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Abstract

This Thesis is focused on a photometric and spectroscopic study of four Type IIn
supernovae (i.e. SN 2006gy, 2007bt, 2007bw and 2008fz), which are among the
brightest supernovae (SNe) ever detected. They belong to the sample of overlu-
minous or Very Luminous SuperNovae (VLSNe) which currently includes other
3-4 well studied events. Their absolute luminosity at maximum, My < —20 is
much higher than any other previous supernovae, either core-collapse and or
thermonuclear. Their huge brightness (> 10°!erg are emitted in the first ~200
days) link these events to massive or supermassive progenitors, which experi-
enced extreme mass-losses during their last stages of evolution. However, other
explosion mechanisms or sources of energy are being investigated; the debate
on their nature is still open.

The first object discussed in this Thesis is SN 2006gy, which is one the most
debated supernovae ever. Contrary to typical IIn SNe, this event did dot show
any strong x-rays or radio emission near the epoch of maximum. This has lead
to consider other feasible non-standard sources of energy beyond interaction.
In this thesis, the evolution of multiband light curves, the pseudo-bolometric
(BVRI) light curve and an extended spectral sequence are presented and used
to derive constraints on the origin and evolution of the nature of the SN.

Its light curve is characterized by a broad, bright (Mg ~ —21.7 at about
70 days) peak, followed by a rapid luminosity fading which turns into a slower
decline by day ~180. At late phases (> 237 days), because of the large lu-
minosity drop (> 3 mag), only upper visibility limits are obtained in the B,
R and I bands. In the near-infrared, two K-band detections on days 411 and
510 possibly indicate dust formation or IR echoes scenarios. At all epochs the
spectra are characterized a multicomponent Ha profile, without any P-Cygni.
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By means of a semi-analytical code, the light curve in the first 170 days is found
to be consistent with the explosion of a compact progenitor (R ~ 6 — 8 x 10'2
cm, Mg ~ 5 — 14Mg), whose ejecta collided with massive (6 — 10Mg), opaque
clumps of previously ejected material. These clumps do not completely obscure
the SN photosphere, so that at its peak the luminosity is due both to the decay
of %Ni and to interaction with the circumstellar medium (CSM).

After 170 days spectroscopic and photometric similarities are found between
SN 2006gy and bright, interaction-dominated SNe (e.g. SN 1997cy, SN 1999E
and SN 2002ic). This suggests that ejecta-CSM interaction plays a key role in
SN 2006gy about 6 to 8 months after maximum, sustaining the late-time-light
curve. Alternatively, the late luminosity may be related to the radioactive decay
of ~ 3M of ?6Ni.

In this scenario, a supermassive star is not required to explain the observa-
tional data, nor is an extra-ordinarily large explosion energy.

For the SNe 2007bt, 2007bw and 2008fz UBVRI light curves and an extended
spectral sequence are also presented. Analogies and differences are highlighted,
both among each other and with respect to the sample of VLSNe from the
literature.

Photometrically, it is shown that the light curves of SNe 2007bt and 2007bw
are substantially different from that of SN 2008fz, evolving more slowly, being
redder at the earlier phases and decaying with a rate consistent with that pre-
dicted by the radioactive decay of %°Co. On the contrary, the photometric
evolution of SN 2008fz is reminiscent to the light curves of IIL SNe, showing a
short peak followed by a steep decline.

Spectroscopically the three events are characterized by high-velocity (up to
~ 12000kms~!), slowly-decelerating emission lines. The spectra of the SNe
2007bt and 2007bw are dominated by Balmer lines, overimposed on a relatively
flat continuum (Tpp ~ 6000 — 7000 K); an asymmetry in the early profile of
Ha is observed, slowly disappearing with time. Measurements of the narrow
components of Havin SN 2007bt indicate CSM speed of 320 km s~! , which are
only consistent with the winds surrounding luminous blue variable (LBV) stars.
The early spectra of SN 2008fz are found to be similar to SN 2006gy; however,
they show higher temperatures (Tgg ~ 14000 K) and a more rapid evolution.

For the three events, the energetic, luminosity, initial radius (> 10'®cm) and
the kinematic derived from the analysis of the light curves and spectra could
be reproduced by the conversion of kinetic energy into radiation by a clumpy
CSM which is hit by the energetic SN ejecta, similarly to what was proposed for
SN 2006gy. For SNe 2007bt and 2007bw the asymmetry in the Ha line can be
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explained if a massive (>10 Mg ) clumpy CSM lies face-on in the direction of
the observer. The asymmetry in the CSM distribution around the star could be
due by a binarity effect in the progenitor system, or asymmetric mass ejection
of a single star.

For SN 2008fz the rapid expansion of the black-body radius favor a less
massive CSM (~ 1 Mg), which is efficiently warmed up and accelerated by the
high-velocity SN ejecta. Because of the relatively small mass in the CSM/shell,
the photon diffusion time is smaller than that calculated for SN 2006gy, and
the radiated energy plummets rapidly as the light curve.

As for the case of SN 2006gy, these scenarios have the advantage that they
do not involve any exotic explosion mechanism for these VLSNe. However,
other scenarios could be consistent with their photometric evolution. Among
these, the possibility of a pair-instability explosion cannot be excluded. This
and other likely hypothesis proposed by other authors are discussed.






Riassunto

Questa Tesi si incentra sullo studio fotometrico e spettroscopico di quattro su-
pernovae (SNe) di tipo IIn (cioe SN 2006gy, 2007bt, 2007bw e 2008fz), che
sono tra le supernovae piu brillanti mai scoperte. Infatti appartengono alla
classe delle SNe iperluminose o Very Luminous SuperNovae (VLSNe, super-
novae molto brillanti), che al momento include altri 3-4 oggetti ben studiati. La
loro luminosita assoluta all’epoca del massimo, My < —20, & superiore rispetto
a qualsiasi altro evento, sia di natura termonucleare che di collasso del core.
L’enorme luminositd emessa (> 10°'erg nei primi ~200 giorni) associa questi
eventi a progenitori massicci o supermassicci, che hanno subito fenomeni di
perdita di massa estremi durante le loro fasi evolutive finali. Comunque, al mo-
mento si stanno studiando anche altri meccanismi o possibili fonti di energia, e
il dibattito sulla natura di questi eventi e tuttora aperto.

Il primo oggetto discusso € la SN 2006gy, che ¢ una delle supernovae pi
dibattute in assoluto. Contrariamente alle tipiche IIn, essa non mostrava al-
cuna emissione X o radio all’epoca del massimo di luminosita. Questo ha por-
tato a considerare altre possibili sorgenti di energia oltre all’interazione. In
questa Tesi, I’evoluzione delle curve di luce multibanda, la curva di luce pseudo-
bolometrica e una sequenza di spettri vengono studiati per ricavare delle infor-
magzioni sull’evoluzione e sulla natura della supernova e del progenitore.

La curva di luce & caratterizzata da un picco ampio e luminoso (Mg ~
—21.7 a circa 70 giorni), seguito da un declino di luminosita veloce, il quale
si assesta su un declino piu lento, a circa 180 giorni. A fasi avanzate (>237
giorni), a causa del forte indebolimento della luminosita (>3 mag) vengono
ricavati solo dei limiti ottici nelle bande B, R ed I. Nel vicino infrarosso, due
detection nella banda K’ indicano una possibile presenza di regioni di formazione
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di polvere, o eventualmente di echi infrarossi. A tutte le epoche gli spettri sono
caratterizzati dalla presenza di profili di righe a multi-componente, senza pero
alcun profilo P-Cygni. ramite un codice semi-analitico si trova che la curva
di luce nei primi 170 giorni ¢ consistente con l’esplosione di un progenitore
compatto (R ~ 6 — 8 x 10™2cm, Mg ~ 5 — 14Mg), le cui ejecta collidono con
dei clumps massicci (6 — 10Mg) e opachi di materiale espulso precedentemente.
Tali clumps non oscurano completamente la fotosfera della supernova, cosicché
all’epoca del picco la luminosita ¢ dovuta sia al decadimento radioattivo del
56Nji che all’interazione con il mezzo circumstellare.

