

m2mwdm
(
a

R2
)4 years, (5.5)

where r = R2/R! with R2 the radius of the secondary star in cm.

Angular momentum loss by magnetic braking was introduced by Ver-

bunt & Zwaan (1981) and is based on the principle that angular momentum
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is removed from the secondary via magnetically coupled stellar winds. Then,

from the orbital tidal synchronization and using their calculated J̇ we estimate

(AML = (MB for this process to be:

(MB =
3.33! 106f 2mwdm2r

k2m3
(
a

R2
)5 years, (5.6)

where f is a constant of order of unity and k = (0.1)1/2. Rappaport et al.

(1983) o!ered an updated prescription for angular momentum loss with mag-

netic braking accounting for the structure of the radiative core and the con-

vective envelope of the secondary. Using their method we calculate:

(MB =
4.38! 106mwdm2r5"!

m3
(
a

R2
)5 years, (5.7)

where ) is a dimensionless parameter that ranges between 0-4. For ) = 4 an

expression close to that of Verbunt & Zwaan (1981) is recovered. To better

constrain the magnetic braking mechanism, Sills et al. (2000) obtained rota-

tional data from young open clusters and calibrated the theoretical predictions.

They found that the mechanism is less e"cient than previously thought. Us-

ing Equation 8 for J̇ from their work, we derive the corresponding angular

momentum loss time-scale:

(MB =

&
''(

'')

2.88! 106mwdm2r9/2

m3/2
(
a

R2
)5 yr, # ) #X ,

1.13mwdm2r3/2

m1/2#2
X

(
a

R2
)2 yr, # > #X ,

(5.8)

where #X = #X,!(conv,!/(conv,2 is the critical frequency at which the

magnetic field apparently saturates (Krishnamurthi et al. 1997), (conv,! and
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(conv,2 are the convective overturn time-scales for the Sun and for the secondary

star respectively. Sills et al. (2000) find that a value of #X " 10 #! is needed

to fit the data, and we adopt the same value in this work. Ivanova & Taam

(2003) presented yet another refinement for the angular momentum loss based

on the relation between X-ray variability and rotation rate in X-ray binaries.

Their relation also has the form of a broken power law and also depends on the

magnetic field saturation frequency. Their prescription implies a time-scale for

angular momentum loss given by the following formula:

(MB =

&
'(

')

3.16! 106mwdm2r

t0.5m2
(
a

R2
)5 yr, # ) #X ,

11.35mwdm2

r1.55t0.5m1.15#1.7
X

(
a

R2
)2.5 yr, # > #X ,

(5.9)

where t = T2/T!, with T2 the e!ective temperature of the secondary

and T! the e!ective temperature of the Sun. In order to calculate the numer-

ical coe"cients we have used #! = 2.9! 10"6 rad s"1.

The more recent predictions for angular momentum loss by magnetic

braking imply a less e"cient mechanism than the older predictions. Yet an-

other correction to those laws comes from the fact that stars with a small or

no convective mantle do not have a strong magnetic field and will therefore

experience little or no magnetic braking (Podsiadlowski et al. 2002; van der

Sluys, Verbunt & Pols 2005). In this case, a correction term exp(0.02/qconv$1)

can be defined, where qconv is the fractional mass of the convective envelope.

Adopting this correction to the law of Sills et al. (2000) (Equation 8) makes
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the e!ective angular momentum loss time-scale even larger. Large angular mo-

mentum loss timescales of the order of a Hubble time due to magnetic braking

have also been discussed by Andronov et al. (2003) (see Figure 4 of their pa-

per) as well as by Willems et al. (2007). In the context of these long magnetic

braking time-scales, the period gap for CVs with orbital period between 2 and

3 hours is addressed by invoking two distinct populations. As discussed in

Andronov et al. (2003), one population would comprise unevolved secondaries

(those with orbital periods of 2 hours or less) and the other evolved secondaries

(with orbital periods of 3 hours or more).

The large time scales for magnetic braking posited in the more recent

papers imply that it is possible for some close systems to be synchronized and

maintain nearly a constant orbital period for long enough that their secon-

daries rotationally mix, therefore yielding altered surface mass fractions for

some elements. To illustrate this idea, we plot all the angular momentum

loss time-scales discussed above as a function of orbital period in Figures 5.8

and 5.9. In Figure 5.8 we have done so for a system with M2 = 1.2 M! and

MWD = 0.65 M!, which we suspect is similar to SS Cyg prior to its contact

with its Roche lobe. The inset labels the various angular momentum loss

time-scales for gravitational radiation and magnetic braking. It can be seen

that for systems with Porb ) 7-8 hrs there is su"cient time for the secondary

to undergo significant rotationally induced mixing before coming in contact

with its Roche lobe, if we accept the recently updated, less e"cient magnetic

braking laws. In general, for a secondary to su"ciently mix before transfering
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mass to the white dwarf, a fiducial system has to be in the region between the

two dotted lines and towards smaller periods, so that the rotational velocity is

higher and therefore the rotationally-induced mixing stronger. In addition, the

system has be below the curves for angular momentum loss as calculated by

making use of the latest prescriptions for angular momentum loss via magnetic

braking in the same diagram. In Figure 5.9 we present the same plot, but in

the particular case of the system V471 Tau (M2 = 0.9 M!, MWD = 0.84 M!,

Porb = 12.5 hrs; O’Brien et al. 2001) consisting of a white dwarf and a red

dwarf secondary star. A lower limit for J/J̇ in this case was estimated by using

the observed Porb/Ṗorb coming from the observed minus corrected (O$C) dia-

gram. It can be seen that it is possible that this system will mix in the future;

however, at that large separation, it probably will not exhibit a significant

rotationally-induced mixing due to the low orbital frequency.

We conclude that the type of binary system with low-mass secondaries

that might undergo significant rotationally-induced mixing that leads to en-

hanced nitrogen and helium and depleted hydrogen and carbon surface abun-

dances is one that evolves in a manner illustrated in Figure 5.10. Initially

(panel A) the system consists of a higher mass primary (M1) and a lower mass

secondary (M2). Subsequently the system undergoes common envelope evolu-

tion and the primary dies, becoming a white dwarf, while the secondary is still

on the main-sequence (panel B). At this point the system is synchronized and

the orbital separation is relatively small (Porb ) 7-9 hrs). The system remains

detached and the secondary rotates at high velocities 0.2 ) #/#crit ) 0.33
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thus undergoing rotationally-induced mixing (panel C). Those fiducial orbital

period and corresponding rotational angular velocity limits are implied for

significant surface carbon depletion, as shown in Figure 5.8. The mixing sig-

nificantly alters the surface element abundances by the end of the MS, leading

to the depletion of carbon and the enchancement of nitrogen in the surface.

Finally (panel D), the system has lost su"cient angular momentum that the

secondary comes in contact with its Roche lobe and starts to transfer mass to

the white dwarf. A long timescale between tidal locking and RLOF is consis-

tent with current theories of relatively weak magnetic braking. At the onset

of RLOF, unstable mass transfer could occur on the thermal time-scale of the

secondary or stable mass transfer could ensue for mass ratio, q < 1 on long

time-scales characteristic of many CVs, as we have assumed for the model

here. The mass transferred to the WD has di!erent abundances than in cases

where the secondary does not rotate rapidly and thus does not mix enough,

or if the secondary fills its Roche lobe before mixing is extensive.
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Figure 5.8 Characteristic time-scales for angular momentum loss for a range
of orbital periods in the case of a system with a secondary star of mass
M2 = 1.2 M! and a white dwarf of mass MWD = 0.65 M!, characteristic of
SS Cyg. The solid red curve represents the angular momentum loss time-scale
due to gravitational radiation from Paczynski (1967). The solid and dashed
black curves represent (MB as calculated by Verbunt & Zwaan (1981) and
Rappaport et al. (1983) for ) = 0 respectively. The dot-dashed blue curves
show the longer magnetic braking time-scale according to the predictions of
Sills et al. (2000) for qconv = 0.015 and qconv = 0.02. The dotted black curve
is based on Ivanova & Taam (2003). The solid green curve is data for the nu-
merically calculated angular momentum loss time-scale taken from the upper
panel of Figure 4 of Andronov et al. (2003) in the case of an evolved secondary.
The horizontal dotted lines indicate the characteristic time-scales required for
significant rotationally-induced mixing to occur based on the results of our
evolutionary calculations in §3.1. Finally, the solid vertical line indicates the
Roche limit expressed in terms of orbital period for this particular system.
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Figure 5.9 Characteristic time-scales for angular momentum loss for a range
of orbital periods in the case of a system with a secondary star of mass
M2 = 1.2 M! and a white dwarf of mass MWD = 0.65 M!, characteristic
of the binary V147 Tau (O’Brien et al. 2001; filled purple square). The curves
represent the same models as those decribed in the caption of Figure 8.
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Figure 5.10 Schematic representation of the evolution of a binary system that
leads to reduced surface carbon and hydrogen and enhanced surface helium
and nitrogen abundances for the secondary. See text (§5.2) for details.
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5.2.3 Application in the Case of Blue Straggler Stars.

The inclusion of the e!ects of rotation in the evolution of solar-type

stars may also provide insight to some cases of blue straggler stars (BSSs) first

discovered by Sandage (1953) in the GC M3. BSS are stars in open or globular

clusters that appear to be on the MS but are more luminous and bluer than

stars at the MS turn-o! point in the cluster HR diagram. BSS have been found

in many globular and open clusters in the Milky Way, notably the globular

cluster 47 Tuc (Ferraro et al. 2006), the open cluster NGC 188 (Mathieu &

Geller 2009) and the globular cluster M4 (Lovisi et al. 2010).

Suggestions for the origin of BSSs include mass transfer from primordial

binaries in low density GCs (MT-BSSs) or even stellar collisions, particularly

those that involve binaries (COL-BSSs) in high star density GCs (McCrea

1964; Hills & Day 1976; Fusi Pecci et al. 1992; Ferraro et al. 2003; Davies

et al. 2004). There is some evidence that both processes could be active in

some clusters (Ferraro et al. 2009). There are still open issues concerning the

surface chemical abundances of BSSs. In particular, depleted C/O abundances

are associated with BSSs in some clusters, for example in 47 Tuc (Ferraro et al.

2006). In addition, high equatorial velocity has been measured for many BSSs:

the equatorial velocity in 47 Tuc is measured to be > 10 km s"1 (Ferraro et al.

2006), in NGC 188 many BSSs have velocities of up to 50 km s"1 (Mathieu &

Geller 2009) and in M4 the BSSs equatorial velocities range from 10 km s"1

up to 150 km s"1 (#/#crit # 0.02-0.35) (Lovisi et al. 2010).

The depleted C/O abundances and relatively high rotation that are
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observed in some BSSs indicate that rotationally-induced mixing leading to

chemically homogeneous evolution might be relevant for some of those objects.

The idea of prolonged strong mixing associated with BSSs was first suggested

by Wheeler (1979; see also Saio & Wheeler 1980). With the availability of

stellar evolution codes that take into account the e!ects of rotation, we can

attempt to evaluate this hypothesis.

We ran MESA with 1 M! models for solar (Z = Z!), 10% solar

(Z = 0.1 Z!) and 1% solar (Z = 0.01 Z!) metallicity for four di!erent rotation

velocities in the range of those measured for the BSSs in the clusters 47 Tuc,

NGC 188 and M4: vrot = 0 km s"1, 10 km s"1, 60 km s"1 and 100 km s"1.

The evolution of these models in the HR diagram is shown in the upper left

(Z = Z!), the upper right (Z = 0.1 Z!) and the lower left (Z = 0.01 Z!)

panels of Figure 5.10. In all panels, solid curves represent vrot = 0 km s"1,

dashed curves vrot = 10 km s"1, dashed-dotted curves vrot = 60 km s"1 and

dotted curves vrot = 100 km s"1. The “BSS” labeled boxes indicate where

BSS candidate stars are expected to be located in the HR diagram of a clus-

ter. It is evident that the evolutionary tracks of stars with equatorial velocities

> 10 km s"1 are well within the BSS domain. Given the fact that there is

a spread in masses, compositions and equatorial velocities associated with

BSSs we expect that the BSS labeled regions in Figure 5.11 in reality will

be even more densly populated with evolutionary tracks than the sample of

models we present here. We conclude that quasi-homogeneous evolution due

to rotationally-induced mixing may be an alternative, third channel to form
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BSSs. The rotation to induce the mixing may have arisen in mass-transfer

events, so all these mechanisms may be active.
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Figure 5.11 Evolution of blue straggler candidate models on the HR dia-
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marked “BSS” indicate where the blue straggler stars are expected to be in
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5.3 Discussion and Conclusions

Gänsicke et al.(2003) presented a variety of CVs with very large NV /CIV

flux ratios in far ultraviolet (FUV) spectra. In the same study it is estimated

that 10-15% of close CVs that have gone through a phase of TTMT show this

kind of surface abundance anomalies. Similar cases of large NV /CIV flux ratios

have been observed in some black hole binary systems like XTE J1118+480

(Haswell et al. 2002; Gelino et al. 2006). Most low-mass close binaries are also

synchronized and their secondaries are rapidly rotating and therefore evolve

quasi-homogeneously due to rotationally-induced mixing.

Motivated by these observations, we ran a grid of evolutionary mod-

els of low mass secondaries for di!erent degrees of metallicity and rotational

velocity in order to study the e!ects of rotationally-induced mixing in these

systems. Vigorous rotationally-induced mixing led to a more chemically homo-

geneous evolution than in non-rotating standard evolution and enabled CNO

processing of material in a larger portion of the stellar interior. As a con-

sequence, the hydrogen and carbon surface abundances are reduced and the

helium and nitrogen abundances enhanced. This e!ect is found to be stronger

for intermediate mass (1-1.2 M!), increased rotation, and decreased metallic-

ity for the secondary star. The magnitude of this e!ect is also bigger for longer

time-scales after tidal locking and before encountering RLOF mass loss. Once

RLOF mass loss starts, the surface abundances do not change significantly and

by the time RLOF ends the secondary may be left with low enough mass that

the core temperature is not high enough to burn the material that is mixed
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inwards, therefore preventing further homogenization and significant surface

abundance changes. Since carbon depletion is more pronounced for higher

masses, it is possible that the secondaries of carbon depleted systems were

once more massive, even up to 1.2-1.5 M!, and then lost a significant amount

of mass. This can be achieved via a phase of unstable thermal time-scale mass

transfer (TTMST; Schenker et al. 2002; Podsiadlowski, Han & Rappaport

2003; Gänsicke et al. 2003). In this case, systems with secondaries with mass

up to 2 M! may subsequently evolve into CVs with low mass secondaries and

slow transfer rates. If the secondary were a fast rotator, the mass transferred

will have a high ratio of XN,s/XC,s, in agreement with what is spectroscopi-

cally observed. Therefore we conclude that rotationally-induced mixing could

be one way to explain the carbon-depletion features of some of the systems

discussed above.

Altering the abundance of the material accreted onto the white dwarf

may a!ect the subsequent evolution of the white dwarf. Systems containing

a white dwarf and a low mass helium-rich companion are observed (Maxted

et al. 2000; Mereghetti et al. 2011). Helium overabundance is spectroscopi-

cally observed in some recurrent novae, U Sco (Williams et al. 1981; Hanes

1985; Starrfield et al. 1988) and V394 (Sekiguchi et al. 1989) and some

classical novae, Nova LMC 1990 no. 2 (Sekiguchi et al. 1990; Shore et al.

1991) and V445 Puppis (Nova Puppis 2000; Ashok & Banerjee 2003; Kato &

Hachisu 2003; Kato et al. 2008; Woudt et al. 2009; Goranski et al. 2010).

In most considerations in the literature, the helium-rich secondaries are the
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cores of stars stripped of their red-giant envelopes by mass transfer (Iben &

Tutukov 1994; Yoon & Langer (2003); Solheim & Yungelson 2005; Ruiter et

al. 2009, 2011; Wang et al. 2009a,b; Wang & Han 2009; Meng & Yang 2010).

Here, we suggest that helium-rich secondaries can arise through rotationally-

induced mixing of main sequence stars. Some of our models exhibit enhanced

XHe,s/XH,s therefore providing accreting material of a di!erent mixture than

has been extensively modeled to date (solar H/He or pure He).