Vengono inoltre evidenziate, a partire da circa 170 giorni, delle analogie
fotometriche e spettroscopiche tra la SN 2006gy e un gruppo di supernovae
interagenti (cio SN 1997cy, 1999E e 2002ic). Cio suggerisce che l'interazione
tra ejecta e CSM gioca un ruolo importante anche nella SN 2006gy a circa 6-8
mesi dal massimo, sostenendo la curva di luce a fasi avanzate. In alternativa,
la luminosita a queste fasi potrebbe essere dovuta al decadimento radioattivo
di ~ 3Mg, di %°Ni.

Questo scenario non richiede la presenza di una stella supermassiccia o di
un’energia straordinariamente grande per spiegare i dati osservativi.

Anche per le supernovae 2007bt, 2007bw e 2008fz vengono presentate delle
curve di luce UBVRI e una sequenza di spettri estesa. Vengono messe in luce
analogie e differenze tra tali supernovae e tra le VLSNe in letteratura. Dal
punto di vista fotometrico si mostra che le curve di luce delle SNe 2007bt e
2007bw differiscono sostanzialmente da quella della SN 2008fz, poich evolvono
piu lentamente, sono piu rosse a fasi iniziali e decadono ad un tasso consistente
con quello predetto dal decadimento del *Co.

Spettroscopicamente i tre eventi sono caratterizzati da righe di emissione
ad alte velocita, fino a 12000 kms~'. Gli spettri delle supernovae 2007bt
e 2007bw sono dominati dalle righe di Balmer su un continuo relativamente
piatto (T ~ 6000 — 7000 K). Inoltre viene osservata un’asimmetria nel profilo
iniziale di Hey, che pero si indebolisce col tempo. Dalla misura della componente
strette di Ho nella SN 2007bt si ricavano velocita di 320 kms™! , le quali sono
consistenti solo con i venti di stelle LBV (luminose, blu, variabili). Si trova
inoltre che i primi spettri della SN 2008fz sono consistenti con quelli della
SN 2006gy; tuttavia, essi indicano temperature maggiori (Tpp ~ 14000 K) ed
un’espansione piu rapida.

Per i tre eventi, I’energia in gioco, la luminosita, il raggio iniziale (> 10'%cm)
e la cinematica derivati dall’analisi delle curve di luce e degli spettri potrebbe
essere riprodotta dalla conversione di energia cinetica in radiazione da parte di
un mezzo circumstellare ricco di clumps, il quale viene raggiunto dalle ejecta
energetiche della supernova, similmente a quanto supposto per SN 2006gy.
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Per le SNe 2007bt e 2007bw ’asimmetria del profilo di Ha puo essere spie-
gata se un mezzo massiccio (>10 Mg ) ricco di clumps si trova esattamente
davanti all’osservatore, perpendicolarmente alla linea di vista. L’asimmetria
nella distribuzione del mezzo circumstellare potrebbe essere dovuta ad effetti di
binarieta del sistema del progenitore, o ad espulsioni di materiale asimmetriche
in una stella singola.

Per la SN 20081z la rapida espansione del raggio iniziale di corpo nero tende
a favorire un mezzo meno massiccio (~ 1 Mgy), il quale viene riscaldato ed ac-
celerato efficientemente dalle ejecta ad alta velocita. A causa della massa relati-
vamente piccola del mezzo, il tempo di diffusione dei fotoni inferiore di quanto
calcolato per la SN 2006gy, cosicché ’energia radiativa diminuisce rapidamente,
come la curva di luce.

Come nel caso della SN 2006gy, il vantaggio di questi scenari € che non
involvono alcun meccanismo di esplosione esotico. Tuttavia, la loro evoluzione
fotometrica pua essere consistente anche con altri scenari. Tra questi, anche
I’esplosione di una supernova di instabilit di coppia non puo essere esclusa.
Questi ed altri scenari vengono discussi nel capitolo conclusivo.
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CHAPTER 1

Introduction

In this chapter | will give an introductive overview of supernovae in general. |
will explain how they were discovered in their history and how they were classified.
Then | will describe the current models for the explosion (i.e. thermonuclear or
core-collapse). Finally, for each supernova type | will briefly list the characterizing
observational properties, both from the photometric and from the spectroscopic
point of view.

upernovae (SNe hereafter) are among the most energetic and spectac-
ular events in the Universe. Throughout history they have fascinated
mankind, unexpectedly appearing as new, bright stars in the sky.

Now it is known that SNe are powerful explosions that mark the fate of massive
single stars or compact stars in a binary system. The star explodes so violently
that for a few weeks it outshine its parent galaxy. In our own Galaxy, the Milky
Way, a supernova may even be visible in daylight. Still, only one part in 10000
of the released energy is emitted in visible light. In core collapse supernovae
the major part of the energy, ~99%, is emitted as neutrinos. About 1% of the
energy is spent to eject the matter at a speed of ~10000 kms~'. Since SNe
can be observed at large distances, they have become increasingly interesting
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Date/Year  Constellation AR - Dec Mag Notes
185 Cen 14:43.1-62:28 -2 SNR: G135.4-2.3
393/396 Sco 17:14-39.8 -3 3 Remnant as radio sources

Apr 30, 1006 Lup 15:02.8 -41:57  -9%3

Jul 4, 1054 Tau 05:34.5 +22:01 -6 SNR: M1 (Crab Nebula)
Aug 6, 1181 Cas 02:05.6 +64:49 -1

Nov 6, 1572 Cas 00:25.3 +64:09 -4

Oct 9, 1604 Oph 17:30.6 -21:29 -3 Kepler SN
1680716677 Cas 23:23.4 +58:50 67 SNR: Cassiopea

Table 1.1— Some historical supernovae.

for cosmology, as probes of the evolution of the early Universe.

But supernovae are not merely fireworks in the sky. They constitute an impor-
tant part of the life cycle of stars and play a major role in the chemical enrich-
ment of the Universe, releasing into the space the products of the progenitor
star and of their own explosion nucleosynthesis. The SN shocks can eventually
compress dense molecular clouds and trigger vigorous bursts of stars, which
will be enriched in heavy elements. SNe can be used in numerous theoretical
fields, such as probes of the stellar evolution theory, or, in the case of Galac-
tic core-collapse explosions (CCSNe hereafter), the standard model of particle
physics, through the study of the strong neutrino emission. SNe are among the
best tools also in the study of the star formation history out to a redshift z > 1
and, to date, the most precise distance indicators. Finally, the association of
long-duration y-ray bursts (GRBs) with some core-collapse SNe can be the key
for understanding the nature of these puzzling events. Hence the progress in a
number of fields in astrophysics and cosmology depends on our understanding
of SN phenomenon, boosting numerous and strong efforts in their searches.

1.1 Supernovae in the history

Temporary stars, comets and novae, as well as occasional supernovae, were
fairly frequently recorded in East Asian history (cf. Table 1.1). One of the first
discoveries well documented by the Chinese and Japanese chronicles, is dated
1006 a.D. (Green & Stephenson 2003). Also the historical documents reporting
the appearance of a bright supernova in 1054 a.D. have to be attributed to
the Chinese astronomers. The transient remained visible for about one month.
This SN gave origin to the famous SN remnant which is called ” Crab Nebula”

2
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Figure 1.1— Supernova discovery rates, as collected from  http://www.cfa.-
harvard.edu/iau/lists/Supernovae.html. Note the sharp increase from year 1988 to

2007.