As discussed in §5.2 and in Appendix D, we find interesting levels of

rotationally-induced mixing only if we include the e!ects of the Spruit-Tayler

dynamo on the transport of both angular momentum and chemical abun-

dances. We suspect that rotation, especially di!erential rotation, will induce

magnetic e!ects and that the omission of magnetic e!ects is inappropriate.

Whether the Spruit-Tayler mechanism as employed in shellular models is the

“correct” or only magnetic e!ect is not so clear. Inclusion of the Spruit-Tayler

mechanism in rotating stellar evolution calculations is “state-of-the-art,” and

we include it in order to capture some magnetic e!ects and to compare to

other work in the literature that makes comparable assumptions (Appendix

D). We emphasize that the inclusion of chemical mixing due to magnetic fields

as parametrized by Spruit (2002) is observationally motivated in the present

work since it is necessary in order to explain the observed surface abundance

changes in some low-mass secondary stars, members of close binaries that are

rapid rotators, in the context of stellar evolution with the inclusion of the

e!ects of rotation. The inclusion of magneto-rotational e!ects in stellar evo-
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lution is a topic that surely warrants more attention (Brown et al. 2011).

The inclusion of the e!ects of rotation in the evolution of some low

mass secondaries may thus have implications for the progenitors of Type Ia

SNe. Accretion of hydrogen onto a white dwarf will tend to generate double

shell sources that are susceptible to thermonuclear instabilities, including nova

explosions. Even with high accretion rates that allow steady hydrogen shell

burning, the subsequent helium shell burning is often found to be unstable

(Iben & Tutukov 1989; Cassisi et al. 1998; Kato & Hachisu 1999) making it

very di"cult to construct satisfactory models that grow the white dwarf to

near the Chandrasekhar mass, carbon ignition and thermonuclear explosion.

At low accretion rates, the helium shell source in accreting white dwarf models

may be thermally unstable even for non-degenerate cases (Cassisi et al. 1998;

Langer et al. 2002). Accretion from a hydrogen-poor secondary may modify

some of these constraints (Webbink et al. 1987; Truran et al. 1988; Livio &

Truran 1992). A higher helium abundance will tend to lead to more stable

shell burning. This might alter the conditions of shell burning and hence the

constraints necessary for sucessful Type Ia explosions. Based on our models,

the XHe,s/XH,s ratio would increase during the accretion process since deeper

regions of the rotationally mixed stars become accessible. Further exploration

of this issue requires thermonuclear hydrodynamic simulations. We note that

although our rotating models linger longer on the main sequence, the luminos-

ity does increase monotonically. Models that are more helium enriched will

thus also tend to be somewhat brighter than ZAMS models of the same mass.
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All of our models with noticeable helium enrichment are brighter than the up-

per limit set on a particular SN Ia progenitor system by Schaefer & Pagnotta

(2012).

Helium detonations on white dwarfs have also been proposed to be

related to the progenitors of the predicted class of subluminous .Ia SNe (Shen

et al. 2010). Events such as SN 2002bj (Poznanski et al. 2010) and SN 2010X

(Kasliwal et al. 2010) show strong He lines in their spectra, but no sign of

H. A potential channel to .Ia progenitors could be one of a close synchronized

binary system with a rapidly rotating secondary star that undergoes chemically

homogeneous evolution leading to surface He enrichment. Once RLOF mass

loss sets in, this He rich material from the secondary will accrete on the WD

and, provided that the accretion rate is appropriate for stable shell burning,

it may set the initial conditions appropriate for a .Ia progenitor.

Rotationally-induced mixing seems to play a role in the evolution of

solar mass rotating single stars as well. As an example we examined the

case of BSSs found in many galactic clusters. We found that the inclusion of

the e!ects of rotation in the evolution of solar-type stars might lead some of

those with equatorial rotational velocity greater than 10 km s"1 to evolve past

the MS turn-o! point in the HR diagram. In general, rotation seems to be

relevant even in the case of post-MS, yellow supergiant stars (YSGs). Neugent

et al. (2012) show that models with rotation agree better with the observed

properties of YSGs in the LMC than do models with no rotation.

These results illustrate the importance of rotationally-induced mixing
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leading to chemically quasi-homogeneous evolution of low mass secondaries

in binary systems that are synchronized. Rotationally-induced mixing may

be fundamental in understanding observational features of some CVs, black

hole binaries or Type Ia SNe and to even some single solar-type stars. This

possibility deserves further consideration and modeling.
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Chapter 6

E!ects of Rotation on the Minimum Mass of
Primordial Progenitors of Pair Instability

Supernovae

The issue of which stars may reach the conditions of electron/positron

pair formation instability is of importance to understand the final evolution

both of the first stars and of contemporary stars. The criterion to enter the

PISN regime in density and temperature is basically controlled by the mass

of the oxygen core. The main sequence masses that produce a given oxy-

gen core mass are, in turn, dependent on metallicity, mass loss, and convec-

tive and rotationally-induced mixing. We examine the evolution of massive

stars to determine the minimum main sequence mass that can encounter pair-

instability e!ects, either a PPISN or a full-fledged PISN. We concentrate on

zero-metallicity stars with no mass loss subject to the Schwarzschild criterion

for convective instability, but also explore solar metallicity and mass loss and

the Ledoux criterion. As expected, for su"ciently strong rotationally-induced

mixing, the minimum main sequence mass is encountered for conditions that

induce e!ectively homogeneous evolution such that the original mass is con-

verted almost entirely to helium and then to oxygen. For this case, we find

that the minimum main sequence mass is about 40 M! to encounter PPISN
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and about 65 M! to encounter a PISN. When mass-loss is taken into account

those mass limits become 50 M! for PPISN and 80 M! for PISN progeni-

tors. The implications of these results for the first stars and for contemporary

supernovae is discussed.

6.1 Models

As discussed in the Introduction, the masses of stars that evolve from

the main sequence to either PPISN or PISN will be a function of metallicity,

mass loss, and rotationally-induced mixing. The outcome will also depend on

the treatment of convective instability, semi-convection, and overshoot. Dissi-

pation of shear by magnetic e!ects may also attend the rotationally-induced

mixing. Rather than explore this whole parameter space where the physics

is, in any case, uncertain, we have focused on the portion of parameter space

that is expected to lead to the minimum mass to encounter pair formation. In

particular, we have explored conditions of zero metallicity and have neglected

mass loss for the majority of our models in order to establish the proof of prin-

ciple. We have run a few models at solar metallicity in order to put our results

in context. We have adopted rates of rotation on the main sequence that run

from non-rotating to rotating at 80 % of equatorial Keplerian velocity. We

have focused on Schwarzschild convection for two reasons. One is that this

prescription will tend to enhance the mass of the oxygen core for a given main

sequence mass, in keeping with the philosophy of this exploratory work. The

second reason is based on a suspicion that neither the Schwarzschild nor the
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Ledoux criterion really captures the three-dimensional, plume-driven convec-

tion in real stars. As we will describe in a future work, we have grounds to

believe that in the late stages, when the oxygen core forms, the Schwarzschild

criterion is the more appropriate. Multi-dimensional e!ects tend to swamp the

stabilizing e!ect of composition gradients. Our simulations have also adopted

the e!ects of magnetic viscosity as parametrized by Heger, Woosley & Spruit

(2005) based on the prescriptions of Spruit (1999, 2002). This is not because

we believe that this particular parametrization captures all the relevant multi-

dimensional MHD instabilities and related phenomona in rotating, shearing,

stars, but because it is a widely used and recognized algorithm so that our

results can be readily compared to others using the same prescription.

We have used the Modules for Stellar Experiments in Astrophysics

(MESA; Paxton et al. 2011) code to calculate the evolution of a grid of Z = 0

massive stars ranging from Zero Age Main Sequence (ZAMS) mass of 35M! to

200 M! for four di!erent degrees of ZAMS rotation. We assume initially rigid

body rotation on the ZAMS with surface rotation corresponding to 0, 30%,

50% and 80% of the critical Keplerian rotation #crit = (g(1$ $)/R)1/2 where

g = GM/R2 is the gravitational acceleration at the “surface” of the star, G the

gravitational constant, M the mass, R the radius of the star and $ = L/LEd

the Eddington factor where L and LEd is the total radiated luminosity and

the Eddington luminosity respectively. The 35 M! model was only run for

maximum rotation (80%) in order to establish the lower mass limit for PPISN

and the models above 85 M! for lower (30%) and zero degrees of rotation
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to establish the corresponding minimum ZAMS mass for PPISN. The models

with ZAMS masses 40-85 M! were run in bins of 5 M! for all the selected

degrees of rotation in order to better resolve the limits for di!erent final fates

of the stars. In order to benchmark against the results of Heger & Woosley

(2002) and Woosley, Blinnikov & Heger (2007) for non-rotating stars that

will produce a pure PISN and a PPISN, respectively, we have run a 110 M!

and a 200 M! model (ZAMS masses) without rotation. The reason that we

chose this range of ZAMS masses is the fact that Heger & Woosley (2002) and

Heger et al. (2003) predict that oxygen core masses (MO"core) ranging from

40-64 M! will undergo PPISN while 64 < MO"core < 133 M! will explode as

direct PISNe for non-rotating progenitors, but with significantly rapid rotation

a lower ZAMS mass can produce oxygen core masses in this range.

MESA was run with the Schwarzschild criterion for convection imple-

mented for reasons discussed above and for zero mass loss. It should be men-

tioned that rotationally induced mass loss may reduce the final oxygen core

masses. Ekstrom et al. (2008) found that rapidly rotating zero metallicity

stars with ZAMS masses above # 50 M! may lose up to # 11 M!; however

due to the lack of understanding of mass loss mechanisms in massive stars this

remains uncertain. Nevertheless, we also conducted calculations with mass

loss included in models with initially zero metallicity, as described in §3.2,

to estimate the impact of mass loss on the final fate of the models. MESA

employs a combination of prescriptions for the equation of state (EOS), but

for high density and temperature plasma the HELM EOS (Timmes & Swesty
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2000) is used. The HELM EOS accounts for pressure induced by radiation,

ions, electrons, positrons and corrections for Coulomb e!ects and therefore for

the e!ects of electron-positron pair formation, which drives the adiabatic index

$1 below 4/3. For the treatment of nuclear processes with MESA we employ

the “approx21” network (Timmes 1999), which covers all major stellar nuclear

reaction rates. The e!ects of angular momentum transport via rotation and

magnetic fields are treated based on the one-dimensional approximations of

Spruit (1999, 2002) and Heger, Woosley & Spruit (2005).

MESA is capable of running stellar models up to the core collapse (CC)

and pre-supernova (pre-SN) stage; however for high mass stellar models that

encounter a degree of instability induced by electron-positron pair produc-

tion the e!ects become very dynamic and a challenge for a stellar evolution

code to handle. Future expansions of MESA will be able to handle those

dynamical e!ects and to follow the supernova (SN) explosions of stars with

1-D hydrodynamics implemented (Paxton; private communication). In the

current work, stellar models for which a signficant fraction of their core ap-

proaches the $1 < 4/3 regime due to pair formation are stopped before core

oxygen ignition and within the carbon burning phase, shortly before becoming

dynamic. Those models are then mapped into the multi-dimensional hydro-

dynamics code FLASH (Fryxell et al. 2000), and their evolution is followed in

1-D. The newest version of FLASH (FLASH4-alpha release) is used for these

simulations. FLASH is very suitable to follow the dynamical transition of the

models from MESA because it uses the same EOS (HELM; Timmes & Swesty
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2000) and similar nuclear reaction network. PPISNe are characterized by a

violent contraction and pulsation that heats the core up to a temperature such

that some of the oxygen is burned to produce primarily 28Si and 32S (Woosley,

Blinnikov & Heger 2007). Pure thermonuclear PISNe are heated significantly

enough from the dynamical collapse induced by the softening of the EOS due to

electron-positron pair formation that they burn oxygen explosively and large

amounts of 56Ni are produced. FLASH is capable of reproducing those basic

features of the events and is therefore used to establish the final fate of the

models. We note that in the 1-D FLASH hydrodynamic simulations the e!ects

of rotation are not considered. In a future work we plan to investigate the ef-

fects of rotation in the hydrodynamical stage of PISNe with multi-dimensional

FLASH simulations.
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Figure 6.1 Evolution of #/#crit at the surface for the 70 M! models for initial
ZAMS #/#crit = 0.3 (solid green curve), #/#crit = 0.5 (dashed green curve)
and #/#crit = 0.8 (solid red curve).
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Figure 6.2 Left Panel: Central density and temperature evolution of the 70 M!
(Schwarzschild) models for #/#crit = 0 (solid black curve), #/#crit = 0.3 (solid
green curve), #/#crit = 0.5 (dashed green curve), and #/#crit = 0.8 (solid red
curve). The solid blue curve marks the electron-positron pair-instability region
where the adiabatic index is $1 < 4/3. The black stars mark the point where
the models were mapped to the hydrodynamics code. Right Panel: Evolution
of the 70 M! (Schwarzschild) models in the H-R diagram.
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Figure 6.3 Chemical composition of the 70 M! (Schwarzschild) models for
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6.2 Results

Table 6.1 summarizes the characteristics of all the models considered in

this work (for zero metallicity and mass loss turned o!). The first column lists

the ZAMS mass (MZAMS, in solar masses), the second is the critical rotational

ratio #/#crit, the third and fourth the maximum central temperature (in units

of 109 K and density (in units of 105 g cm"3) that were encountered due to

the pair formation dynamical instability, the fifth the mass of the oxygen

core, MO"core (in units of solar masses), that each model produced, the sixth

the surface abundance of 14N and the seventh the final fate of the model

as observed in the FLASH hydrodynamics simulations (CC for core collapse,

PPISN for pulsational pair instability supernova and PISN for pair instability

supernova). In all figures, the models that ended as CC will be represented

by black curves, the models that encountered PPISN by green curves and the

models that underwent PISN with red curves.

To compare with previous results for PPISN presented by Woosley,

Blinnikov & Heger (2007) in the case of a 110 M! ZAMS star and for di-

rect PISN presented by Heger & Woosley (2002) for a variety of stars with

MZAMS > 140 M! we run our own non-rotating 110 M! and 200 M! models.

The model with 110 M! formed a 56 M! oxygen core and then encountered

a violent pulsation that heated the center of the star up to 2.46! 109 K, in a

similar manner to that suggested by Woosley, Blinnikov & Heger (2007). The

200 M! model produced a direct PISN that synthesized a massive amount of

56Ni (# 21 M!) and totally disrupted the star, behaving exactly as predicted
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by Woosley, Blinnikov & Heger (2007). Additionally, in order to establish a

lower mass end for the production of PPISNe, we have run a 35M! model with

rotation at 80% of the critical velocity that converted essentially all of its mass

to oxygen. This model was able to evolve up to CC in MESA. For benchmark-

ing it was also mapped to FLASH at the time of core oxygen ignition where

it also kept slowly evolving toward higher densities and temperatures always

avoiding the pair formation regime.

For all the models, increased levels of rotation led to a more chemically

homogeneous evolution and produced higher oxygen core masses. ZAMS ro-

tation at 80% of the critical Keplerian velocity was able to convert all stellar

mass into oxygen for all the models. The evolution of some models rotating

at 80% yielded brief stages when rotation became mildly super-critical (110-

120%) at the surface which means that results from these models may not be

completely accurate. For all other degrees of rotation the star remained at

sub-critical velocities throughout all of its evolutionary track. As a represen-

tative example of this e!ect, we show the evolution of #/#crit for the rotating

70 M! models during the main-sequence (MS) in Figure 6.1. The solid green

curve, the dashed green curve and the solid red curve show the evolution of

#/#crit for ZAMS rotation at 30, 50 and 80%, respectively.

In order to illustrate the e!ects of rotation on a ZAMS star with a

specific mass we pick the 70 M! models because, as can be seen in Table 6.1,

all possible final fates are encountered for this model (CC for zero rotation,

PPISN for 30% and 50% critical rotation and PISN for 80% critical rotation).
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The evolution of the central density ('c) and temperature (Tc) for these models

is presented in the left panel of Figure 6.2. As can be seen, all rotating models

encounter a collapse that heats the core up to higher densities and temper-

atures, but the one rotating at 80% critical is heated significantly enough to

burn oxygen explosively and subsequently ejects of all its mass. Higher degrees

of rotation lead the 'c-Tc track of the star closer to the $1 < 4/3 pair forma-

tion region. The right panel of Figure 6.2 shows the tracks of the models in

the Hertzprung-Russell diagram. It can be seen that the more rapidly rotating

models remain bluer and are more luminous that the less rapidly rotating ones.