(M31 in the Messier Catalogue),

In 1572 d.c the Danish astronomer Tycho Brahe reported a new SN event
in the Cassiopea constellation and computed several distance estimated. In the
essay " De nova et nullius evi memoria prius visa stella”, he concluded that
the object did not show any relative motion, being nothing but a ”fixed star”.
He denoted it "nova”. From that moment the interest towards novae increases
noticeably in Europe, also thanks to the diffusion of the first telescopes; the
observations became more and more frequent.

In 1604 the appearance of a new bright "nova” led Johannes Kepler to
deepen the study of the luminosity evolution of the transient, whose position
and variability was reported in the work ”De stella nova in Pede Serpentari”.
This object was observed also in Padova by Galileo Galileo, who thus began to
be interested in the astronomical observation.

3 centuries later, i.e. in 1920, Lundmark realized that there was a particular

3
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class of very bright novae. But only after the extragalactic nebulae were placed
at their actual distances by Edwin Hubble, it was understood that the novae
occurring in these nebulae were more distant and therefore more luminous than
the Galactic novae.

In 1938 Baade and Zwicky finally defined them as supernovae; using the
Palomar 18-inch Schmidt telescope they started the first systematic SN search,
discoverying 19 SNe. During this same period, the convention was introduced
of cataloguing the SNe by identifying them with the discovery year followed by
a letter of the alphabet which indicates the chronological order of discovery.

In the following years, a few SNe of a different kind were discovered, and
Minkowski (1941) provisionally divided SNe into Type I and II, distinguished
by the lack or presence of Hydrogen lines in their early spectra, respectively.
The improvement of the instrumentation, the construction of new telescopes
and also the significant progresses in the understanding of the stellar evolu-
tion, stimulated the research and cataloguing of the SNe. With this aim, in
1957 several Schmidt telescopes were devoted to SN searches (in Zimmerwald,
Switzerland by P. Wild; in Asiago, Italy by L. Rosino; in Tonantzintla, Mexico
by G. Haro and E. Chavira). In 1958, the Palomar 48- inch Schmidt telescope
began another deeper SN search.

In the Sixties, thanks to international SN searches coordinated by Zwicky,
~100 SNe were discovered and three other SN types were added (III, IV and
V). All these SNe had peculiar light curves and evidence of hydrogen (H) in
the spectra. Now we believe that the Type V objects are likely not genuine
SNe, but superficial outbursts resembling n Carinae. Also in 1968 the first SN
discovered by an amateur was reported (SN 1968L discovered by J. Bennet).
In the Eighties, with the introduction of the CCD and the construction of
telescopes of increasing diameter and relatively large field of view, the number
of SNe observed grew and it became possible also to obtain spectra with better
resolution and to study the evolution of the luminosity of the SNe for longer
times. The SNe classification became consequently more complex due mainly
to more careful comparisons among the SNe types.

The technological advances also allowed to extend the search to a higher red-
shift (z=0.2 — 0.4) and to broaden the observations wavelength range, namely in
the IR bands, radio, ultraviolet (UV) and X-ray bands. In 1987, the explosion
of the SN 1987A in the Large Magellanic Cloud (LMC), the closest extragalac-
tic SN observed in modern times (i.e. 50 kpc) made possible to detect the SN
progenitor (in pre-explosion images) and the neutrino flux produced during the
explosion.
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Figure 1.2— General classification scheme of supernovae (Turatto et al. 2003).

Fig.1.1 shows the discovery rates of SNe from year 1950 to year 2007. Until
1987, the discoveries were in the range of ~10-30 per year. However, after
SN 1987A and onwards, the discovery rate has increased almost exponentially:
today, about two SNe are discovered per day, using the visual and automated
methods of research. Nevertheless, if one only considers the bright events, i.e.
brighter than magnitude 15, such increase in the discovery rate is less defined,
staying roughly constant at about 10 events per year (Cappellaro 2003). This
is due to the fact that nearly all bright, nearby SNe are discovered.

This trend has been modified only in the last few years, with the advent of
the several deep supernovae searches (cf. Sect. 9.1), which are daily scanning
large areas of the sky even at high distances, thus constantly providing new,
interesting detections, like the luminous supernovae that will be discussed in
this thesis.

1.2 Classification

As seen before, the first fundamental classification was given by Minkowski
(1941) who distinguished the SNe in two different classes based on the lack
(SNe I) or presence (SNe II) of H lines in their early spectra. Since SNe may be
very different observationally in terms of chemical composition, physical condi-

5
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Figure 1.3— Schematic representation of the most frequent light curves (Filippenko et al.
1997).
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tions, photometry, time evolution, radio and X-ray properties etc, in the 1980’s
new subclasses were introduced. The types Ib, Ic, IIn, II-L, II-P, IIb were re-
lated to characteristics of their spectra (small letter) or to the evolution of the
light curves (capital letter).

In Fig.1.2 a sketch of the classification system is shown, which highlights the
main characteristics used to differentiate between the various types and sub-
types and their relation to each other. The SNe of type I are subdivided in
three subclasses, depending on the presence or lack of Si II and He I in the
spectra. Type Ia SNe present a strong line of Si IT at ~6150 A in their spectra
(recognized to be due to the doublet of Si IT at 6355 A), while the spectra of
the SNe Ib do not have this feature but are characterized by pronounced lines
of He I, as that at 5876 A. Finally, the SNe Ic do not present Si II nor He I
lines (or He I is very weak).

The class of the SNe II is formed by four main subclasses and their spectra
are dominated by H lines at all epochs. The SNe IIP and SNe IIL consti-
tute the most numerous subclasses and are characterized by the shape of the
light curve, but they do not show deep spectral differences. After a luminosity
declines which last a few days, the light curve of SNe IIP shows a relatively
constant luminosity, or plateau, with a duration of approximately 2-3 months
(Fig.1.3). The light curve of SNe IIL shows a linear decline starting shortly
past maximum. The SNe IIn (narrow emission lines) present spectra in which
the Balmer emission lines are formed by several components that evolve in the
time in various ways. The spectrum of the SNe IIb, finally, is similar, during
maximum light, to that of the SNe IIP and IIL, i.e. it has strong lines of H, but
in the following week it metamorphoses to that of SNe Ib, thus pointing out a
physical link between these two classes. This classification, based on early phase
spectra, is normally used in the CBET Telegrams when a new SN candidate is
confirmed, but it is not always accurate, as it is not related to the physical char-
acteristics of the objects but only to their spectral and photometric appearance
soon after the explosion. Note that in many cases the appearance of a SN can
change in time due to the characteristics of the progenitor or to those of the
circumstellar material. Therefore, it is preferable to divide SNe according to
the physical character of the explosion rather than the morphology of the spec-
tra or light curves. Nowadays we divide supernovae in two categories which are
based only on the physics of the explosion, which may occur via core-collapse
or via thermonuclear explosions. A more detailed description will be given in
the next Sections.
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Figure 1.4— Typical spectra of the principal SN types, at maximum, three weeks and one
year after explosion (Turatto et al. 2003).