Figure 6.3 illustrates the chemical composition of the 70 M! models for all

degrees of rotation at the time before core oxygen ignition (upper left panel:

no rotation; upper right panel: 30% critical rotation; lower left panel: 50%

critical rotation; lower right panel: 80% critical rotation). The e!ects of in-

creased homogeneity and higher MO"core, with increasing rotation are clearly

illustrated. Figure 6.4 presents the distribution of the CNO (solid black curve)

and 3-" process specific nuclear energy inputs are shown.

Higher degrees of rotation also produced a significantly higher 14N sur-

face abundance than their non-rotating counterparts, a trend also noted by

Ekstrom et al. (2008). This trend, however, is not monotonic. For the ex-

treme level of 80% critical rotation the surface 14N mass fraction is generally

found to be reduced while the most significant 14N enrichment is observed in

models rotating at 50% of the critical value. Increased surface 14N is attributed

to the onset of the CNO cycle in the outer shell due to the strong rotationally
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induced mixing. For completely homogeneous evolution that makes an oxygen

star, which takes place for models that rotate at the extreme level of 80%

critical rotation, the CNO contribution in outer layers of the star is confined

to a very thin shell.

Figure 6.5 illustrates our final results for the fate of rotating massive

primordial stars. As can be seen, stars initially rotating with speeds 80%

the critical velocity with 40 M! < MZAMS < 60 M! will produce PPISNe

associated with episodic mass-loss and for MZAMS % 65 M! they will explode

as PISNe. As mentioned before, at this rapid rotation the whole mass of those

stars will turn into oxygen, therefore this result is consistent with the findings

of Heger et al. (2003), but for initial ZAMS masses that are only 40-50%

those of the ones given by their non-rotating calculations. Consequently, for

this “fiducial” degree of rotation at 50% the critical value, the ZAMS mass

limits become 45 M! < MZAMS < 70 M! for PPISN and MZAMS % 75 M!

for PISN progenitors, thus at the level of 50-60% of those in the case of no

rotation. These results suggest that episodic mass-loss events resulting from

PPISNe can be encountered for less massive stars and may account for some of

the observed LBV-type events. We wish to add that a recent paper by Yoon,

Dierks & Langer (2012) independently calculated the mass limits of PPISN

and PISN primordial progenitors and found good agreement with our results.
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6.2.1 E!ects of Mixing

Convective mixing and overshoot are some of the factors that control

the final mass of the oxygen core. As mentioned above, in this work we have

adopted the Schwarzschild criterion for convection based on the lack of true

knowledge about the nature of convection in realistic three-dimensional situ-

ations. One dimensional convective mixing will be supressed if composition

gradients are considered, as suggested by the Ledoux criterion for convection.

This will result in smaller final oxygen core masses and therefore tracks in the

'c-Tc plane that are shifted further away from the pair formation $1 < 4/3

region, something that may alter the results for the minimum ZAMS masses

that encounter PPISN and PISN.

We ran MESA for the 70 M! non-rotating and 50% critically rotating

models with the Ledoux criterion implemented in order to examine the sign

of this e!ect. Figure 6.6 presents the results in the case of zero rotation. The

left panel shows the 'c-Tc tracks for the model that uses the Schwarzschild

(solid black curve) and the model that uses the Ledoux (dashed black curve)

criterion. The right upper and lower panels show the chemical composition

of the two models at the time before core oxygen ignition. It can be seen

that when mixing is supressed the non-rotating 70 M! model evolves towards

slightly lower 'c and Tc values and it ends up making an oxygen core that is

86% the one produced in the case where composition gradients are ignored.

The result of the same experiment but in the case of rotation at the 50%

of the critical value is shown in Figure 6.7. In this case, we see that the
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Table 6.1. Characteristics of the stellar models discussed in this work.

MZAMS (M#) #/#c,ZAMS T9,max
a %5,max

b MO (M#) X14N,s
c (10"3) Fated

35 0.8 - - 35 4.70 CC
40 0.0 - - 14 0.00 CC
40 0.3 - - 25 0.43 CC
40 0.5 - - 38 22.64 CC
40 0.8 1.16 1.03 40 1.48 PPISN
45 0.0 - - 17 0.00 CC
45 0.3 - - 30 1.31 CC
45 0.5 1.21 0.63 44 15.54 PPISN
45 0.8 0.90 0.27 45 5.49 PPISN
50 0.0 - - 19 0.00 CC
50 0.3 - - 39 0.18 CC
50 0.5 3.19 9.25 48 20.01 PPISN
50 0.8 1.17 1.85 50 1.32 PPISN
55 0.0 - - 22 0.00 CC
55 0.3 2.04 3.53 41 0.15 PPISN
55 0.5 3.22 9.57 53 14.08 PPISN
55 0.8 1.08 0.88 55 1.66 PPISN
60 0.0 - - 30 0.00 CC
60 0.3 2.09 3.31 45 0.04 PPISN
60 0.5 2.91 8.09 57 26.90 PPISN
60 0.8 1.05 0.53 60 15.28 PPISN
65 0.0 - - 32 0.00 CC
65 0.3 2.37 5.37 46 0.00 PPISN
65 0.5 3.49 12.16 60 26.51 PPISN
65 0.8 4.45 35.6 65 0.00 PISN
70 0.0 - - 35 0.00 CC
70! 0.0 - - 30 0.00 CC
70 0.3 2.58 6.90 48 0.00 PPISN
70 0.5 3.03 9.22 66 20.58 PPISN
70! 0.5 3.02 9.20 65 18.12 PPISN

70† 0.5 - - 16 10.51 CC
70 0.8 5.08 43.18 70 5.30 PISN
75 0.0 - - 36 0.00 CC
75 0.3 3.21 10.40 54 0.02 PPISN
75 0.5 3.61 20.00 67 16.68 PISN
75 0.8 5.28 61.16 75 0.00 PISN
80 0.0 1.87 2.44 40 0.00 PPISN
80 0.3 1.99 2.30 59 0.00 PPISN
80 0.5 4.31 20.36 77 26.41 PISN
80 0.8 2.97 8.99 80 0.00 PISN
85 0.0 2.09 3.61 40 0.00 PPISN
85 0.3 1.53 0.81 65 0.39 PISN
85 0.5 3.46 10.41 79 24.93 PISN
85 0.8 3.25 9.84 85 8.64 PISN
90 0.0 1.86 1.76 45 0.00 PPISN
90 0.3 3.98 17.44 85 14.24 PISN
95 0.0 2.75 6.59 50 0.00 PPISN
95 0.3 4.62 26.97 90 33.25 PISN
110 0.0 2.46 5.85 56 0.00 PPISN
200 0.0 5.02 34.40 120 0.00 PISN

Note. — a In units of 109 K. b In units of 105 g cm!3. c We adopt mass fraction of 0.00 to be anything less than

10"6. d CC=Core Collapse, PPISN=Pulsational Pair Instability Supernova, PISN=Pair Instability Supernova. !

With Ledoux criterion for mixing implemented. † For Z = Z# and mass loss.
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fast rotationally-induced mixing counters the e!ects of suppression due to

the inclusion of composition gradients and the final oxygen core masses are

almost equal. The characteristics of the models run with the Ledoux criterion

implemented are also given in Table 6.1. These results indicate that selecting

a di!erent one-dimensional prescription for convective mixing is unlikely to

alter our results for the rotating models by any significant factor.

6.2.2 E!ects of Metallicity and Mass Loss

Although a thorough study of massive models with Z > 0 is beyond the

scope of this project, which focuses on the primordial progenitors of PISNe, we

considered the e!ects that the presence of metals may have. As is well known,

metallicities with Z >0 can induce significant line-driven mass loss that can

cause massive stars to lose a significant amount of mass. This mass loss will

drive evolution towards the formation of oxygen cores with smaller mass than

in the case of zero mass loss. This will have an e!ect on the final fate of a

very massive star, such that it might miss the pair formation region in the

'c-Tc plane and end its life as a CC SN explosion. The high mass loss may

lead to the formation of massive CSM environments around the progenitors of

these SN so that the SN ejecta will violently interact with the CSM producing

shock energy that can power their LC, as manifested by luminous Type IIn

SNe. Evolution of massive PISN progenitors at higher metallicities has been

studied in more detail by Langer et al. (2007) where a metallicity threshold

of Z # Z!/3 is determined below which PISN may occur.
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To account for the mass loss with MESA, the prescriptions of de Jager,

Nieuwenhuijzen & van der Hucht (1988) were used, as appropriate for hot O-

type stars (for a recent discussion on mass loss rates for Wolf-Rayet stars, see

Yoon, Woosley & Langer 2010). Figure 6.5 also shows the final fate of the same

rotating massive zero metallicity stars for which mass loss is considered in the

calculations. As mentioned above, rotationally-induced mixing will dredge up

metals to the outer and less gravitationally bound regions of the star inducing

line-driven mass loss that will ultimately result in smaller oxygen core mass.

We find that when mass loss is considered, the minimum ZAMS mass that

produce PPISN events is # 50 M! and the minimum mass that produce PISN

events is # 80 M! at maximum ZAMS rotation (80% of the critical value).

The results for the fate of the 70 M! model rotating at 50% the critical value

with solar metallicity and mass loss are presented in Figure 6.8. The left panel

of Figure 6.8 shows a comparison between the 'c-Tc tracks of the two models

with (solid black curve) and without (solid green curve) mass loss, and the

upper and lower right panels show the chemical composition of the models at

the time before core oxygen ignition. The strong line-driven mass loss ejected

the hydrogen and a fraction of the helium shell leaving a 33 M! star with

MO"core = 16 M! that ended its life as a CC SN. The strong continuous mass

loss led the 'c-Tc track of the model further from the electron-positron pair

$1 < 4/3 region. Furthermore, due to strong rotationally-induced mixing the

pre-SN model had an enhanced 14N surface abundance as was the case with

most rotating Z = 0 models. The extreme amount of mass lost by the star that
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we compute here is consistent with results presented by Ekstrom et al. (2011)

who calculated the evolution of a grid of solar metallicity models from 0.8 to

120 M! rotating at 40% the critical velocity. Ekstrom et al. (2011) found

that even the most massive rotating 120 M! model ends its life with a mass

of 19 M!, way below the limit for PPISN. This result indicates that PPISN

and, even more so, PISN events that may result from local (Z # Z!) massive

progenitors must be very rare compared to those that result from metal-poor

primordial progenitors.
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Figure 6.5 Final fate of high ZAMS mass stellar models for di!erent degrees of
ZAMS rotation. Filled black squares indicate core collapse (CC), filled green
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grid for the models done in this work. The thick green and red lines mark the
approximate boundaries between the di!erent final fates of the models. The
dashed thick green and red lines mark those same approximate boundaries in
the case where mass-loss at Z = 0 is considered in the calculations.
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Figure 6.6 Left panel: Central density and temperature evolution of the 70M!,
#/#crit = 0 models implementing the Schwarzschild (solid black curve) and
Ledoux (dashed black curve) mixing criteria. The solid blue curve marks the
electron-positron pair instability region where the adiabatic index is $1 < 4/3.
Upper right panel: Chemical composition of the 70 M!, #/#crit = 0 model
with the Schwarzschild mixing criterion implemented at the time just prior to
core oxygen ignition. Lower right panel: Chemical composition of the 70 M!,
#/#crit = 0 model with the Ledoux mixing criterion implemented at the time
just prior to core oxygen ignition. The specific elements plotted are given in
the inset in the upper left panel of Figure 3.
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Figure 6.7 Left panel: Central density and temperature evolution of the
70 M!, #/#crit = 0.5 models implementing the Schwarzschild (dashed green
curve) and Ledoux (dotted green curve) mixing criteria. The solid blue curve
marks the electron-positron pair instability region where the adiabatic index
is $1 < 4/3. The black stars mark the point where the models were mapped
to the hydrodynamics code. Upper right panel: Chemical composition of the
70 M!, #/#crit = 0.5 model with the Schwarzschild mixing criterion imple-
mented at the time just prior to core oxygen ignition. Lower right panel:
Chemical composition of the 70 M!, #/#crit = 0.5 model with the Ledoux
mixing criterion implemented at the time just prior to core oxygen ignition.
The specific elements plotted are given in the inset in the upper left panel of
Figure 3.
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Figure 6.8 Left panel: Central density and temperature evolution of the 70M!,
#/#crit = 0.5 models for Z = 0 (dashed green curve) and Z = Z! (solid black
curve) using the Schwarzschild criterion and the de Jager, Nieuwenhuijzen &
van der Hucht (1988) mass-loss prescriptions. The solid blue curve marks
the electron-positron pair instability region where the adiabatic index is $1 <
4/3. The black stars mark the point where the models were mapped to the
hydrodynamics code. Upper right panel: Chemical composition of the 70 M!
for Z = 0 at the time before core oxygen ignition. Lower right panel: Chemical
composition of the 70 M! for Z = Z! at the time before core oxygen ignition.
The specific elements plotted are given in the inset in the upper left panel of
Figure 3.
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6.3 Discussion and Conclusions

Recently, Stacy et al. (2011) determined the rotational speed of massive

primordial stars to be close to 50% of the critical value using multi-dimensional

smooth particle hydrodynamics (SPH) simulations. In addition, observational

evidence presented by Dufton et al. (2011) on the 20-30M! late O-type star

VFTS102 in 30 Doradus indicates a rotational speed > 50% of the critical

value for this star. VFTS102 has Z > 0 and is not massive enough to en-

counter pair formation in any circumstances, but it establishes the existence

of fast rotation in some high mass stars. Using MESA to follow the evolution

and FLASH to compute the late time hydrodynamics for a grid of massive

primordial (Z = 0) stars with various degrees of rotation and including the

e!ects of magnetic fields as currently parametrized, we established the ZAMS

mass ranges required to produce PPISN or PISN as presented in Figure 6.5.

For significant rotational velocities, we find that stars with ZAMS masses as

low as 40-45M! can produce PPISN and stars with ZAMS masses > 65-75M!

can produce direct PISN explosions due to a more chemically homogeneous

evolution that leads to increased oxygen core masses.

We also investigated the e!ects of convective mixing, metallicity and

mass loss. We found that suppressed mixing due to composition gradients is

unlikely to significantly alter the results for the rotating models since rotationally-

induced mixing is the dominant factor. We also found that higher metallicities

(and specifically solar metalicity) can induce extreme line-driven mass loss so

that even some of the most massive ZAMS stars end their lives as CC SNe
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avoiding the pair-formation instability. Current results from numerical simu-

lations (Greif et al. 2011) suggest a nearly flat primordial initial mass function

(IMF) with typical mass of 100 M!. If so, PISN and especially PPISN events

may be more frequent than estimates suggest based on non-rotating models

(Scannapieco et al. 2005). This raises the possibility of detecting a larger

number of those spectacular explosions with future missions such the James

Webb Space Telescope (JWST).

As emphasized by Smith & Owocki (2006) and Smith et al. (2007),

stars under a wide variety of conditions may undergo the mass ejection pro-

cess associated with luminous blue variables (LBV). The physical mechanism

of the LBV phenomenon is not well understood. PPISN is not likely to be

the only mechanism involved in the LBV process, but our result that stars

with initial mass as low as 40 M! may undergo PPISN means that PPISN

should be considered as a possible candidate mechanism for the LBV mass

loss phenomenon in some circumstances. It would be worthwhile to explore

the PPISN process in stars with a variety of envelope compositions and struc-

tures, including those that are nearly pure, bare, oxygen cores to understand

how PPISN may lead to single or multiple shell-ejection phases.
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Chapter 7

Hydrogen-Poor Circumstellar Shells from
Pulsational Pair-Instability Supernovae with

Rapidly Rotating Progenitors

In certain mass ranges, massive stars can undergo a violent pulsation

triggered by the electron/positron pair instability that ejects matter, but does

not totally disrupt the star. After one or more of these pulsations, such stars

are expected to undergo core-collapse to trigger a supernova explosion. The

mass range susceptible to this pulsational phenomena may be as low as 50-

70 M! if the progenitor is of very low metallicity and rotating su"ciently

rapidly to undergo nearly homogeneous evolution. The mass, dynamics, and

composition of the matter ejected in the pulsation are important aspects to

determine the subsequent observational characteristics of the explosion. We

examine the dynamics of a sample of stellar models and rotation rates and

discuss the implications for the first stars, for LBV-like phenomena, and for

superluminous supernovae. We find that the shells ejected by pulsational pair-

instability events with rapidly rotating progenitors (> 30% the critical value)

are hydrogen-poor and helium and oxygen-rich.
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7.1 Models

To study the dynamics of PPISN events we select some of the zero

metallicity models studied by CW12 plus a 110 M! with Z = 10"3 Z!.

We concentrate on the CW12 models with masses 60, 75 and 80 M! with

ZAMS rotation 50%, 50% and 30% the critical value, #crit, respectively, where

#crit = (g(1$$)/R)1/2 and g = GM/R2 is the gravitational acceleration at the

“surface” of the star, G the gravitational constant, M the mass, R the radius

of the star and $ = L/LEd the Eddington factor where L and LEd are the to-

tal radiated luminosity and the Eddington luminosity, respectively. All of the

models were evolved from the ZAMS up to the time of maximum compression

with radiatively and mechanically-driven mass loss included, right before the

core density and temperature enter the $ < 4/3 dynamically unstable regime,

with the Modules for Experiments in Stellar Astrophysics stellar evolution

code (MESA version 4298; Paxton et al. 2011). MESA accounts for the ef-

fects of angular momentum transport and chemical mixing due to rotation and

magnetic fields as parameterized by Heger, Woosley & Spruit (2005) based on

the prescriptions of Spruit (1999, 2002). For more details on the physics em-

ployed in the MESA models used here see CW12. Although CW12 considered

both models without mass loss and models with mass loss included, we note

that the neglect of the e!ects of mass loss in the evolution of some PPISN

and PISN progenitor models will lead to super-critical rotation and improper

treatment of angular momentum transport that would a!ect our results on the

composition and properties of the ejected PPISN shells. All zero metallicity
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models presented here were considered in CW12 to estimate the e!ect of mass

loss on the minimum ZAMS mass of rotating PISN and PPISN progenitors

(dashed lines in their Figure 5). In addition to those models, we also consid-

ered the evolution of a 110 M! star rotating at 30% the critical value with

metallicity 1/1000 that of the sun in order to investigate the characteristics

of PPISN in low, but non-zero, metallicity environments which could be rel-

evant to some SLSNe observed in metal poor galaxies. For radiatively-driven

mass loss we used the prescirptions of Glebbeek et al. (2009) and de Jager,

Nieuwenhuijzen & van der Hucht (1988). Rotationally-induced mass loss is

equal to Ṁrot = Ṁno"rot/(1 $ #/#crit)0.43 where Ṁno"rot is the mass loss rate

in the case of zero rotation, due to the e!ect of radiatively driven winds (Heger,

Langer & Woosley 2000). The characteristics of all evolved MESA progenitor

models such as the final (pre-PPISN) rotation rate (#/#crit,f ), radius (Rf ),

carbon-oxygen core gravitational binding energy ($EB,f ) and carbon-oxygen

core mass (MCO,f) are summarized in Table 7.1.

The nearly hydrostatic MESA models were then mapped into the multi-

dimensional, adaptive mesh refinement (AMR) hydrodynamics code FLASH

(Fryxell et al. 2000) in order to perform one-dimensional (1-D) simulations

to follow the dynamical collapse and subsequent pulse and ejection of mate-

rial as well as nucleosynthesis. The transition from MESA to FLASH is an

operationally smooth one because the two codes employ the same equation of

state (HELM EOS; Timmes & Swesty 2000) and the same nuclear reaction

network. In addition, appropriate mesh refinement selections at initialization
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were made in FLASH in order to achieve the desired resolution for accurate

calculation of the core compression and subsequent shock formation and core

oxygen burning. The simulation box size for all FLASH simulations was cho-

sen to be # 10 times larger than the stellar radius of the relevant model in

order to su"ciently follow the ejected shell and determine the mass of the

unbound material after the pulse is complete.

We limited our study to ZAMS rotation rates ) 50% #crit because

the e!ects of higher rotation in the hydrodynamic equilibrium of the models

mapped to FLASH become especially important. The equation for hydrostatic

equilibrium for rotating stars (Lebovitz 1967; Maeder & Meynet 2011 and

references therein) can be expressed as:

1

'

$(*P = $$(*'+
1

2
#2$(*(r sin 1)2, (7.1)

where ' is the local density, P the local pressure, ' the gravitational potential,

# is the local angular velocity, r is the distance from the center of the star

and 1 the colatitude (angular distance from the pole of the star). Equation

7.1 can be re-written as follows in the case of one dimension and across the

equator (1 = ,/2) and by changing variable from dr to fluid element mass

dmr = 4,r2dr:
dP

dmr
= $Gmr

4,r4
+

#2

4,r
, (7.2)

where we have used$$(*' = (Gmr/r2)
$(r /r. Now we can consider the following

ratio in order to assess the e!ects of rotation in hydrostatic equilibrium:

3 =
"2

4"r

| dP
dmr

+ Gmr
4"r4 |

. (7.3)
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For zero rotation (# = 0), 3 = 0. A case of 3 close to unity would imply that

the e!ects of rotation are comparable to the combined e!ects of gravity and

internal pressure, therefore rotation should not be ignored in the hydrodynamic

calculations. In general, the larger the value of 3 the more important the e!ects

of rotation to hydrostatic equilibrium become. For the MESA models mapped

to FLASH in the cases of ZAMS rotation of 30% and even 50% the critical

rotation, 3 in the core was limited to less than 0.05, with 3 = 0.05 the peak

value for ZAMS #/#crit = 0.5 and 3 = 2 ! 10"4 representative for ZAMS

#/#crit = 0.3. In more extreme cases of rotation (ZAMS #/#crit = 0.8, also

presented in CW12), 3 becomes close to unity and the e!ects of rotation cannot

be ignored. Models with this very high rate of rotation collapse in a dynamical

time-scale when mapped into FLASH. The models with ZAMS rotation 30%

and 50% the critical value that were mapped to FLASH within the scope of this

project remain stable over long time-scales (greater than their corresponding

free-fall dynamical collapse time-scales) before a significant fraction of their

cores encounters the pair-formation regime of $ < 4/3 and collapse leading to

PPISN shell ejection.

In this project we study only the first shell ejections due to PPISNe. As

WBH07 discussed, subsequent pulses may be encountered by a massive star

depending on its initial carbon/oxygen core mass. Multiple shell ejections will

interact with each other and ultimately the ejecta of the final supernova (SN)

explosion will interact with them, too, resulting in several luminous transient

events over the duration of decades up to centuries before stellar death. Since

243



we are just performing 1-D hydrodynamic simulations, we ignore the e!ect of

rotation on the shape of the ejected shell.

7.2 Results

We post-processed the FLASH simulation files for the three models

from CW12 discussed above as well as the 110 M!, Z = 10"3 Z! model in

order to get measures of the mass lost due to the violent PPISN as well as

to determine the physical characteristics of the shells ejected as a function of

increasing ZAMS mass and rotational velocity as well as metallicity. Figure

7.1 presents the distributions of density, velocity and chemical composition

for all models. Details of the characteristics of the shells ejected by the first

pulse in each case are given in Table 7.2 where the shell mass (Msh), shell

kinetic energy (EK,sh), typical shell velocity (vsh = (2EK,sh/Msh)1/2) and the

total masses of helium (MHe,sh), carbon (MC,sh) and oxygen (MO,sh) within the

ejected shells are presented. The masses and kinetic energies of the shells were

calculated by determining how much mass is gravitationally unbound after the

pulse was complete. We considered the matter to be gravitationally unbound

above radii for which EK + Eint $ UG > 0, where EK is the kinetic, Eint the

internal and UG the gravitational binding energy of the simulated material.

We see from Table 7.2 that for fixed initial ZAMS rotational velocity

and increasing mass, the ejected PPISN shells are more massive and have

higher kinetic energies. On the other hand, increasing rotation leads to the

ejection of shells of lower mass: # 7 M! in the case of ZAMS #/#crit = 0.3
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(for the 80 M! model) and 2-4 M! in the case of ZAMS #/#crit = 0.5 (for the

60 and 70 M! models). WBH07 calculated an ejected shell of 17.6 M! in the

case of a non-rotating 60 M! oxygen core. This shell mass is larger than that

of our 30% critically rotating 80 M! model (which forms a 55 M! oxygen core

mass) and much larger than that of our 50% critically rotating 70 M! model

(which forms a 56 M! oxygen core).

Pre-SN mass loss lead to almost entirely stripped carbon-oxygen cores

for the zero metallicity CW12 models with 70 M!, #/#crit = 0.5 and 80 M!,

#/#crit = 0.3. Mass loss results in di!erences in the overall rotationally-

induced mixing e"ciency, which is a!ected by angular momentum loss, and

di!erences in the final structure and composition of the progenitor star and the

PPISN shell. The typical mass of helium within the ejected PPISN shell ranges

between 0.3-1.3 M! (Table 7.2), a value that is in good agreement with the

results presented in Table 5 of Yoon et al. (2012). In accordance, the oxygen

and carbon abundances in the PPISN shells are generally enhanced since the

shell now probes deeper layers in the star that extend to the carbon-oxygen

core.

In Figure 7.1 (lower panels, horizontally) we illustrate the composition

of the ejected shells. In the case of moderate rotation (ZAMS #/#crit = 0.3)

the outer regions of the progenitor stars are helium rich, with traces of oxygen

and carbon present in deeper layers. As a result, the composition of the ejected

PPISN shells is predominantly He with small traces of oxygen present in their

inner parts. In the case of the 70 M!, #/#crit = 0.5 model the PPISN shell,
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though still helium rich, is significantly enriched mainly with oxygen but also

with some carbon. In some cases, the oxygen mass fractions can be up to 0.5

or more. In all rotating cases, the shells are hydrogen-poor. The outer layers of

the stars after their first PPISN are even more enhanced in oxygen and carbon,

therefore subsequent shell ejections are expected to be even more oxygen-rich,

potentially leading to shell collisions of oxygen-rich material. The luminous

output from this kind of CSM interaction is not necessarily going to be similar

to that observed in cases of hydrogen-rich CSM interaction. Emission lines

of hydrogen and, in some cases, of helium will be absent in the spectrum of

oxygen-rich events.

The 110 M! model, with Z = 10"3 Z! and ZAMS rotation 30% the

critical value, lost the larger fraction of its initial mass to strong radiatively

driven winds combined with rotationally-induced mass loss, which left it with

a completely stripped # 41 M! C/O core, right within the range of PPISN.

The PPISN pulse was followed hydrodynamically in FLASH and the relevant

dynamics are detailed in Table 7.2 and in Figure 7.2 where the density, ve-

locity and chemical composition of the unbound PPISN shell are shown at

time t " 31000 s after the pulse. In reality, the ejected PPISN shell from

this model would collide with the previously-expelled 69 M! hydrogen/helium

shell from the progenitor star leading to a potentially long-lasting SN ejecta

- CSM interaction and an associated long LC duration. The e!ect of pro-

genitor metallicity in the final ejected PPISN can be seen by comparing the

zero metallicity 60 M!, #/#crit = 0.5 model with the Z = 10"3 Z!, 110 M!,
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#/#crit = 0.3 model since both models make C/O cores of the same mass

(41 M!). We find that the PPISN shell of the Z = 10"3 Z! model is more

significantly enhanced in carbon and oxygen and more depleted in helium than

the zero metallicity model mainly due to the fact that deeper layers are probed

as a result of extreme mass loss for the 10"3 Z! model. In addition, we find a

larger PPISN shell with a smaller kinetic energy associated with the 10"3 Z!

model. The fact that the PPISN phenomenon is possible for non-zero metal-

licities that may be relevant to metal-poor dwarf galaxies means that these

brilliant events may be related to some nearby, hydrogen-poor SLSNe such as

SN 2007bi.
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Table 7.1. Physical characteristics of the pre-PPISN models used in this
work.

MZAMS (M#) Mf (M#) #/#c,i #/#c,f Rf (1011 cm) !EB,f (1052 erg) MCO,f (M#)

60 46 0.50 1.00 1.10 0.43 41
70 47 0.50 1.00 0.41 0.73 46
80 58 0.30 1.00 0.49 1.16 55

110† 41 0.30 1.00 0.58 0.40 41

Note. — Quantities with the subscript “f” denote pre-PPISN values. † For this model the initial metallicity was
Z = 10"3 Z#.

Table 7.2. Physical characteristics of the shells ejected by the PPISNe
models discussed in this work.

Mi (M#) #/#crit,i Msh EK,sh (1051 erg) vsh
a (km s"1) MHe,sh MC,sh MO,sh

60 0.5 1.9 0.25 3636.48 1.71 0.06 0.13
70 0.5 3.9 0.31 2826.42 0.23 0.81 2.86
80 0.3 7.3 0.48 2570.68 0.32 0.62 6.36

110† 0.3 3.1 0.09 1607.59 0.17 0.78 2.15

Note. — a The average shell velocity is obtained by making use of the formula vsh =
!

(2EK,sh/Msh). † For this

model the initial metallicity was Z = 10"3 Z#. All masses are expressed in units of M#.
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Figure 7.1 Density (upper panels), velocity (middle panels, horizontal) and
composition profiles (lower panels) for shells ejected by PPISNe of progenitor
masses 60 M! (left panels), 70 M! (middle panels, vertical) and 80 M! (right
panels) with ZAMS rotational velocities 50%, 50% and 30% the critical value
accordingly. In the composition profiles, the solid curves show the mass frac-
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each case is given in the upper panels. In all panels, the dashed vertical lines
indicate the radii above which the material is gravitationally unbound.
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7.3 Discussion and Conclusions

In this work we have discussed the properties of shells ejected by mas-

sive (60-80 M!), rotating (30%-50% the critical value on the ZAMS), stars

with zero (and one case of 10"3 Z!) metallicity encountering PPISNe for the

first time. We find that for increasing PPISN progenitor rotational velocities

the resulting pulses are less energetic and shells of smaller masses but rich in

helium, carbon and oxygen are ejected. For the range of models considered

here, the masses of the ejected shells vary from # 2 M! for higher rotation val-

ues all the way up to # 7 M! for lower rotation. We find that the shells from

the first PPISN ejections are all rich in helium, oxygen and carbon in constrast

to hydrogen-rich shells ejected in non-rotating cases (WBH07). We note, how-

ever, that subsequent pulses in the case of zero rotation might also lead to

helium-rich shells, since deeper layers of the star are probed. Zero rotation

models are not expected to lead to shells with significantly enhanced carbon

and oxygen as is the case for rotating progenitors. The ejection of hydrogen-

poor shells from massive population III stars in the early universe might have

important implications for the composition of the interstellar medium in these

epochs.

Our results imply that rotationally-induced chemical mixing (mainly

due to meridional circulation and the Spruit-Tayler mechanism for the e!ects of

magnetic fields) in zero metallicity massive stars leads to homogeneous evolu-

tion and larger carbon/oxygen core masses before encountering pair-instability

than do non-rotating models of the same mass, as shown in CW12 (see also
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Yoon, Dierks & Langer 2012). We also examined the case of a low metallicity

(Z = 10"3 Z!), 110 M! star which produces an entirely stripped (41 M!)

C/O core and encounters PPISN which leads to the ejection of a # 3 M! shell

that is significantly enhanced in carbon and oxygen. This model was run to

indicate that the PPISN phenomenon leading to hydrogen poor ejected shells

might also be relevant to low metallicity environments such as dwarf galax-

ies that seem to be the host environments for some hydrogen-poor SLSNe.

The strong chemical mixing initially stirs helium and later oxygen and carbon

to the outer layers while dredging hydrogen inward to the core. When the

carbon/oxygen cores of those stars encounter PPISN they eject those helium

and metal-enriched outer layers therefore chemically enriching the surround-

ing CSM. Subsequent pulses may be even richer in carbon and oxygen since

they probe the inner regions of the star, leading to collisions of hydrogen-poor

shells. Ultimately, the final SN explosion takes placed embedded within this

chemically enriched CSM and the SN ejecta interact with it.