1.3 The evolution of a supernova

Regardless of which supernova type, at the time of explosion a large quantity
of material, called ejecta, is expelled with high velocity into the circumstellar
medium (CSM). The ejecta are compact, dense and opaque and their chemical
composition depends on the SN progenitor nature. Their expansion occurs with
a velocity directly proportional to the distance from the center of the explosion
(homologous expansion), while their density and temperature decrease. At the
very early phases the high density of the ejecta determines the formation of a
photosphere, which emits a black body spectrum (typical early temperatures
are in the order of ~10000-20000 K). The optical spectrum is characterized
by lines with P-Cygni profiles over a blue continuum. These epochs are called
”photospheric”.

With the expansion, the visible surface, where the observed light is emitted
from the photosphere, recedes and completely disappears a few months later,
when the optical depth of the expelled matter becomes very low and even
the innermost regions are exposed. As the expansion proceeds further, the

8
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Figure 1.5— Single-Degenerate (SD) scenario schematic evolution.

photosphere and the region of the line formation recede more deeply in the
ejecta and the P-Cygni width decreases. The spectral energy distribution is
shifted redwards as a consequence of the temperature decrease and the ratio
between the emission lines and the continuum grows in favor to the former.

At these phases the energy is completely supplied by the radioactive decay
of %6Ni, which represent a fundamental source of energy in general during all
the SN evolution. In fact, the ®Ni synthesized during the explosion decays into
%6Co, which in turn decays into °Fe. The first reaction, having an half-life
of 6.1 days, influences the first phases of the SN evolution, while the second
one with an half-life of 77.1 days determines the SN display on longer temporal
scales. At very late epochs (>1000 days) the contributions of the decays of
57Co and of **Ti may also become important.

In the "nebular” phase the most interior part of the SN is exposed. The
spectra show only emission lines; the density is so low that even forbidden lines
appear.

This scenario is common to each SN type, both thermonuclear and core-
collapse. Through the study of the light curves and spectra it is possible to

9
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reconstruct the SN evolution in time until the moment of the explosion, possi-
bly deriving constraints also on the nature of the SN progenitor.

In the next Sections I will review the basic evolution scenario and the ob-
servational properties of the main supernova types.

1.4 Thermonuclear supernovae

Type Ia supernovae are believed to originate from the thermonuclear disruption
of electron-degenerate white dwarf (WD) stars (Hoyle et al. 1960), when they
have accreted enough matter from a binary companion to reach the so-called
”Chandrasekhar limit”, i.e. Mgy ~ 1.4 Mg (Livio et al. 2000; Nomoto et al.
2000). As proof of their compact, evolved progenitors, light curves of Ia SNe
show a rapid ( <20 days, Hayden et al. 2010) rise in luminosity to maximum
[246, 4], and a fast post-maximum decline. The lack of H and He in their
spectra, and the appearance of SN Ia in all morphological types of galaxies
(including early-type, elliptical galaxies; Cappellaro et al. 1999), hint at the
association of SN Ia progenitors with old stellar populations. However, it ap-
pears that the less luminous SN Ia preferentially occur in elliptical galaxies,
and the more luminous ones in late-type or blue spiral galaxies (Hamuy et al.
2000). This could be due to a decrease in the progenitor WD C/O ratio with
lookback time, according to (Hoflich et al. 1998; Umeda et al. 1999). The com-
position of the exploding white dwarf is still subject to uncertainties, though
C+0O WDs are preferred for their allowed range of masses (0.8—1.2 Mg ) and
accretion rates (1078 — 107Mg, yr~—1), favoring the occurrence of a SN Ia event
upon reaching the Chandrasekhar limit.

While it is accepted that WD must accrete matter from a binary compan-
ion to become unstable, the nature of this "donor” star is still very much
debated. Currently, two scenarios are accepted: (i) the ”double-degenerate”
(DD) scenario results from the merging of two C/O WDs in a close (orbital
separation ~ 10 Rg; see Iben et al. 1991) binary system, where the two compo-
nents are progressively brought together via emission of gravitational waves; (ii)
the ” single-degenerate” (SD) scenario in which the WD accretes H- or He-rich
matter from a non-degenerate subgiant/giant star (Whelon & Iben 1973).

The DD scenario requires a binary WD system in which the total mass
exceeds the Chandrasekhar mass, and with short enough orbital periods (<10
hours), to let the merger event occur within the Hubble time. Although such
short-period WD binary systems have been detected, only two systems has been
found with a total mass within 10% of the Chandrasekhar limit. Moreover,

10



1.4. Thermonuclear supernovae 11

the outcome of the merger is still uncertain and collapse to a NS seems more
likely in such a scenario (Livio et al. 2000). Recently, the definite detection
of H emission in the spectrum of SNe 2002ic (Hamuy et al. 2003, but see also
Benetti et al. 2006 for an alternative scenario) has brought a fatal blow to the
DD scenario.

The favored progenitor scenario thus appears to be the SD scenario. Still,
it remains uncertain whether a WD can reach the Chandrasekhar limit by
accretion of H. Binary systems in which the WD stably accretes H at a high
rate (< 107" Mgyr~!) from a subgiant companion have been identified, and are
known as Supersoft X-ray Sources (Van den Heuvel et al. 1992). Thus, despite
the existence of a ”preferred” progenitor model for SN Ia, several theoretical
uncertainties remain.

1.4.1 Explosion models

The mechanisms by which SN Ia explode, and in particular the ignition of the
burning in the accreting WD, continues to be uncertain.

As for the progenitor systems, two distinct classes of models are proposed
for the onset of thermonuclear burning. In one model, C is ignited at the WD
center, when the latter reaches the Chandrasekhar limit. Variations within this
model are associated with the propagation of the burning front: pure detona-
tions (supersonic) have been discarded due to their overproduction of Fe-group
elements, and excessively high expansion velocities (Woosley et al. 1986); pure
deflagration (subsonic) models, such as the W7 model of Nomoto et al. [211],
have been more successful in reproducing the ejecta composition and expansion
velocities as derived from spectral synthesis calculations (e.g., Mazzali et al.
1993), although the propagation speed of the deflagration wave in this model is
parametric. An alternative solution is for the burning front to start as a defla-
gration and change to a detonation at a given transition density. Such models
are referred to as delayed detonation (DDT) models (Khoklov et al. 1993), and
have been shown to reproduce some of the observations (Hoflich et al. 1995).

In a second set of models, applicable to sub-Chandrasekhar mass WDs, the
He detonates at the WD surface, near the bottom of the accreted helium layer
(see Livio & Arnett 1995). The resulting inward-propagating pressure wave
compresses the C/O core which ignites offcenter. Although such models would
in principle explain the sub-luminous SN Ia events, the high-velocity ejecta tend
to have the wrong composition (He and *°Ni dominate).

11
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Figure 1.6— Light curves of a normal SN Ia (SN 1992A) and of a few peculiar ones (from
Suntzeff 1996).

1.4.2 Light curves

Examples of SN Ia light curves in various bands are visible in Fig. 1.6.

With initial radii of ~ 10* km (corresponding to a white dwarf radius) and
typical expansion velocities of ~ 10* kms™! (as determined from blueshifted
absorption features in SN Ia spectra), admitting the photon emission though
adiabatic cooling would be problematic. Indeed, it has been suggested that
in thermonuclear supernovae the observed light curve is entirely powered by
the radioactive decay of %9Nisynthesized during the explosion (Colgate and
McKee). Typically ~0.4—0.8 Mg, of radioactive *°Niis synthesized during the
explosion, and the peak luminosity of the SN Ia event scales with the 6Ni mass
(Arnett et al. 1985). The decay to *°Co proceeds via electron capture, then
through electron capture and B+ decay to stable %Fe. Each of these decays
produces y-ray photons, which scatter and diffuse out at longer wavelengths,
where the opacity in the ejecta is lower. Typically, roughly 80% of the radiative
flux is emitted at optical and near-infrared wavelengths (Suntzeft 2003).

Although the luminosities vary by a factor of 10 at peak, SN Ia light curves
share fundamental properties. At the earliest times, the ejecta is so opaque that

12



1.4. Thermonuclear supernovae 13

the radioactive energy input is converted into kinetic energy of the expansion.
As the supernova expands, the time for thermalised photons to diffuse out
shortens, and the luminosity increases. This, combined with the exponentially
decreasing rate of energy input from °9Ni decay, causes a maximum in the light
curve, at which time the luminosity equals the instantaneous energy deposition
rate (under the assumption of constant opacity) referred to as ” Arnetts rule”
(Arnett 1982). After a rapid post-maximum decline in luminosity, the light
curves display an exponential tail after ~40 days past maximum. At these
phases, the ejecta is optically thin: a large fraction of y-rays escape conversion
to optical photons, and the decline in luminosity is faster than the 5Co —?¢ Fe
decay rate.

The near-infrared (IJHK) light curves of SN Ia display a secondary maxi-
mum at ~20 - 40 days past B maximum light, which appear as a shoulder in
the V and R light curves. Though the mechanisms leading to this secondary
maximum are unclear, Pinto and Eastman (2000) have suggested that it could
be explained by a decrease in the opacity in the outer layers of the SN Ia ejecta.

As a consequence of the standardization of their light curve, following the
work of Philips 1993 and Hamuy et al. 1995 (among many others) which ri-
calibrated the SN absolute luminosity according to the shape of the (B) light
curve, thermonuclear SNe are very good distance indicators. Moreover, the
potential of type Ia in the cosmology field has been largely proved by successful
projects aimed at determining the dynamic of the Universe, (SCP, Perlmutter
et al. 1998, 1999; the High z SuperNova Search, Riess et al. 1998; ESSENCE,
Wood-Vasey et al. 2007).

1.4.3 Spectra

As seen before, the spectra of SNe Ia are characterized at every phase by the
absence of the emission lines of H (Fig.1.7). The very early phase spectra
of SNe Ia (about 2 weeks before maximum light) show broad lines with the
characteristic P-Cygni profiles, produced in the expanding atmosphere. The
wide features at a velocity of about 25—30000 km s~! are due to intermediate
mass elements such as Ca, Si, S or Mg. At a phase earlier than -14 days from
maximum light, lines are difficult to identify due to heavy blanketing effect,
although the H and K lines of Ca II and, at a slower velocity, C II could be
visible in some cases. Later on lines become easier to identify, and they are
mostly due to Ca I, Si I and Si III, S II and Mg II. The Si II line at 6355 A is
always evident and characterizes the spectra of SNe Ia for over one month. Si
IT expands at around 15000 km s~! at maximum light, and later on its velocity
decreases at a slower rate than the photosphere, indicating that the Si layer

13
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Figure 1.7— Spectral evolution of a typical SN Ia from 6 days before maximum to about 300
days after (from Wheeler & Benetti 2000).
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1.5. Core-Collapse Supernovae 15

is detached. At about two weeks after maximum light, Ni-Co-Fe lines from
the core start to appear, as the photosphere is retreating towards the inner
regions of the expanding envelope. Eventually, at ~3 weeks after maximum
light, Fe lines dominate the entire spectrum with some leftover Si and, a couple
of months after maximum light, with Co, Cr II and Na I.

1.5 Core-Collapse Supernovae

Since CCSNe are the outcome of the explosion of luminous, massive stars, in
the last years it has been possible to identify the progenitors of the closest SN
explosions (mainly of type IIP) on archival pre-discovery images, publicly avail-
able to the community (Smartt et al. 2009). This has allowed to determine the
SN progenitor mass and main features (evolutionary stage, luminosity, temper-
ature etc.). This work has allowed to constrain the lower limit for the star mass
to initiate the collapse, which is fixed at 8'_%{51\/[@.

However, observationally CCSNe are extremely heterogeneous (Fig.1.10), due
to different configurations of the progenitor star at the moment of explosion, its
energetics and, possibly, angular momentum (Turatto 2003). Peculiar objects
with unexpected observational features are becoming more and more frequent,
thus enriching the zoo of classes and subclasses and eventually adding more
crucial parameters to the current SN evolution scenario.

Indeed, one of the aims of the study of CCSNe is understanding what is driv-
ing the progenitors along different paths to the various CCSNe subtypes and
determining the amount of material locked into the compact remnant and that
ejected in the ISM.

In the next Sections I will briefly describe the physics of the collapse and present
the main photometric and spectroscopic features of the principal SNe types.
However, a more detailed description of the possible evolution of the massive
stars producing different SN displays, and of its dependency to the parameters
like metallicity or rotation will be given in Chapter 2.

1.5.1 The physics of the core-collapse

Conventionally, the life of a star begins when it starts burning H to He in the
main sequence (MS), where it spends the largest fraction of its lifetime. Once
a He core is formed, H continues to burn in a shell around the core and the
stellar radius increases, becoming 100-1000 times that of the Sun. At this stage
the star becomes a red giant (RG) or, for the most luminous, a red supergiant
(RSG). Massive stars undergo further burning stages: He burns to form C and

15
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Figure 1.8— Pre-SN evolution of massive stars until the collapse. In the first case (upper
panel) the star does not lose the H envelope before the explosion, and therefore produces a
SN display of the type IIP (cfr. Sect. 1.2 and 1.5.3). In the second case the progenitor is
affected by mass loss phenomena which completely deplet the H envelope. The star evolves
to a Wolf Rayet before exploding as a type Ic SN (Eldridge et al. 2008).

O and then progressively heavier elements burning prevents stellar collapse until
an Fe core is formed. At this stage the star has an ”onion structure” (Fig.1.8),
with a heavy Fe core surrounded by shells of lighter element until the original
H atmosphere.

The mass of the Fe core will continue to grow until it approximately reaches
the Chandrasekhar mass. At this mass, electron degeneracy pressure can no
longer withstand the gravitational forces and, consequently, the Fe core starts
to contract. Due to electron captures in the Fe core, e~ + p — n + v, the num-
ber of electrons decreases and the pressure reduces accordingly. Furthermore,
energetic photons in the core start to photodisintegrate Fe into o particles and
baryons. This process is endothermic and lowers the thermal energy and leads
to a lower pressure support. This makes the Fe core contract faster, and the
increasing core density leads to higher rates of electron captures, which again
reduces the degeneracy pressure. Hence, these processes will trigger a gravita-
tional collapse of the core.

16



1.5. Core-Collapse Supernovae 17

Once the collapse is underway, the inner part of the core collapses subsonically
and homologously (voxr), while the outer part collapses supersonically and can
reach speeds of about 25% of the speed of light. Because of the high tempera-
ture and density, most of the energy release is in the form of neutrinos during
the core collapse. The neutrinos that are produced, are scattered by both free
and bound neutrons and protons. For a core density exceeding ~ 10'2gcm™3,
the diffusion time of the neutrinos is much longer than the dynamical time
scale of the collapse. Hence, the neutrinos will be trapped and the collapse
will proceed almost adiabatically. The collapse of the inner core continues until
the density exceeds nuclear density (2 x 10'*gcm™3). At this stage, the repul-
sive nuclear forces start to counteract the collapse and the equation of state
becomes very stiff in a short period of time. This causes the infalling matter
to bounce back and a shock wave is sent outwards through the infalling material.