This kind of hydrogen-poor CSM interaction is not necessarily going

to possess the same observational characteristics as hydrogen-rich CSM inter-

action. Hydrogen-rich CSM interaction seems to be related to Type IIn SNe,

the spectra of which show narrow emission lines of hydrogen and, sometimes,

weaker emission lines of helium. SLSN events such as SLSN 2006tf (Smith et

al. 2008), SLSN 2006gy (Smith et al. 2007, 2010) and SLSN 2008es (Gezari

et al. 2009; Miller et al. 2009) seem to fall into this category. On the other

hand, recent discoveries of SLSNe with no signs of hydrogen in their spec-
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trum (Quimby et al. 2011; Leloudas et al. 2012) might indicate that not all

CSM interaction involves hydrogen-rich material. Additionally, some of those

hydrogen-poor events show an early precursor plateau in their LCs (Blinnikov

& Sorokina 2010; Dessart et al. 2011; Leloudas et al. 2012).

In this context, a hydrogen-poor CSM interaction might also be an al-

ternative explanation for the nature of SLSN 2007bi (Gal-Yam et al. 2009),

which is considered the strongest observed candidate for PISN. At first, the

CSM interaction model for this event was ruled out due its spectral character-

istics showing no typical signs of hydrogen-rich interaction, given the absence

of narrow hydrogen lines from any of the spectra obtained. The optical spec-

trum predicted for helium/carbon/oxygen-rich CSM interaction, which could

result from PPISNe with rapidly rotating progenitors, is unexplored, but it

must, perforce, be free of hydrogen features. For this reason, Chatzopoulos

et al. (2013, in preparation) will present a semi-analytical CSM interaction

model fit to the observed LC of SLSN 2007bi considering this to be a possible

alternative model. Future multi-group radiation hydrodynamics simulations

of such events are expected to shed more light on the issue.
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Chapter 8

Multi-dimensional Studies

8.1 Multi-dimensional simulations of Pair-Instability Su-
pernovae

The energetics, ejecta structure and geometry and final 56Ni production

of PISNe are sensitive to the dimensionality of the hydrodynamic modeling.

The 1-D (spherical) simulations of PISN that have been broadly presented in

the literature lack the capability to capture realistic multi-dimensional e!ects

such as plume mixing, hydrodynamical instabilities (for example: Raleigh-

Taylor (RT), Kelvin-Helmholtz (KH) and RichtmyerMeshkov) or rotation that

might significantly a!ect the dynamics and observational output of these

events. Some recent 2-D hydrodynamic simulations of PISNe (Chen et al.

2010, 2011; Joggerst & Whalen 2011) have demonstrated that RT mixing may

become important for some PISN progenitors at a level that might alter their

final nucleosynthetic yields.

For this reason, we are using the Stampede supercomputer of the Texas

Advanced Computing Center to perform multi-dimensional calculations of

PISNe. This study is done in two stages: first we use the 1-D MESA stel-

lar evolution code to evolve models of massive stars up to the point when they

encounter pair-instability in their oxygen cores. The stellar evolution study for
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the progenitors of PISNe can only be done in 1-D at the current stage of su-

percomputing power. The stellar evolution calculations cover a wide range of

parameter space in terms of stellar mass, metallicity and initial equatorial rota-

tion velocity. In the second stage, the final density, temperature, composition,

internal energy, radial velocity and rotational velocity profiles from MESA are

imported to the multi-dimensional AMR hydrodynamics code FLASH where

their hydrodynamic evolution is followed for several days after the dynamical

instability and subsequent thermonuclear burning of oxygen. At the end of the

simulations, the final masses of the nucleosynthetic products, including 56Ni,

as well as the final energetics are measured. The ultimate goal is to determine

the dependence of these values on the initial progenitor model and study the

e!ects of rotation and multidimensional mixing in the final PISN outcomes.

At the current stage, we have run 2-D simulations of PISNe that include

the e!ects of rotation both in theMESA stellar evolution calculation and in the

hydrodynamical follow-up with FLASH. The purpose of this preliminary study

is to determine the e!ect of rotation on the dynamics of PISNe. Noting that

the dominant parameter that determines whether or not a star encounters

pair-instability is the mass of the final oxygen core, and that this mass is

di!erent if the e!ects of rotation are included, we study three di!erent models

with various degrees of equatorial rotation that produce oxygen cores of the

same mass (" 80 M!), at the end of the MESA calculation:

1. a non-rotating 200 M! model (200mrot0),
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2. a 140 M! model with ZAMS rotational velocity 50% of the critical value

that includes the e!ects of Spruit-Tayler (ST) mixing due to a magnetic

field (140mrot0.5ST),

3. a 140 M! model with ZAMS rotational velocity 50% of the critical value

without the e!ects of ST mixing included (140mrot0.5noST).

We opted to study both the cases with ST mixing included and not

because the ST parametrization is still debated and also because the lack

of a magnetic field will result in a faster-rotating oxygen core prior to pair-

instability, therefore allowing us to study the e!ect of a faster rotation on the

final PISN. Table 8.1 presents the main characteristics of theMESA progenitor

models while Figures 8.1 and 8.2 present the final density-temperature ('-T )

structure and other relevant structure parameters of the models, respectively.
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Table 8.1. Characteristics of PISN progenitor models.

Model Mi Mf #/#c,s,i #/#c,s,f #/#a
c,c,f va

rot,c (km s"1) !Eb
b,f Rc

f

200mrot0 200.0 122.0 0.0 0.00 0.00 0.0 3.2 681.77
140mrot0.5ST 140.0 82.4 0.5 0.18 0.05 212.2 2.8 0.42
140mrot0.5noST 140.0 95.1 0.5 1.00 0.31 1307.5 3.0 5.78

Note. — a We define as the “edge” of the CO core the radius at which XC + XO < 0.5. † The rotational velocity of this
pre-PISN model was artificially set to zero for the FLASH hydro simulation in order to investigate the e"ects of rotation in

otherwise identical models. b In units of erg s"1. c In units of cm. All masses are expressed in units of M#.
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Figure 8.1 The inner '-T structure of models 200mrot0 (red curve),
140mrot0.5ST (blue curve) and 140mrot0.5noST (green curve) prior to en-
countering the electron-positron pair instability. The thick black dashed curve
shows the $ < 4/3 pair-instability region as determined by the stellar equation
of state.
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Figure 8.2 The internal density (upper left panel), temperature (upper right
panel), angular velocity in terms of the critical velocity (lower left panel)
and radial velocity (lower right panel) structures of the models consid-
ered in this work: 200mrot0 (black curves), 140mrot0.5ST (red curves) and
140mrot0.5noST (blue curves).
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The three models were then mapped into the 2-D AMR grid of -4.0.

This version of FLASH includes an unsplit hydrodynamic solver that allows

for the treatment of rotation. The final rotational profiles of the models in the

2-D grid were mapped assuming rotation in cylinders with the rotational axis

being coincident with the y-axis of the simulation box. The simulation box

was chosen big enough to include the entire oxygen cores of the models and

the inner regions of their outer helium layers. The maximum resolution for all

models was tuned to be about 7! 107 cm which is good enough to adequately

resolve the resulting shock as well as the oxygen burning front (see also Chen

et al. 2011). Figure 8.3 shows an instant of the simulation of the 200mrot0

model (left panel: temperature and velocity arrows, right panel: oxygen mass

fraction) and Figure 8.4 a similar instant of the 140mrot0.5noST model, after

the PISN shock has propagated through most of the stellar core.
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Figure 8.3 Left Panel: Temperature and velocity arrows for model 200mrot0.
Right Panel: Oxygen mass fraction for model 200mrot0. Both instants are
shown at # 93s after collapse.

Figure 8.4 Left Panel: Temperature and velocity arrows for model
140mrot0.5noST. Right Panel: Oxygen mass fraction for model
140mrot0.5noST. Both instants are shown at # 130s after collapse.
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Table 8.2. Characteristics of PISN explosions.

Model Ea
nuc,max

4He 12C 16O 20Ne 24Mg 28Si 32S 56Nif Fate

200mrot0 9.2 15.6 4.0 65.6 7.3 1.9 0.05 <0.001 0.9 PISN
140mrot0.5ST 8.5 2.8 5.1 66.1 6.6 1.5 0.04 <0.001 1.5 PISN
140mrot0.5noST 5.5 10.4 4.6 67.6 7.4 1.8 0.04 <0.001 0.2 PISN

Note. — All species masses are in M# and refer to the mass included in the simulation box. † The 28Si and 32S masses

shown here are the final masses, after the pulse. a The nuclear energies are expressed in units of 1050 erg.

Our simulations are run until after the SN shock has exited the simu-

lation box. Once the run is complete we calculate integral quantities such as

energies (kinetic, internal) and nucleosynthetic yields and plot the results as a

function of time. We focus on the final estimates of 56Ni and the PISN energy.

Table 8.2 shows the basic characteristics of the PISN explosions for the three

models considered here.

We find that higher rotation leads to “softer”, less energetic PISN ex-

plosions that also produce smaller amounts of 56Ni in the case of oxygen cores

of similar mass but with di!erent rotational velocities. We attribute this ef-

fect of rotation on the final PISN energetics to the fact that rotational support

and the centrifugal force will slow collapse, especially close to the stellar equa-

tor, therefore leading to smaller central temperatures and densities and less

energetic thermonuclear oxygen burning. The fact that faster spinning PISN

progenitor cores lead to larger Mej/MNi ratios mean that these explosions are

probably going to possess dimmer, long-duration LCs and will have cooler,

redder SEDs than non-rotating PISNe. We also find that rotation seems to
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suppress RT mixing between the oxygen and the helium layers of the expand-

ing SN ejecta, however more simulations are needed to determine if that is

a general e!ect. The 140mrot0.5ST model does seem to produce more 56Ni

than the non-rotating 200mrot0 model, however we attribute this di!erence

to small di!erences in the actual total mass of the cores between the models

(helium+carbon+oxygen+neon+magnesium) and the e!ects of additional C

burning, since in the case of the 140mrot0.5ST model there is an extra # 1 M!

of C fuel available.

8.2 Multi-dimensional radiation hydrodynamics simu-
lations of SN ejecta - CSM interaction

The observed diversity of SLSN LCs in terms of shapes, durations,

peak luminosities and decline rates can be explained if complex, multidi-

mensional CSM geometries are considered, assuming that the majority of

SLSN (especially SLSN-II) are produced by the violent interaction between

SN ejecta and dense CSM media. The example of - Carina as well as other

LBV stars illustrates that CSM environments around massive evolved stars

can have quite complex geometry (spherical or bipolar shells, circumstellar

disks, clumps) and be comprised of multiple components (steady-state 1/r2

winds and shells ejected via episodic mass-loss events). To capture the e!ects

of complex geometry in the LCs of SLSN produced by CSM interaction, a

radiation-hydrodynamics multi-dimensional study is needed.

We have initiated such a study with the purpose of determining the
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e!ects of di!erent CSM geometries (and characteristic densities/masses) and

viewing angles to the observed LCs. We further wish to extend this study to

include di!erences in the composition of CSM (H-poor CSM shells) and include

a post-processing study of the hydrodynamics that will provide us with model

spectra from such complex CSM interaction schemes. Direct comparison of

the numerical results (LCs and spectra) with observed SLSN data will provide

important insight on the basic question about the diversity of SLSNe.
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Chapter 9

Summary and Future Work

Over the last five years there have been considerable advances in the

theoretical understanding of SLSNe. These advances have been driven by the

availability of state of the art blind transient search programs such as the

RSVP (ROTSE Supernova Verification Project), the PTF (Palomar Transient

Factory), and Pan-STARRS, which enabled the early discovery of such events

and immediate spectroscopic follow up. This process provided well sampled

multi-wavelength broad-band photometry and spectra throughout the whole

LC evolution of some SLSNe, such as SN 2008am (Chatzopoulos et al. 2011),

which was determined to be one of the most luminous self-interacting SNe ever

discovered.

The availability of multi-band LCs for SLSNe allowed for the construc-

tion of their semi-bolometric LCs that we extensively used to fit models of

power input mechanisms and assess the nature of these events. SN LC models

that invoke the radioactive decay of 56Ni that can fit the LCs of Type Ia as well

as many normal-luminosity Type II events are found to be unphysical for the

vast majority of SLSNe. Chatzopoulos, Wheeler & Vinko (2012) showed that,

for SLSNe, the mass of 56Ni required to power the immense peak luminosities
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of SLSNe far exceeds the total SN ejecta mass inferred by the characteristic

LC time-scale. For this reason, Chatzopoulos, Wheeler & Vinko (2012) as

well as Chatzopoulos et al. (2013, in preparation) developed a semi-analytical

LC model for SN ejecta - CSM interaction, a process that is spectroscopically

inferred in the case of SLSN-II by the presence of narrow hydrogen emission

lines. Chatzopoulos et al. fit that model, together with models of magnetar

spin-down (Kasen & Bildsten 2010; Woosley 2010) to the LCs of most SLSNe.

This study found that all SLSN-II are consistent with models of SN ejecta -

CSM matter interaction, at least in terms of the LC.

Chatzopoulos, Wheeler & Vinko (2012) also found that CSM interac-

tion fits well the LCs of hydrogen-poor, SLSN-I events; however, the peculiar

and sometimes diverse, spectra of SLSN-I seem to disfavor CSM interaction

because of the absence of narrow lines of any kind, specifically for the case

of SN 2007bi (Gal-Yam et al. 2009). For this reason, SN 2007bi seemed to

be the only candidate consistent with a PISN, with its LC and very late time

spectrum indicating that > 7 M! of 56Ni are required to power the LC. In

addition, a PISN model of a helium-rich star of # 100 M! provided a good

fit to the LC of SN 2007bi. Chatzopoulos & Wheeler (2012b) suggest that

the possibility of hydrogen-poor CSM interaction as an explanation for some

SLSN-I events cannot be ruled out. They present studies of the evolution of

rotating progenitors of PPISN as a possible source of H-poor CSM shells. In

addition, Chatzopoulos & Wheeler (2012b) note that spectroscopic signs of H-

poor CSM interaction, such as narrow emission lines, could, in fact, be absent
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if the H-poor CSM shell moves with a relatively high velocity (% 1000 km s"1),

or if the ionizing radiation from the forward shock does not ionize gas far out

in the pre-shocked wind region. Recently, Dessart et al. (2013) presented 1-D

radiation hydrodynamics simulations of PISNe that included the calculation

of non-LTE time-dependent model spectra and found that the spectra of SN

2007bi are inconsistent with what the models predict, in particular SN 2007bi

exhibits much bluer spectra and hotter SEDs than those found by the models.

Dessart et al. (2013) conclude that that no SLSNe or other events discov-

ered to date are consistent with PISNe. Therefore, the possibility of magnetar

spin-down or H-poor CSM interaction as an explanation for SLSN-I events

remains.

Lower, and zero metallicity environments appropriate to the early Uni-

verse, reduce the e!ects of mass-loss. In that environment PISNe are expected

to be more common and to be important in enriching the early ISM with

metals. For this reason Chatzopoulos & Wheeler (2012a, b) initiated MESA

stellar evolution studies for massive progenitors of PISNe that include the

e!ects of rotation and magnetic fields both in the transport of angular mo-

mentum and in the mixing of chemical species. Rotationally-induced mixing

was found to significantly deplete H and He from the outer layers of very

massive stars (> 100 M!) and lead to the production of larger oxygen core

masses than in the case of zero rotation. Rotating zero metallicity models

encounter electron-positron pair instability and explode as full-fledged PISNe

with smaller ZAMS mass (# 80-90 M!) than the non-rotating models . This
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result by Chatzopoulos & Wheeler (2012a) was confirmed by an independent

study by Yoon, Dierks & Langer (2012). The Population III star formation

simulations of Greif et al. (2011) found that most first stars should be fast

rotators (# 50% of the critical Keplerian value at ZAMS). Taken together,

these results indicate that the rate of PISNe, but also of energetic CCSNe or

GRBs in the early Universe may be even higher than that previously suggested

based on models of non-rotating PISNe.

The stellar evolution and 1-D hydrodynamics studies of PISNe by Chat-

zopoulos & Wheeler (2012a, b), as well as the results presented by Dessart et

al. (2013) illustrate the need for accurate modeling of massive stars from birth

to death. There is a need for hydrodynamics simulations of PISNe that include

radiative transport and can provide us with model spectra and LCs that can

be directly compared to those observed in SLSNe. For this reason, a major

e!ort will be undertaken which is two fold: at first a survey of the parameter

space (mass, metallicity, rotation, magnetic fields) in the stellar evolution of

massive stars is needed to provide progenitor models for PISNe and for SNe

that undergo CSM interaction, embedded within the mass they lost during

their lifetimes. Second, multi-dimensional radiation hydrodynamics simula-

tions of PISNe and SN ejecta - CSM interaction that include non-LTE radia-

tive transport are needed to provide model LCs and spectra, for a variety of

such systems. Multi-dimensional (2-D and, eventually 3-D) simulations of such

processes are necessary because they can capture physics (plume mixing, mix-

ing due to hydrodynamical instabilities, accurate treatment of rotation, e!ects

268



of di!erent CSM geometry) that spherically-symmetric simulations cannot.

The availability of increased computational power via the resources of

the Texas Advanced Computing Center (TACC), the National Energy Re-

search Scientific Computing Center (NERSC) and Argonne National Lab al-

lows more realistic modeling of stellar explosions. These modern computa-

tional capabilities, together with the advances in high cadence blind transient

search programs that allow early identification and follow-up of SLSNe, will

enable the stellar and high energy astrophysicists to deeply understand the

physical power input mechanisms and the observed diversity of these mag-

nificent, rare manifestations of massive stellar death in the next decade. In

addition, major future NASA missions such as the James Webb Space Tele-

scope (JWST) and WFIRST are expected to discover the light of the first of

such stellar explosions in the Universe, setting the stage where future genera-

tions of stars, and eventually our own sun, are to be born.
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Appendix A

Derivation of the general LC model for
centrally located power sources.

A80, A96 presented a solution for LCs powered by radioactive decay of

56Ni based on the energy equation:

Ė + P V̇ = *Ni $
0L

0m
, (A.1)

where E is the specific internal energy, P is the pressure, V = '"1 is the

specific volume, *Ni is the specific energy generation rate corresponding to

the radioactive decay of 56Ni and the luminosity is given by the di!usion

approximation:

L = $4,r2%ca

3

0T 4(x, t)

0r
, (A.2)

where + is an appropriate opacity. A80, 82 solved this set of equations by

assuming 1) homologous expansion, 2) a centrally-located power source, and

3) that radiation pressure was dominant. A80, 82 did not consider a general

power input source as we need to consider here.

Kasen & Bildsten (2010) presented a related solution for the LC based

on an integrated version of the energy equation and a general power input,

of which a magnetar was a specific example. Kasen & Bildsten did not show
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explicitly how this global, integrated solution is related to the solution of A80,

82 that was expressed in terms of local, specific quantities. Here we present the

most general solution in the formulation of A80, 82, show how that solution

is generalized to any power input, and how that solution relates to the global,

integrated solution.

Following A80, 82 we adopt the same prescription for separation of

variables,

T 4(x, t) = T 4
004(x)5(t)[R0/(R0 + vt)]4, (A.3)

where x = r/R is the dimensionless radial variable, T00 is the initial central

temperature, v is the scaling velocity of the homologous expansion v(x) = xv,

and R0 is the initial radius. Adopting + = constant, we can then write,

following the analysis of A80, 82, the luminosity at the surface, x = 1, as a

function of time as:

L(1, t) =
M*0bIth

IM
e
"[ t

2

t2
d
+

2R0t

vt2
d
]
! t

0

e
[ t

"2
t2
d
+

2R0t
"

vt2
d

]
f(t$)[

R(t$)

t0R0
]dt$ +

Eth,0IM
M*0bIth

!e"(t2/t2d+2R0t/vt2d), (A.4)

where M is the ejecta mass, *0 is the amplitude of the specific power in-

put in erg g"1 s"1, f(t) is the time-dependence of the power input, Eth,0 =

4,R3
0aT

4
005(0)Ith is the initial total thermal energy, td is the LC time-scale

which is the geometric mean of the di!usion time-scale t0 + 3+R2
0'00/c" and

the expansion time-scale th = R0/v, therefore t2d = 2t0th. The factor R(t)/R0t0

can be written as (R0 + vt)/R0t0 or (1/td)(2R0/vtd + 2t/td), as convenient to

evaluate the limits R0 ( 0 and v ( 0. The density is assumed to scale as
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'(x, t) = '00-(x)[R0/R(t)]3, where '00 is the central density at time 0 and the

function " appearing in the definition of t0,

" + $ 1

x24(x)

0

0x
[
x2

-(x)

04

0x
], (A.5)

is a constant by separation of variables. The parameter b = /(x)-(x)/4(x)

is assumed to be constant where /(x) represents the radial distribution of

the power input, Ith +
* 1

0 4(x)x
2dx, and IM +

* 1

0 -(x)x
2dx. A80, 82 show

that t0 = +M/#cR0 where # + 4,"IM/3 " 13.8 for a variety of density

distributions and that bMIth/IM = M0
Ni, the initial amount of nickel injected

in the radioactive decay model.

With these definitions and relations we can write for a general power

input

*inp + *0/(x)f(t), (A.6)

and, expressed in terms of luminosity

Linp =

! M

0

*inpdm = L0f(t), (A.7)

where

L0 = M*0b
Ith
IM

, (A.8)

or, formally,

L(1, t) = L0e
"[ t

2

t2
d
+

2R0t

vt2
d

]
! t

0

e
[ t

"2
t2
d
+

2R0t
"

vt2
d

]
f(t$)[

R(t$)

t0R0
]dt$ +

Eth,0

t0
e"(t2/t2d+2R0t/vt2d).

(A.9)

This is the form of the output luminosity we present in Equation 3 of the main

text.
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Returning to Equation A1, we can integrate the energy equation over

mass to find

4,R(t)3aT 4
00[

R0

R(t)
]45̇Ith = Linp $ L (A.10)

where L =
*M
0 (0L/0m)dm. Kasen & Bildsten (2010) began with an approxi-

mate integrated form of the energy equation to write

d

dt
[
4

3
,R(t)3aT 4] +

1

3
aT 44,R2dR(t)

dt
= Linp $

4,R(t)2c

3+'

0aT 4

0r
, (A.11)

where the second term on the right hand side is$L. Using the same separation

of variables for T as in Equation A3, this equation can be written as

4,R(t)3aT 4
00[

R0

R(t)
]45̇

4(x)

3
= Linp $ L. (A.12)

This equation agrees with Equation A10 only if 4(x) = 3Ith, which is only true

if 4 = constant. This means that the temperature as a function of radius has to

be constant. The solution of Kasen & Bildsten is thus not strictly speaking self-

consistent, since a temperature gradient is required and employed to estimate

the luminosity. Their solution is nevertheless a useful approach, given the

uncertainties involved in modeling LCs driven by uncertain phenomena.
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Appendix B

Derivation of the SN ejecta-CSM interaction
self-similar luminosity input.

To derive an expression for the luminosities of the forward and reverse

shocks we assume that all of their kinetic energy converts e"ciently to radia-

tion (radiative shock approximation):

L =
dE

dt
=

d

dt

+
1

2
Mswv

2
sh

,
= Mswvsh ˙vsh +

1

2
Ṁswv

2
sh, (B.1)

where Msw is the swept-up mass behind the shock and vsh the shock velocity.

In order to estimate a final expression for the luminosity presented in

Equation B1, we need to know the dynamics of the forward and reverse shock

(radius, velocity and acceleration) as a function of time. Chevalier (1982)

considered the interaction between two media with power-law density profiles:

the SN ejecta density profile 'SN = gntn"3r"n, where gn is a scaling parameter

for the ejecta density profile, gn = 1/(4,(&$n))[2(5$&)(n$5)ESN ](n"3)/2/[(3$

&)(n $ 3)Mej](n"5)/2, n is the power-law exponent and & is the slope of the

inner density profile of the ejecta (values of & = 0, 2 are typical) and the CSM

density profile 'CSM = qr"s, where 'CSM is the density of the CSM medium,

q is a scaling constant and s the power-law exponent. In general q = 'CSM,1rs1

where 'CSM,1 is the density of the CSM shell at r = r1. We use as fiducial
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value r1 = Rp, where Rp the radius of the progenitor star. Thus we set the

density scale of the CSM, 'CSM,1, immediately outside the stellar envelope.

Using momentum conservation, Chevalier (1982) and Chevalier & Frans-

son (2001) found the following self-similar solutions for the radii of the forward

and the reverse shocks, respectively, as a function of time:

RF (t) = Rp + #F

$
Agn

q

% 1
n!s

t
n!3
n!s , (B.2)

and

RR(t) = Rp + #R

$
Agn

q

% 1
n!s

t
n!3
n!s , (B.3)

where #F , #R and A are constants that depend on the values of n and s

and, for a variety of values, are given in Table 1 of Chevalier (1982). More

specifically the parameters #F and #R refer to the ratio of the shock radius

to the radius of the contact discontinuity that forms as a result of SN ejecta-

CSM interaction (#F = R1/Rc and #R = R2/Rc for the forward and the reverse

shock, respectively, where Rc is the radius of the contact discontinuity given by

Equation 3 of Chevalier (1982) and R1 and R2 are the radii of the forward and

the reverse shocks respectively). Using vF,R = dRF,R/dt, ˙vF,R = d2RF,R/dt2

yields the velocity and the acceleration of the shock as a function of time.

Given the shock dynamics derived above, we can calculate the swept-

up mass behind the forward shock assuming that Rp is smaller than RF (t) for

t > 0:

Msw,F (t) = 4,

! RF (t)

Rp

'CSM(r)r2dr =
4,#3"s

F

3$ s
q

n!3
n!s [Agn]

3!s
n!s t

(n!3)(3!s)
n!s , (B.4)
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and the swept-up mass behind the reverse shock:

Msw,R(t) = 4,

! RSN (t)

RR(t)

'SN(r)r
2dr =

4,gnv3"n
SN

3$ n
(1$

#R
-
Agn

q

. 1
n!s

t
n!3
n!s

vSN t
)3"n,

(B.5)

where vSN is the characteristic SN expansion velocity and RSN = vSN t is the

radius of the SN photosphere which is assumed to expand homologously. We

have again assumed that Rp is small.

Substituting Equations B2 through B5 and their derivatives in Equa-

tion B1 yields the final results for the luminosity input from the forward and

the reverse shocks (LF (t) and LR(t) respectively):

LF (t) =
2,

(n$ s)3
gn

5!s
n!s q

n!5
n!s (n$3)2(n$5)#5"s

F A
5!s
n!s (t+ti)

2n+6s!ns!15
n!s 1(tFS,BO$t),

(B.6)

and

LR(t) = 2,(
Agn

q
)
5!n
n!s gn(

3$ s

n$ s
)3(t+ ti)

2n+6s!ns!15
n!s 1(tRS,# $ t), (B.7)

where 1(tFS,# $ t) and 1(tRS,# $ t) denote the heaviside step function that

controls the termination of the forward and reverse shock, respectively, and

ti " Rp/vSN is the initial time of the CSM interaction which sets the initial

value for the luminosity produced. The velocity, vSN , in Equation B5 is given

by

vSN =
[10(n$ 5)ESN/3(n$ 3)Mej]

1
2

x0
, (B.8)

where x0 = r0(t)/RSN(t) is the dimensionless radius of the break in the SN

ejecta density profile from the inner flat component (controlled by &) to the
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outer, steeper component (controlled by n) which is at radius r0(t). LR(t) in

Equation B7 is independent of vSN and hence of x0. Summing Equations B6

and B7, the total luminosity input from self-similar SN ejecta-CSM interaction

is

Linp(t) = LF (t) + LR(t). (B.9)

The forward shock termination time-scale, tFS,#, is given by the following ex-

pression, assuming that the input from the forward shock terminates when all

the available CSM has been swept up:

tFS,# = |(3$ s)q(3"n)/n"s)[Agn](s"3)/(n"s)

4,#3"s
F

|
n!s

(n!3)(3!s)M
n!s

(n!3)(3!s)

CSM , (B.10)

where MCSM the total mass of the CSM. Following the same assumption, the

reverse shock termination time-scale tRS,# is given by the following expression:

tRS,# = [
vSN

#R(Agn/q)
1

n!s

(1$ (3$ n)Mej

4,v3"n
SN gn

)
1

3!n ]
n!s
s!3 . (B.11)

After termination, the luminosity of each component decays in a manner anal-

ogous to Equation 6 in the main text such that

LF (t) = LF (tFS,BO)e
"(t"tFS,BO)/t0 , (B.12)

and

LR(t) = LR(tRS,#)e
"(t"tRS,#)/t0 . (B.13)
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Appendix C

Fit Parameters and Parameter Correlations
for the LC Models

In this Appendix we give some details on the fitting of the free parame-

ters of each model and discuss the correlation between parameters as measured

by their covariance and correlation matrices. To do so, we first synthesized a

generic test LC for each model using the equations given in §2. We then ran

the code MINIM to independently determine the free parameters and to deter-

mine the correlations among them. This also served as a test for the reliability

of Minim and the optimization algorithm we applied (see §3). The fitting was

succesful in all cases, since the initial parameters were recovered within the

errors.

C.1 Radioactive di!usion (RD) model.

First introduced by A80, A82, this model assumes a spherical, ho-

mologously expanding ejecta. The energy input generated by the decay of

radioactive 56Ni and 56Co slowly di!uses out from the center to the surface.

The resulting LC is expressed as Equation 1 in §4, where the meaning of the

symbols are also explained. We take advantage of having vtd >> R0 for the
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SNe we consider, thus, the terms involving R0/vtd can be ignored with respect

to t/td. This considerably reduces the number of free parameters in this model,

resulting in the following:

• t0: the initial epoch of explosion, expressed in days relative to the arbi-

trarily chosen fiducial t = 0 for each SN,

• MNi: the initial mass of radioactive 56Ni (in M!) synthesized in the

explosion,

• td: the e!ective LC timescale (in days), sometimes termed as di!usion

timescale by several authors,

• A!: optical depth of the SN ejecta to gamma-rays, measured at +10

days after explosion.

Figure C1 shows the distribution of random choices of free parame-

ters around the !2 minimum for four particular parameter combinations. The

general shape of this distribution illustrates the correlation between the two

particular parameters: a nearly symmetric distribution means less correlation

(parameters are independent), while an elongated shape indicates that these

parameters are correlated. In the latter case, if the two parameters are slightly

changed according to the direction indicated by the curvature of the !2 hy-

persurface, the output LC remains almost the same. In other words, these

parameters cannot be fully recovered in every case; only their linear combina-

tion can be determined by the fitting of the LC.
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Figure C1 suggests that none of the parameters of the RD model are

independent (as also implied by the physics of the model), they are more-or-

less correlated with each other. We estimated the correlation between them

for each parameter combination by calculating

Ri,j =

/Nr

k=1(pi(k)$ pi(min) · (pj(k)$ pj(min))

(Np $ 1)$i$j
, (C.1)

where Nr = 200 is the number of random vectors (parameter sets) used in

MINIM, Np is the number of free parameters in the particular model, pi(k) is

the ith parameter in the kth vector, pi(min) is the ith parameter in the param-

eter vector corresponding to the minimum of the !2, and $i is the standard

deviation of the ith parameter around pi(min). The correlation coe"cients

can be found in Table C1.

Both Figure C1 and Table C1 show that the correlation between each

pair of the physical parameters (MNi, td and A!) is stronger than 50 %. The

# 90 % correlation between MNi and td is known as the “Arnett-rule”: at LC

peak the input and output power is the same, for example, if the peak occurs

later (td is longer), then a given peak luminosity needs more initial MNi.

C.2 Magnetar (MAG) model.

Equation 4.2 describes the resulting LC when the power input is due to

the spin-down of a rapidly rotating magnetar (magnetized neutron star) in the

center of the SN ejecta. As explained in §2, we have optimized the following

LC parameters:
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• t0: the initial epoch of explosion (in days)

• R0: the radius of the progenitor (in 1013 cm)

• Ep: the initial rotational energy of the magnetar (in 1051 erg)

• td: the e!ective LC timescale, as in the RD model (in days)

• tp: the spin-down timescale of the magnetar (in days)

• v: the expansion velocity of the SN ejecta (in 103 km s"1).