As the shock plows through the infalling material of the iron core, it disin-
tegrates the iron nuclei into protons and neutrons. This endothermic process
effectively reduces the shock energy. Once protons become available, they cap-
ture electrons which, in turn, produce neutrinos. These neutrinos will further
drain the shock from its energy. Simulations indicate that, in most cases, this
drain of energy will cause the shock to stall after some time after the bounce
(10—20 ms) and at a relatively small radius (~100 km) (e.g., Janka et al. 2008).
Thus, an accretion shock will be set up at constant radius inside the iron core
as the infall of matter continues. Hence, in most simulations, it has turned
out that this so called prompt explosion scenario is not able to generate an
explosion of the star (e.g., Baron et al. 1985; Woosley & Janka 2005). Thus,
an additional source of energy is needed to re-accelerate the shock and make a
succesful SN explosion.

Since the bulk of the released gravitational binding energy is carried away
by neutrinos, a natural extra energy source would be the deposition of energy of
the neutrinos in layers behind the accretion shock. Such a mechanism was first
proposed by Colgate & White (1966). In this scenario, the neutrinos emerg-
ing from the neutrinosphere in the inner core, heat the post-shock gas through
the reactions v +e — p+e~ and v, + p — n+ e~ . This heating will increase
linearly with the density, whereas the cooling rate of the gas (by the inverse
of these reactions) will scale with the density squared. Since the density scales
with the radius as p oc 1073, it follows that beyond some radius there will be a
net neutrino heating of the gas. Hence, if the neutrinos could deposit a fraction
(~ 10%, Janka et al. 2008) of their total energy into this region behind the

17



18 Chapter 1. Introduction

stalled shock, pressure could build up and ultimately lead to an explosion of
the star. This scenario is often referred to as the delayed explosion mechanism.
However, since both the mass accretion rate and the neutrino flux decrease with
time, there will be a time window of a possible explosion, streching from a few
tenths of a second to a few seconds.

Even though this delayed explosion mechanism is considered to be a plau-
sible scenario, many details in the mechanism are uncertain. Nevertheless, it is
believed that convection of the gas behind the accreation shock should play an
important role for making the neutrino heating more efficient. Such convective
motions would dredge up hot material from deeper regions and at the same
time transport cooler gas close to the shock into deeper layers where it can be
re-heated. However, detailed calculations of the neutrino transport indicates
that the convection mechanism is not as efficient as was prevoiusly believed
(Janka et al. 2008) and hence, it may not be strong enough to push the stalled
shock further out. Relatively recently, another type of hydrodynamic instabil-
ity has been discovered (Blondin et al. 2003). This is the so-called standing
accretion shock instability (SASI), which is able to grow efficiently, independent
of convective motions. Due to the SASI, the accreted gas can stay longer in the
heating layer interior of the shock, and is thus able to more efficiently absorb en-
ergy from the neutrino flux. Another consequence of this instability is a global
asymmetry of the shock front. Such an asymmetry in the explosion can give
the remnant a kick sufficiently large to explain the observed pulsar velocities
of several hundred kilometers per second (Janka et al. 2008). In addition, this
instability may also explain the spin of the pulsars without the need of intro-
ducing rotation of the progenitor star (Blondin & Mezzacappa 2007; Blondin
& Shaw 2007).

Once the outgoing shock escapes the Fe core, the density decreases and the
shock will therefore suffer much less from energy losses. Hence, at this stage,
the shock will be able to propagate through the whole star within hours. While
the shock propagates through the star it will either accelerate or decelerate
depending on changes in the quantity pr—3, which is a measure of the swept-
up mass. Hence, if the density declines at a slower rate than r—3, the shock
will decelerate and leave behind a region of Rayleigh-Taylor instabilities. Such
instabilities will introduce mixing of the different burning zones. This kind of
mixing is an important ingredient in order to explain the shapes of the observed
SN light curves and spectral features (Woosley et al.2002).

18
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Figure 1.9— UBVRI light curve of type IIP SN 1999em, one of the most studied SNe and the
prototype of IIP SNe (Elmhamdi et al. 2003; Leonard et al. 2003).

1.5.2 Light curves of core-collapse SNe

A core-collapse SN starts to be visible at the shock breakout, i.e. when the
shock wave produced by the core collapse reaches the surface. This phenomenon
occurs about three hours from core-collapse and it is bright especially in the
UV, thus creating a spike in the bolometric light curve.

After the shock breakout the adiabatic expansion of the outer envelope
causes a rapid decline of temperature and luminosity. At this point the diffusion
of the internal energy from the bluk of the envelope and the radioactive energy
of the ®Ni synthetized at the passage of the shock wave start to be important.
This increases the luminosity, and the SN reaches the maximum phase.

As the SN expands and cools the ionized matter starts to recombine. A
recombination wave moves inward in mass throughout the ejecta, recombining
the H. The opacity decreases and the residual internal energy can be released.
Depending on the envelope mass and explosion energy, this phase may be par-
ticularly long-lasting (~100 days), creating the typical "luminosity plateau”
which is seen in type ITP SNe. During this phase the temperature stays nearly
constant. On the contrary, if the envelope is less massive only a short (20—30
days) peak is observed followed by a linear luminosity decline. In this case the
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1.5. Core-Collapse Supernovae 21

light curve resembles the IIL type.

Once the H is recombined the SN light curve settles into the exponential tail,
during which the radioactive decay of *°Co represent the main energy source,
and the luminosity decline is 0.098 mag/day as predicted by the decay.

At nebular epochs the observed decline rate can be modified by two effect.
The first one is the dust formation within the ejecta. The light at optical
wavelengths is absorbed by newly formed dust grains and re-emitted in the
near infra-red (NIR). This makes the opacity increase, and thus the luminosity
decrease faster. A second effect may be caused by the presence of high density
circumstellar medium (CSM): if the SN environment is rich of material, this
may interact with the fast ejecta, providing additional energy to the luminosity.
This effect can occur even at earlier phases. In that case, the SN is denoted as
"TIn”.

1.5.3 Spectra of core-collapse SNe

In the previous sections it was mentioned that the term ”core-collapse super-
novae” denotes a class of SNe with a large variety of observational properties.
From the spectroscopic point of view, CCSNe may or may not show H, de-
pending on the level of stripping of the outer star’s envelopes at the time of
explosion. Therefore core-collapse SNe may be either of the type I or of the
type II. The main properties of each subclasses are here listed:

e SNe Ib/c are thought to be produced by the core collapse of very massive
stars which have been stripped, before explosion, by their envelope of H
(Type Ib) and both H and He (Type Ic). Therefore, at some epoch of
their evolution, the Ib/c SNe are expected to interact with the interstellar
material lost by the progenitor stars.

For both types the Si II line may be present, even if much weaker than in
type Ia SNe. Other prominent lines in photospheric spectra are: Ca II,
O I, Na I, Fe II, Ti IT (e.g. Matheson et al. 2001a; Branch et al. 2002;
Millard et al. 1999). The nebular spectra are dominated by [O I] and [Ca
I1], but also Na I and Ca II lines are visible (Fig.1.11).

Peculiar cases of Type Ib/c SNe are the so-calles "Hypernovae”, whose
prototype is SN 1998bw. The latter was a very energetic event (~ 10°2erg)
with exceptionally high expansion velocities (>30000 kms~!) and very
luminous light curves (Iwamoto et al., 1998; Sollerman et al., 2000; Patat
et al., 2001). Hypernovae have deserved a large attention because of their
connection to the long-duration Gamma Ray Bursts (GRBs).
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Figure 1.11— Spectroscopic evolution of type Ib SN 1984L (Harkness et al., 1987, left) and
of type Ic SN 1987M (Filippenko et al., 1990).