The model parameters applied for a test LC and their correlation co-

e"cients are collected in Table C2. Figure C2 displays the distribution of the

random vectors in the vicinity of the !2 minimum.

As expected, R0 and v are only weakly constrained parameters, since

the LC is not sensitive to their combination of R0/vtd appearing in Equation

4.2, the same as in the case of the RD model. All other parameters could be

well recovered, despite the strong correlations between Ep, tp and td.

C.3 CSM shell with top-hat energy input (TH) model.

The third model consists of the simple configuration of a thick CSM

shell around the SN in which the power input is constant for a certain amount

of time then it switches o!. The observed LC is governed by the di!usion of

thermalized photons to the photosphere that is fixed at the outer radius of the

shell. This toy model has the following free parameters:
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• t0: the initial epoch of explosion (in days)

• Esh: the total input energy (in 1051 erg)

• tsh: the time interval for the constant energy input (in days)

• t0: the di!usion time in the CSM shell having a fixed photosphere.

Table C3 lists all the parameters of the test model and their correla-

tion coe"cients, while in Figure C3 the !2 function around the minimum is

mapped.

This model has the advantage of having relatively few parameters, and

they are less strongly correlated than those of the other models. Its drawback

is, of course, the less physical reality of its assumptions.

C.4 Shock-heated ejecta and CSM-collision combined
with radioactive heating (CSM+RD) model.

This is the most complicated model, where the output LC can be cal-

culated from Equations 4.4, 4.5 and 4.6 (see §4 for the details). The large

number of parameters make this model rather ill-constrained. In order to

keep the model manageable, we have restricted the number of free parameters

to 7:

• t0: as before (in days)

• Rp: radius of the SN progenitor prior to explosion
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• Mej : ejecta mass (in M!)

• MCSM : total mass of the CSM (in M!)

• 'CSM,1: density of the CSM at radius R = Rp (in g cm"3)

• MNi: initial mass of 56Ni (in M!)

• vSN : maximum expansion velocity of the SN ejecta (in 103 km s"1).

Note that we expressed 'CSM,1, the CSM density at r = Rp as 'CSM,1 =

Ṁ/(4,vwindR2
p) where vwind is a fiducial velocity of a stellar wind (assumed to

be 10km s"1), and used 'CSM,1 as a free parameter constraining an average

characteristic value for the mass loss rate. Also, we elected to use vSN as a

free parameter describing the SN kinetic energy via ESN = 3/10 · (n$3)/(n$

5) ·Mej(x0vSN)2, where n is the ejecta density slope parameter and x0 is the

fractional radius of the core in the SN ejecta (see §2).

The remaining parameters were kept fixed to their pre-selected fiducial

value: we have applied + = 0.33, n = 12, & = 2, # = 13.8, x0 = 0.1, and s =

0, 2 (see §2 for explanation). Our tests showed that the LC is not particularly

sensitive to these parameters, except for the CSM density slope parameter s,

where the s = 0 (constant CSM density) and the s = 2 (stellar wind with

constant mass-loss rate) assumptions resulted in quite di!erent LCs.

As a test case we have computed a model by assuming s = 0, which

was then refitted using MINIM with both s = 0 and s = 2 (s was kept fixed

during the fitting). Figure C4 shows the original model LC (dots) and the
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fit results (solid and dotted lines). It is seen that the shape of the LC can

be recovered quite well. A closer inspection of the original and recovered

parameters (Table C4), however, reveals larger di!erences than for the previous

three models (see also Figure C5).

Given the larger number of free parameters, and the complicated nature

of this model, it is not surprising that the correlation between most parame-

ters is quite high. Moreover, there is a general ambiguity related to the choice

of the CSM density parameter s. As it is seen in Table C4, the resulting fit

parameters assuming s = 2 can be quite o! from the original ones computed

assuming s = 0. R0 and Mej are the most weakly constrained parameters,

as there are order of magnitude di!erences between their original and recon-

structed values for s = 2. The other parameters can be recovered within a

factor of 2-3. Higher uncertainties for R0 and Mej are also seen even using

the original value of s = 0 during the fitting. Thus, it is concluded that even

though the shape of the LC can be relatively well described by the CSM+RD

model either assuming constant density (s = 0) or wind-like (s = 2) CSM

structure, the resulting fit parameters for the SN ejecta (R0 and Mej) may be

o! by an order-of-magnitude from their real values because of the incorrect

assumed value of s. The CSM-related parameters (MCSM and 'CSM,1) might

be recovered with slightly better accuracy, but those are still only weakly con-

strained.
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Table A1. Model parameters and correlation coe"cients for the RD-model.
1-$ errors are given in parentheses.

texp MNi td A"

initial 0.0 10.0 60.0 300.0
recovered 0.0 10.0 60.0 300.0

(0.17) (0.04) (0.32) (3.11)
texp 1.00 -0.67 -0.86 0.17
MNi 1.00 0.91 -0.74
td 1.00 -0.54

Table A2. Model parameters and correlation coe"cients for the magnetar
model.

texp R0 Ep td tp v

initial 0.0 1.0 2.0 50.0 30.0 40.0
recovered 0.0 0.76 2.00 49.99 30.03 34.62

(1.83) (10.2) (7.60) (7.40) (0.30) (13.54)
texp 1.00 0.74 0.57 -0.86 0.66 -0.12
R0 1.00 0.86 -0.97 0.86 -0.13
Ep 1.00 -0.85 0.85 -0.22
td 1.00 -0.90 0.15
tp 1.00 -0.24

Table A3. Model parameters and correlation coe"cients for the top-hat
model.

texp Esh tsh t0

initial 0.0 1.0 30.0 40.0
recovered 0.00 1.00 30.00 40.00

(0.04) (0.001) (0.07) (0.08)
texp 1.00 -0.19 -0.79 0.17
Esh 1.00 -0.09 0.60
tsh 1.00 -0.50
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Table A4. Model parameters and correlation coe"cients for the CSM+RD
model.

texp R0 Mej MCSM Ṁ MNi vSN

initial 0.0 33.0 35.0 4.0 0.01 5.0 40.0
recovered s = 0 0.20 42.71 32.75 4.27 0.0145 4.69 41.14

(0.02) (0.45) (0.09) (0.02) (0.0002) (0.04) (0.05)
texp 1.00 0.18 -0.09 -0.01 0.26 0.05 0.26
R0 1.00 -0.97 0.92 0.99 -0.21 0.98
Mej 1.00 -0.93 -0.95 0.17 -0.96
MCSM 1.00 0.91 -0.43 0.91
Ṁ 1.00 -0.25 0.98
MNi 1.00 -0.24
recovered s = 2 3.89 0.14 4.42 4.31 0.0458 6.35 37.15

(0.11) (8.10) (0.59) (0.04) (0.0008) (0.06) (0.43)
texp 1.00 -0.92 0.02 -0.88 -0.84 -0.88 0.93
R0 1.00 0.11 0.92 0.85 0.93 -0.99
Mej 1.00 0.09 0.12 0.09 -0.09
MCSM 1.00 0.97 0.73 -0.89
Ṁ 1.00 0.66 -0.83
MNi 1.00 -0.94
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Appendix D

Rotational Mixing in MESA: Comparison
with Other Codes and Observations

The e!ects of rotation in the transport of angular momentum and chem-

ical mixing were only recently implemented in the stellar evolution code MESA

(Paxton et al. 2011) that we are using in the present paper. We present here

comparisons of MESA with other established codes. Specifically, we focus on

the e"ciency of the Spruit-Tayler (ST) mechanism (Spruit 1999, 2002) when

the e!ects of magnetic fields are taken into account. While its precise utility

and implementation may be questioned, the e!ect of the magnetic torques

on angular momentum transport as implemented by Spruit is used in many

modern stellar evolution codes. The e!ects of the magnetic field on chemi-

cal mixing of elements is even more the subject of debate (Maeder & Meynet

2003; 2004; 2005, Spruit 2006). In some calculations chemical mixing by the

ST mechanism is found to lead to overly e"cient mixing and surface N abun-

dances that are higher than those suggested by observations of massive early

B type stars in the Milky Way and in the LMC and SMC (Hunter et al.

2008; 2009). We therefore also focus on assessing the degree to which MESA

models with rotation and magnetic fields agree with observations. We stress

that this comparison is restricted to massive (> 10 M!) stars since we are
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not aware of observations of rapidly rotating solar mass stars and relative N

abundance measurements. We note, however, that the findings of the present

paper are observationally motivated (depleted carbon abundaces in rapidly ro-

tating secondary stars in close binaries) and might constitute the first attempt

to compare the e!ects of rotation and magnetic fields in solar type stars with

direct observations.

The e!ects of rotation on angular momentum transport (but not chem-

ical mixing), including magnetic torques as parametrized by Spruit, have been

included in several stellar evolution codes in the past. For the purposes of

benchmarking MESA against some of those well-established codes we ran

models similar to those presented by Brott et al. (2011a; b), Ekström et

al. (2012), Heger, Woosley & Spruit (2005), Yoon et al. (2006) and Yoon,

Dierks & Langer (2012). The models we have selected have been computed by

three di!erent stellar evolution codes that include the e!ects of rotation and,

in some cases, magnetic fields: the Geneva code (Eggenberger et al. 2008),

the Yoon & Langer (2005) code and an updated version of the KEPLER code

(Weaver et al. 1978) that was first used by Heger, Woosley & Spruit (2005)

to study progenitors of Gamma-Ray Bursts (GRBs). The majority of the

models computed in these works are for massive stars. Therefore most of our

comparisons are for massive stars with the exception of solar mass models

computed in the grid of Ekström et al. (2012). For all models run with MESA

the same parameters (initial mass and metallicity, ZAMS rotational velocity,

mixing and angular momentum transport e"ciency) have been adopted as the
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models with which we compare. The e"ciency of rotational mixing (fc) is

the main uncertain parameter for all models calculated. Its value is mainly

calibrated by observations of nearby rotating stars. The choice of 0.046 was

proposed by Pinsonneault et al. (1989) in order to explain solar lithium abun-

dances, while theoretical predictions by Chaboyer & Zahn (1992) provided a

somewhat di!erent value of 0.033 which was adopted in calculations of massive

rotating models done by Heger et al. (2000). A somewhat smaller value of

0.0228 calibrated against observations of massive B type stars in the LMC was

adopted by Brott et al. (2011a; b).

We first computed 10 M! models for Z = 0.0047 (the metallicity of the

LMC) for four di!erent equatorial rotational velocities at the ZAMS: 58, 116,

232 and 345 km s"1 and for two cases: a case without the e!ects of ST on the

chemical mixing included and a second case that includes those e!ects. Those

parameters are exactly the same as those in Brott et al. (2011b). Specifically

we compare their result on the evolution of surface nitrogen enrichment pre-

sented in their Figure 8 with our results, presented in Figure D1. As can be

seen, the inclusion of the ST mechanism does lead to somewhat higher surface

nitrogen abundances than when it is not included, but in both cases the val-

ues we find for 12+log[N/H ] are consistent with those found by Brott et al.

(2011b). Interestingly, the results between the two codes agree much better

when ST chemical mixing is included.

Next, we consider a 1 M! model at solar metallicity (Z = 0.014) for

a non-rotating case and a case with a rotational velocity of 50 km s"1. The
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e!ects of ST are accounted for in these models only in the transport of angular

momentum and not in chemical mixing. In Figure D2 we plot the evolution

of the surface helium abundance (upper left panel) as well as the evolution

of the surface abundance ratios [N/C] (upper right panel) and [N/O] (lower

left panel) for the non-rotating (black curve) and the rotating (red curve) case.

The end of the H-burning phase is indicated with the dashed vertical line in all

panels. This figure can be directly compared to the results presented in Table

2 of Ekström et al. (2012) for the same models. We see that the values for the

surface He abundance we estimate with MESA at the end of the H-burning

phase are generally a little higher (0.02-0.05 in mass fraction) than the ones

presented by Ekström et al., but the surface abundance ratios are very similar

in the two works. Any di!erences may be attributable to di!erent algorithms

between the codes and to numerical errors (due to di!erences in resolution,

for example).

For another comparison of MESA including the e!ects of rotation and

of the ST mechanism accounting only for the angular momentum transport

we choose models recently presented by Yoon, Dierks & Langer (2012) in their

investigation of the evolution of massive population III stars. Specifically, we

computed a 10 M! model of zero metallicity rotating at 40% the critical ro-

tational velocity at the ZAMS. For this model we show the MESA-computed

H-R diagram in Figure D3 that can be directly compared to the one presented

by Yoon, Dierks & Langer (2012) in their Figure 1 (upper left panel). MESA

gives similar values and ranges for the e!ective temperature, Teff , and the lu-
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minosity except that at later stages MESA gives slightly higher luminosities.

We note that some peculiar “kinks” on the HR track for this model are nu-

merical artifacts related to limited resolution. Similar numerical features are

also seen in calculations of rotating progenitors of GRBs by Yoon & Langer

(2005) (see the HR tracks presented in their Figure 2). Also, at the end of

the calculation MESA gives carbon-oxygen (C/O) core mass of 1.72 M! while

Yoon, Dierks & Langer (2012) find it to be 1.78 M! and a surface helium mass

fraction of 0.348 in contrast with 0.32 that they find.

Now we proceed to benchmark MESA against other available results

that include the e!ects of the magnetic fields both in angular momentum

transport and in mixing of chemical elements. For these comparisons we start

by considering the rotating, magnetic 15 M! model at solar metallicity that

was presented by Heger, Woosley & Spruit (2005). This is the archetypical

paper that was used to implement rotation and magnetic fields in MESA.

One of the MESA built-in test problems is the same as the one we present

here, and it is the original model that was used to evaluate the e!ects of

rotation as calculated by MESA. For this model, an initial ZAMS rotational

velocity of 200 km s"1 is used. Figure D4 shows the evolution of He, C, N

and O surface mass fractions as calculated by MESA for a non-rotating (black

curves), a rotating (red curves) and a rotating plus magnetic (blue curves)

case. The dashed vertical lines of the same colors represent the time at which

the central hydrogen mass fraction was down to # 35% for each model in order

to directly compare with the results presented in Table 6 of Heger, Woosley
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& Spruit (2005). We see very good agreement of the MESA results with

the results of Heger, Woosley & Spruit (2005). We note that the inclusion

of chemical mixing due to ST leads to somewhat larger abundance changes

and, consequently, stronger surface nitrogen enhancements. This result is also

obtained by Maeder & Meynet (2004) were they suggest that such di!erences

might indicate that the Spruit (2002) prescriptions for chemical mixing due to

magnetic fields lead to overestimates.

The other available independent calculations of stellar evolution with

rotation and magnetic fields in both angular momentum transport and chem-

ical mixing are found in Yoon et al. (2006). To perform a comparison with

MESA we select the 12 M! model with initial metallicity of Z = 0.004 and

initial (ZAMS) equatorial rotational velocity of 354.14 km s"1. In Figure D5

we show the evolution of the surface nitrogen abundance for this model as

calculated by MESA in the case for which ST is not considered in chemical

mixing (black curve) and in the case for which it is (red curve). At time

t = 1.93 ! 107 years, we see that 12+log[N/H ] " 8.1-8.4 for the two cases.

Using the results presented in Table 4 of Yoon et al. (2006) we estimate that

in their model 12+log[N/H ] = 8.26, a value that is in good agreement with

ours. At the same time in the evolution, the mass of the C/O core is 1.91 M!

for the MESA model that includes the e!ects of ST on mixing. For the same

model calculated by Yoon et al. (2006) the mass of the C/O core is 1.892 M!,

indicating that the mixing processes that lead to the formation of the core in

the two codes also give very similar result at the same evolutionary stage.
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The comparison of MESA stellar evolution with rotation and magnetic

fields to these other codes indicates that MESA accounts for these e!ects

as well as they do, specifically if one accounts for di!erences between codes,

numerical errors, di!erent model resolutions and specific numerical techniques

that can interact in non-linear ways. Major indicators of the e!ects of rotation

and magnetic fields on chemical mixing such as surface nitrogen and helium

enrichements and C/O core masses are found to have a similar range of values

amongst di!erent stellar evolution codes.

This agreement enables us to take a step further and directly com-

pare the MESA results on surface nitrogen abundances of rotating stars with

spectroscopic observations of rotating stars in the Milky Way, the LMC and

the SMC recently presented by the VLT-FLAMES survey of massive stars

(Hunter et al. 2008, 2009). To enable this comparison, we computed an addi-

tional MESA model for a 15 M! star at solar metallicity (Z = 0.014) rotating

at 150 km s"1 for two cases: one with the e!ects of the ST mechanism on

chemical mixing ignored and one with those e!ects considered. The evolution

of 12+log[N/H ] for this model is presented in Figure D6. Direct comparison

with Figure 6 of Hunter et al. (2009) illustrates that MESA estimates for the

range of 12+log[N/H ] values are consistent with those measured for massive

rotating stars in the Milky Way. Similar results are obtained for the same

model at the higher rotational velocity of 200 km s"1, which we calculated in

order to compare with the results of Heger, Woosley & Spruit (2005). The

higher rotational velocity led to slightly higher values for 12+log[N/H ] but
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still within the range of the observations presented by Hunter et al. (2009).

In addition, the models that we calculated for a metallicity of Z = 0.0047 in

order to compare with the results of Brott et al. (2011b) show 12+log[N/H ]

values (Figure D1) that agree very well with the observations of Hunter et al.

(2009) for massive early B type stars in the LMC (their Figure 5).

As we mentioned above, there are currently no existing 12+log[N/H ]

observations in single solar type rapidly rotating stars that can be compared to

evolutionary model predictions in the low mass range. Just such a comparison

was the initial observational motivation of the present work: to account for

carbon depletion in the secondary stars of some CVs and LMXBs which are

close binaries and tidally locked, therefore rapidly rotating, based on calibra-

tions that have been done for higher mass stars (and for the sun) for which

observations are available. There certainly is a degree of uncertainty associ-

ated with the calculations, specifically when the e!ects of the ST mechanism

on chemical mixing are included. In general the inclusion of these e!ects leads

to somewhat higher abundances for some models of massive rapidly rotating

stars than those suggested by some observations while in some calculations the

results are consistent with observations (Maeder & Meynet 2005). Given the

di!erences in computational algorithm that were discussed above and the un-

certainties in the measurement of initial metallicities (upon which the results

for surface abundance changes are sensitive) it remains unclear whether the

inclusion of the e!ects of ST mixing necessarily lead to wrong results. In the

cases investigated by this work it is suggested that those e!ects of increased
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mixing e"ciency due to the ST mechanism are necessary if rotation and mag-

netic fields can be used as an explanation. To illustrate the importance of

ST mixing in our models we present the distribution of the di!usion coe"-

cients due to meridional circulation (Eddington-Sweet circulation; ES), the

Goldreich-Schubert-Fricke instability (GSF) and the ST mechanism in Figure

D7 for one of our models (1 M! rotating at 30% the critical value) at about

the half of its main sequence lifetime for a case where ST was ignored in calcu-

lations of the chemical mixing (left panel) and a case where ST was included

(right panel). From this plot it is obvious that ST dominates chemical mix-

ing through most of the stellar interior as well as the surface, and in some

cases it is more than an order of magnitude more important than meridional

circulation.
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Figure D1. Evolution of surface nitrogen abundance with time for 10 M!,
Z = 0.0047 models for ZAMS rotational velocities of 58 (black curve), 116
(red curve), 232 (green curve) and 345 km s"1 (blue curve) for a case where
the e!ects of the ST mechanism on chemical mixing are ignored (left panel)
and for a case where those e!ects are included (right panel) as calculated by
MESA. Angular momentum transport via the ST mechanism is included in
both cases. The dashed curves represent the results from the same models of
Brott et al. (2011b).
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Figure D2. Evolution of the surface He abundance (upper left panel), the sur-
face [N/C] abundance ratio (upper right panel) and the surface [N/O] abun-
dance ratio (lower left panel) for a 1 M!,
Z = 0.014 non-rotating (black curves) model and a model with initial rota-
tional velocity of 50 km s"1 (red curves) as calculated by MESA. The dotted
vertical lines indicated the end of the H-burning phase for the non-rotating
models. The e!ects of the ST mechanism on angular momentum transport
were included for this model while its e!ects on chemical mixing are not. The
dashed curves represent the results from the same models of Ekström et al.
(2012).
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Figure D4. Evolution of the He (upper left panel), C (upper right panel),
N (lower left panel) and O (lower right panel) surface mass fractions for a
15 M!, Z = 0.014 in the case of zero rotation (black curves), initial rotation
of 200 km s"1 (red curves) and initial rotation of 200 km s"1 plus magnetic
fields (blue curves) as calculated in MESA. The dashed vertical lines of the
same colors represent the time when the central hydrogen mass fraction was
# 35%, in accordance with Heger, Woosley & Spruit (2005). The e!ects of
the ST mechanism are included for both the angular momentum transport and
the chemical mixing for the rotating plus magnetic models.
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Figure D7. Distribution of the mixing coe"cients due to the Eddington-Sweet
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mechanism on angular momentum transport were included in all cases.

308



Bibliography

[1] Abel, T., Anninos, P., Norman, M. L., & Zhang, Y. 1998, ApJ, 508, 518

[2] Abel, T., Bryan, G. L., & Norman, M. L. 2000, ApJ, 540, 39

[3] Agnoletto, I., et al. 2009, ApJ, 691, 1348

[4] Akerlof, C. W., et al. 2003, PASP, 115, 132

[5] Aldering, G., et al. 2006, ApJ, 650, 510

[6] Aldering, G. S., et al. 2009, Bulletin of the American Astronomical Society,

41, 401

[7] Andronov, N., Pinsonneault, M., & Sills, A. 2003, ApJ, 582, 358

[8] Appenzeller, I. 1970, A&A, 5, 355

[9] Aretxaga, I., Benetti, S., Terlevich, R. J., Fabian, A. C., Cappellaro, E.,

Turatto, M., & della Valle, M. 1999, MNRAS, 309, 343

[10] Arnett, W. D. 1979, ApJL, 230, L37

[11] Arnett, W. D. 1980, ApJ, 237, 541

[12] Arnett, W. D. 1982, ApJ, 253, 785

309



[13] Arnett, D. 1996, Supernovae and Nucleosynthesis, ed. D.N. Spergel,

Princeton series in astrophysics, Princeton, NJ: Princeton University Press

[14] Arnett, W. D., & Fu, A. 1989, ApJ, 340, 396

[15] Ashok, N. M., & Banerjee, D. P. K. 2003, A&A, 409, 1007

[16] Asplund, M., Grevesse, N., & Sauval, A. J. 2005, Cosmic Abundances as

Records of Stellar Evolution and Nucleosynthesis, 336, 25

[17] Balberg, S., & Loeb, A. 2011, MNRAS, 414, 1715

[18] Belczynski, K., Kalogera, V., Rasio, F. A., et al. 2008, ApJS, 174, 223

[19] Barbary, K., et al. 2009, ApJ, 690, 1358

[20] Bersten, M. C., Benvenuto, O., & Hamuy, M. 2011, ApJ, 729, 61

[21] Barkat, Z., Rakavy, G. & Sack, N. 1967, Phys. Rev. Lett. 18, 379

[22] Bitner, M. A., Robinson, E. L., & Behr, B. B. 2007, ApJ, 662, 564

[23] Blinnikov, S. I., & Bartunov, O. S. 1993, A&A, 273, 106

[24] Blinnikov, S. I., & Popov, D. V. 1993, A&A, 274, 775

[25] Blinnikov, S., Lundqvist, P., Bartunov, O., Nomoto, K., & Iwamoto, K.

2000, ApJ, 532, 1132

[26] Blinnikov, S. I., & Sorokina, E. I. 2010, arXiv:1009.4353

[27] Bloemen, S., Marsh, T. R., Degroote, P., et al. 2012, MNRAS, 422, 2600

310



[28] Bloom, J. S., Starr, D. L., Blake, C. H., Skrutskie, M. F., & Falco, E. E.

2006, Astronomical Data Analysis Software and Systems XV, 351, 751

[29] Bond, J. R., Arnett, W. D., & Carr, B. J. 1984, ApJ, 280, 825

[30] Botticella, M. T., et al. 2010, ApJL, 717, L52

[31] Brachetti, P., de Felice Ciccoli, M., di Pillo, G., Lucidi, S. 1997, J. Global

Optimization, 10, 165

[32] Breton, R. P., Rappaport, S. A., van Kerkwijk, M. H., & Carter, J. A.

2011, arXiv:1109.6847

[33] Bromm, V., Coppi, P. S., & Larson, R. B. 2002, ApJ, 564, 23

[34] Bromm, V., & Larson, R. B. 2004, ARAA, 42, 79

[35] Brott, I., de Mink, S. E., Cantiello, M., et al. 2011, A&A, 530, A115

[36] Brott, I., Evans, C. J., Hunter, I., et al. 2011, A&A, 530, A116

[37] Brown, B. P., Miesch, M. S., Browning, M. K., Brun, A. S., & Toomre,

J. 2011, ApJ, 731, 69

[38] Bucciantini, N., Thompson, T. A., Arons, J., Quataert, E., & Del Zanna,

L. 2006, MNRAS, 368, 1717

[39] Burrows, D. N., et al. 2005, Space Science Reviews, 120, 165

[40] Carr, B. J., Bond, J. R., & Arnett, W. D. 1984, ApJ, 277, 445

311



[41] Carter, J. A., Rappaport, S., & Fabrycky, D. 2011, ApJ, 728, 139

[42] Cassisi, S., Iben, I., Jr., & Tornambe, A. 1998, ApJ, 496, 376

[43] Cenko, S. B., et al. 2006, PASP, 118, 1396

[44] Cenko, S. B., et al. 2009, ApJ, 693, 1484

[45] Chaboyer, B., & Zahn, J.-P. 1992, A&A, 253, 173

[46] Chandra, P., & Soderberg, A. 2008, The Astronomer’s Telegram, 1408, 1

[47] Chatzopoulos, E., Wheeler, J. C., & Vinko, J. 2009, ApJ, 704, 1251

[48] Chatzopoulos, E., Wheeler, J. C., Vinko, J., et al. 2011, ApJ, 729, 143

[49] Chatzopoulos, E., Wheeler, J. C., & Vinko, J. 2012, ApJ, 746, 121

[50] Chatzopoulos, E., Robinson, E. L., & Wheeler, J. C. 2012, ApJ, 755, 95

[51] Chatzopoulos, E., & Wheeler, J. C. 2012a, ApJ, 748, 42

[52] Chatzopoulos, E., & Wheeler, J. C. 2012b, ApJ, 760, 154

[53] Chen, K.-J., Heger, A., & Almgren, A. S. 2010, American Institute of

Physics Conference Series, 1294, 255

[54] Chen, K.-J., Heger, A., & Almgren, A. S. 2011, Computer Physics Com-

munications, 182, 254

[55] Chevalier, R. A. 1982, ApJ, 258, 790

312



[56] Chevalier, R. A., & Fransson, C. 1994, ApJ, 420, 268

[57] Chevalier, R. A., & Liang, E. P. 1989, ApJ, 344, 332

[58] Chevalier, R. A., & Fransson, C. 2001, arXiv:astro-ph/0110060

[59] Chevalier, R. A., & Fransson, C. 2003, Supernovae and Gamma-Ray

Bursters, Lecture Notes in Physics, Edited by K. Weiler., vol. 598, p.171-194

[60] Chevalier, R. A., & Irwin, C. M. 2011, ApJL, 729, L6

[61] Christlieb, N., Bessell, M. S., Beers, T. C., et al. 2002, Nature, 419, 904

[62] Chugai, N. N. 2001, MNRAS, 326, 1448

[63] Chugai, N. N., & Danziger, I. J. 1994, MNRAS, 268, 173

[64] Chugai, N. N., Blinnikov, S. I., Cumming, R. J., et al. 2004, MNRAS,

352, 1213

[65] Chugai, N. N., et al. 2004, MNRAS, 352, 1213

[66] Colgate, S. A., & McKee, C. 1969, ApJ, 157, 623

[67] Colgate, S. A., Petschek, A. G., & Kriese, J. T. 1980, ApJL, 237, L81

[68] Clocchiatti, A., et al. 2000, ApJ, 529, 661

[69] Crowther, P. A., Schnurr, O., Hirschi, R., et al. 2010, MNRAS, 408, 731

[70] Davies, M. B., Piotto, G., & de Angeli, F. 2004, MNRAS, 349, 129

313



[71] de Jager, C., Nieuwenhuijzen, H., & van der Hucht, K. A. 1988, A&A

Suppl., 72, 259

[72] Dessart, L., Hillier, D. J., Gezari, S., Basa, S., & Matheson, T. 2009,

MNRAS, 394, 21

[73] Dessart, L., & Hillier, D. J. 2010, MNRAS, 405, 2141

[74] Dessart, L., Livne, E., & Waldman, R. 2010, MNRAS, 408, 827

[75] Dessart, L., Hillier, D. J., Livne, E., et al. 2011, MNRAS, 414, 2985

[76] Dessart, L., & Hillier, D. J. 2011, MNRAS, 410, 1739

[77] Drake, A. J., et al. 2009, The Astronomer’s Telegram, 2087, 1

[78] Drake, A. J., et al. 2010, ApJL, 718, L127

[79] Drake, A. J., Djorgovski, S. G., Mahabal, A., et al. 2011, ApJ, 735, 106

[80] Dufton, P. L., Dunstall, P. R., Evans, C. J., et al. 2011, ApJL, 743, L22

[81] Duncan, R. C., & Thompson, C. 1992, ApJL, 392, L9

[82] Dwarkadas, V. V., & Owocki, S. P. 2002, ApJ, 581, 1337

[83] Dwarkadas, V. V. 2011, MNRAS, 23

[84] Eggenberger, P., Meynet, G., Maeder, A., et al. 2008, , 316, 43

[85] Ekström, S., Meynet, G., Chiappini, C., Hirschi, R., & Maeder, A. 2008,

A&A, 489, 685

314



[86] Ekström, S., Georgy, C., Eggenberger, P., et al. 2012, A&A, 537, A146

[87] El Eid, M. F., & Hilf, E. R. 1977, A&A, 57, 243

[88] El Eid, M. F., Fricke, K. J., & Ober, W. W. 1983, A&A, 119, 54

[89] Ensman, L., & Burrows, A. 1992, ApJ, 393, 742

[90] Eracleous, M., Horne, K., Robinson, E. L., et al. 1994, ApJ, 433, 313

[91] Ergma, E., & Antipova, J. 1999, A&A, 343, L45

[92] Falk, S. W., & Arnett, W. D. 1977, ApJS, 33, 515

[93] Falk, S. W. 1978, ApJL, 225, L133

[94] Ferraro, F. R., Sills, A., Rood, R. T., Paltrinieri, B., & Buonanno, R.

2003, ApJ, 588, 464

[95] Ferraro, F. R., Sabbi, E., Gratton, R., et al. 2006, ApJL, 647, L53

[96] Filippenko, A. V. 1989, AJ, 97, 726

[97] Fitzpatrick, E. L., & Massa, D. 2007, ApJ, 663, 320

[98] Fox, O. D., Chevalier, R. A., Dwek, E., Skrutskie, M. F., Sugerman,

B. E. K., & Leisenring, J. M. 2010, ApJ, 725, 1768

[99] Fraley, G. S. 1968, , 2, 96

[100] Fransson, C. 1984, A&A, 132, 115

315



[101] Fransson, C., & Chevalier, R. A. 1989, ApJ, 343, 323

[102] Frebel, A., Aoki, W., Christlieb, N., et al. 2005, Nature, 434, 871

[103] Froning, C. S., Robinson, E. L., & Bitner, M. A. 2007, ApJ, 663, 1215

[104] Froning, C. S., Cantrell, A. G., Maccarone, T. J., et al. 2011, ApJ, 743,

26

[105] Fryxell, B., Olson, K., Ricker, P., et al. 2000, ApJS, 131, 273

[106] Fukugita, M., Ichikawa, T., Gunn, J. E., Doi, M., Shimasaku, K., &

Schneider, D. P. 1996, AJ, 111, 1748

[107] Fusi Pecci, F., Ferraro, F. R., Corsi, C. E., Cacciari, C., & Buonanno,

R. 1992, AJ, 104, 1831
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