Current models predict that these transient are the outcome of very en-
ergetic BH forming explosions of very massive stars (30-50 M) which
eject large amounts of %°Ni (0.3-0.5 Mg). Direct evidences of aspherical
explosions come from the late-time observations of Type Ic SNe (Mazzali
et al. 2005), as well as from the large measured polarization (Leonard et
al. 2005), giving an important role to the asymmetries in the explosions.
Interestingly, not all broad-lined Ic are accompanied by a GRB (e.g. SNe
2002ap Mazzali et al. 2002, or SN 2003jd Valenti et al. 2007). These SNe
have smaller luminosity, mass of the ejecta and explosion energy than the
GRB-SNe, but it is not clear whether the non-detection of the GRB is a
geometric effect due to the asymmetries or an intrinsic properties of the
explosion /progenitor.

e SNe IIb belong to a class that denotes a spectroscopic transition from

the type II to the type Ib: at early time spectra show prominent H lines,
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but these disappear with time, while stronger He I A\ 5876, 6678 and 7065
lines develop. The progenitor stars of SNe IIb are expected to have lost
most of their mass before explosion; however, the released H-rich CSM
lies in the proximity of the exploding star. An important representative
supernova of this class SN 1993J in M31, which is the best studied SNe
ever (Barbon et al. 1995; Matheson et al. 2000a)

SNe II do show H in the spectra. For this reason they are commonly
associated with late-type galaxies and recent star formation regions. As
it will be shown in the next Chapter, the progenitors of CCSNe may span
a large range of masses. The precursors of type IIP SNe are supposed
to have not suffer significant mass loss phenomena before the explosion,
and therefore no ejecta-interaction signatures are reveled by the spectra
even at late-times (Fig. 1.12). On the contrary, stars exploding as IIL
SNe are thought to have their H envelope partially removed by the winds
(still, less than ITb SNe). In this case the nebular spectra may show hints
of interaction [e.g. SN 1979C, Montes et al. (2000)]. The other extreme
is represented by the SNe of the IIn type, for which the interaction is
dominant during the whole evolution, so that it is reasonable to assume
that the progenitor was a very massive star that suffered copious mass-loss
(cf. Chapter 2).

Besides the Balmer lines, in SNe IIP /IIL also He I lines are visible for a few
days after the explosion. Then other lines (e.g. Na I, Ca II, Fe II, Sc II,
Ti II, Ba II, Sr II) become prominent during the late photospheric phase.
At nebular phases, all CCSNe types appear similar. The spectra show
strong H I (for type II), [O I], Ca II, [Ca II] and [Fe II] emission lines.
IIn SNe are characterized by a slow spectral evolution, dominated by
strong Balmer emission lines without the characteristic broad absorptions
or P-Cygni. The early time continua are very blue, He I emission is often
present and, in some cases, narrow Balmer and Na I absorptions are visible
corresponding to expansion velocities of about 1000 km s~! (Pastorello et
al., 2002). Unresolved forbidden lines of [OI], [OIII], and of highly ionized
elements such as [FeVII], [FeX], and [AX] are sometimes present.

1.6 Interacting supernovae

Interacting SNe deserve a special mention, since the SNe that will be discussed
in this thesis were also classified as ”IIn”, though they present other pecu-
liar properties. In general, latetime signatures of interaction with a CSM are
frequent also among other SN types and they are detectable when the other
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Figure 1.13— Combined HST and Keck spectra of SN 1995N at a phase of 943 days (Fransson
et al. 2002, ApJ, 572, 350). The strongest emission lines are identified. Through spectral
modeling, 3 distinct kinematic components could be identified, likely powered by the X-rays
from the interaction of the ejecta and the circumstellar medium of the progenitor. While the
narrow lines come from unshocked circumstellar gas and the intermediate-velocity component
from processed ejecta, the high-velocity are related to an either clumpy or asymmetric CSM.

sources of energy powering the SN fade (Pastorello et al. 2003). As mentioned,
this may occur more frequently in SNe IIL and, occasionally, also in SNe IIP.
An example is SN 1987A which, from HST images, shows unequivocal evidences
of interaction with the circumstellar rings (Groningsson et al. 2003).

Especially for the subclass of type IIn SNe, mass loss during the progenitor
pre-explosion phase is a key parameter. In fact, the CSM structure, density
and kinematics strongly affect both the SN spectroscopic and the photometric
evolution. Typical mass loss rate are in the order of 107¢ — 107> My yr~!, but
this value may change significantly, as we will see in Chapter 2, depending on
several factors. The density profile and the distance of the CSM play also a
major role.

Soon after explosion, the spectra of SNe IIn are characterized by the pres-
ence of strong, narrow Balmer emission lines on top of broader emission lines
(Fig. 1.13). It is generally believed that narrow lines of SNe IIn originate from
the reprocessing of radiation generated when the high velocity SN ejecta vio-
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lently impact on a relatively dense, surrounding gas released by the progenitor
star. The collision causes the conversion of part of the ejecta kinetic energy into
radiation. This interaction generates forward and reverse shock waves which
bound the shock wind and SN ejecta (Chevalier & Fransson 1994, Fig.1.14).
Sometimes the pressure and temperature behind the shock are sufficiently high
that the post-shock ejecta and CSM may become powerful X-rays emitters. At
the same time synchrotron radiation is generated by electrons accelerated up to
relativistic energies at the shock front. The forward shock produces a very hot
shell (~ 10°K), while the reverse shock produces a denser, cooler (~ 107K) shell
with much higher emission measure, from which the X-rays emission arises.
Despite the apparently complicated CSM configuration, precious information
on the SN environment can be derived from optical spectra, whose most in-
tense line in emission is Ha : by studying its multi-component profile it is
possible to reconstruct the kinematic and structure of the gas surrounding the
star both in pre- and post-explosion phase. Its intermediate component traces
the kinematic of the slower, smaller radiating layer, having a velocity of a few
hundreds of km s~! . The broadest component has a velocity of a few thousand
of kms~! and it is normally associated to the SN ejecta, which achieve radii
of 10"3cm a few weeks after explosion; a broad component is seen also in the
emission lines intermediate mass elements, as OIIl and Call, which lie in the
inner part of the ejecta.

The very narrow feature on top of Haline, which sometimes shows a P-Cygni
absorption, is indicative of the kinematics of the unperturbed CSM shed by the
progenitor. Its velocity spans from a few tens to a few hundred of kms=! , and
typically increases with progenitor star mass, being about 10-20 km s~ | 20-40
km s~! and 100-200 km s~! for AGB, RSG and LBV winds, respectively (Smith
et al. 2007). Very narrow emission lines can be recognized also in Fe group
lines (Salamanca et al. 2002) , likely being caused by the photoionization of
the CSM by the UV and X-ray photons produced during the initial supernova
flash.

Depending on the CSM density distribution, the strong CSM-ejecta interaction
may last for months (e.g., SN 1994W) to years (e.g., SN 19887, SN 1995N,
SN 1995G). In fact, if the mass of the CSM is of the same order of the ejecta
mass, the outer material can cause a significant deceleration of the ejecta, with
a very efficient conversion of kinetic energy into internal and radiative energy.
This explains the photometrically slow evolution, especially at early phases. Of
course, more-luminous SNe require progenitors with higher mass-loss rates or
slower wind speeds. To account for some of the most-luminous SNe IIn detected
(SN 2005ap, Quimby et al. 2007; SN 2006gy, Smith et al. 2007, 2008, Agnoletto
et al. 2008; SN2006tf, Smith et al. 2008b), inferred progenitor mass-loss rates
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Figure 1.14— Schematic view of the circumstellar environment of a massive star, at the time
of SN ejecta impact. The collision generates a forward and a reverse shock, which may emit at
X and radio wavelengths. Optical emission is mostly concentrated at Ha line, and its profile
reflects the kinematic of the different emitting layers. The intermediate component originate
from the shocked CSM. The broadest one is attributed to the SN ejecta. The narrowest
component forms in the outer zones, where the stellar wind (CSM) is still unperturbed.

need to be much higher, i.e. in the order of 0.1 Myyr—! or higher (Chugai et al.

2004, Smith et al. 2008). Such rates have to be assumed also for the so-called
”SNe impostors” (SN 1999bw, Filippenko et al., 1999a; SN 2002kg, Schwartz
et al. 2001; SN 2003gm, Patat et al., 2003). These objects show spectra with
narrow Balmer emission lines resembling those of typical SNe IIn (Filippenko,
2000), but they are underluminous and show very peculiar and unforeseeable
photometric evolution. They are thought to be not genuine SN explosions, but
luminous outbursts of the external shells of massive stars, similar to n Carinae,
because the progenitor star likely survives to the burst.

The prototype SN of the IIn type is SN 1988Z (Stathakis and Sadler, 1991;
Turatto et al., 1993b; Aretxaga et al., 1999). The luminosity of this SN was
powered by the interaction ejectaCSM for a long time, and the evolution of
this objects was followed at all wavelengths for about 10 years after discovery
(Aretxaga et al., 1999). However, because of the large number of possible initial
configurations of the star+CSM system, type SNe IIn are observationally very
heterogeneous. This includes ejecta mass, explosion energy, mass loss rates and
synthetized °°Nimass. Nevertheless, through the combination of light curves
and spectral analysis, SNe IIn offer us the rare opportunity to determine the
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composition, structure and kinematics of the SN environment, as it was suc-
cessfully done for SN 1987A (Groningsson et al. 2008).
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CHAPTER 2

Massive and Very Massive Stars

2.1 Evolution and fate of massive stars

Massive stars started forming about 400 millions years after the Big Bang and
ended the dark ages by re-ionizing the Universe. They therefore played a key
role in the early evolution of the Universe. Understanding the properties and
the evolution of the first stellar generations allows to determine the feedback
they had on the formation of the first cosmic structures.

The evolution of stars is governed by three main parameters, which are the
initial mass, metallicity (Z) and rotation rate. The evolution is also influenced
by the presence of magnetic fields and by a close binary companion. For massive
stars around solar metallicity, mass loss plays a crucial role, in some cases
leaving only a 10-20 M envelope.

To clarify the role of these parameters, precious information can be derived
through the study of core-collapse supernovae which, as seen in Chapter 1,
mark the fate of stars more massive than 8 M . Once the relationship between
massive star evolution and the type of SN observed is established, CCSNe can
become our best probe of mass loss, circumstellar structure, stellar evolution,
rotation and star formation rates throughout cosmic time.

Although the fate and evolution of stars depend on several factors (e.g.
binarity, mass loss, metallicity, rotation), a rough classification scheme may be
based on the initial mass or main sequence mass, as follows:
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2.1.1 Stars with mass 8 Mg <M < 35Mg

According to the most recent estimates, based on the mass calculations of SN
progenitors identificated in the pre-explosion images [44, 46, 54], the minimum
mass that can produce a core-collapse is Sfisl\/[@.

Once the star has formed, its center generally evolves to increasing central
density and temperature. This overall contraction is interrupted by phases
of nuclear fusion of H to He, He to C and O, then C, Ne, O and Si, until
finally Fe is produced and the core collapses. Each fuel burns first in the
center, then in a shell. The time scale for He burning is much shorter than
that of H burning, mostly because of the lower energy release per unit mass.
However, the time scale of the burning stages beyond central helium-burning
is radically reduced by thermal neutrino losses that dissipate energy, instead of
transporting it to the stellar surface. These losses increase with temperature,
roughly proportionally to T?. When the star has built up a large enough Fe
core, exceeding its Chandrasekhar mass, it collapses to form a neutron star
(NS) or a black hole (BH). A SN explosion or a GRB explosion may result.

Except for the pair-instability supernovae regime (cf. Sect. 2.1.3), the
explosion of massive stars leave behind compact remnants (see Fig.2.1 for the
IMF and SN remnant at Z=0, from Heger et al. [22]). Up to an initial mass
of 20-25 M, typically neutron stars (NS) result [14]. The layers above the NS
are ejected, consisting of the ashes of the preceding hydrostatic stellar burning
phases and explosive burning products. At higher masses a large fraction of the
core can fall back onto the NS after the explosion has first driven the matter
outward [15]. If the resulting remnant mass exceeds the maximum mass for a
NS, it collapses to a BH (Zampieri et al. [60] and reference therein).

2.1.2 Stars with mass 35Mg < M < 100 Mg

Above 20-40 Mg the role of mass loss, due to stellar winds, is non negligible
[39] and it may become so strong that, after the RSG stage, the entire H
envelope is lost prior to explosion of the star. The exact mass for when this
happens depends on several factors, e.g., the mass loss rates and the initial
stellar rotation.

Once massive stars have lost their H envelope, they become He stars or Wolf-
Rayet (WR) stars. Also at this stage the mass loss is known to be large, but its
rate is again quite uncertain. Wolf-Rayet stars can release products of central
He burning, like C and O, by stellar winds before explosion or even if they do
not explode. Such objects are denoted as WC and WO stars, respectively.

For a 60 Mg star, we expect that the evolutionary sequence is
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0—BSG—RSG—WR. However, the most massive stars may lose mass so fast
that they never evolve to the RSG stage, but instead evolve as luminous
blue variable (LBVs) and then directly to the WR stage, in the sequence
O—LBV—WR. This issue will be discussed more in detail in Sect. 2.2.

Concerning their fate, for masses above 35 Mg the fate of these stars is
similar to that of less massive stars except that the mass at core continues
increasing. Massive stars may form NS or BHs by fall-back. However, as the
He core mass at core collapse increases depending on the metallicity, eventually
a successful supernova shock cannot be launched due to ram pressure caused
by the early strong infall of the increasingly larger O and Si core masses. A BH
forms directly and no supernova explosion should occur [22].

2.1.3 Stars with with mass 100 Mo < M < 140 Mg

Above a He core mass of ~60 Mg , nuclear-powered and opacity-driven pulsa-
tions occur, with the effect of increasing the mass loss (the so called ”k” and
7€’ mechanisms, [22]). However, such mechanisms are apparently suppressed
on extreme Population III stars [5]. Therefore, it is reasonable to assume that
at sufficiently low metallicity (Z/Ze ~ Z~*) very massive stars do retain most
of their mass through the end of central He burning, forming a massive He
core. Zero-metallicity stars above 100 Mg are radiation-pressure-dominated;
for temperatures in excess of 10° K, a large amount of thermal energy goes into
making the masses of an increasing abundance of electronpositron pairs in the
core rather than providing pressure. This can decrease the adiabatic index be-
low 4/3 and destabilize the core [28](Fig. 2.2, right). As a consequence, for stars
with an initial mass above ~140 Mg , rapid contraction may occur, followed
by a thermonuclear explosion. Such explosions are denoted as ”pair-creation
supernovae” (PCSNe) or ” pair-instabilities supernovae” (PISNe). However, for
masses in the range 100<Mg <140 the energy released by the explosive burning
is inadequate to unbind the entire star [22, 58]. It suffices, however, violently
to eject many solar masses of surface material, including all that is left of H en-
velope, in a series of giant "pulses”. Each pulse may result in a SN display [58],
which is then called ” pulsational pair instability supernova”. The typical bind-
ing energy for the H envelope of such massive stars is only ~0.1 to 1 x 10* erg,
whereas the energy of a pulse is ~ 110 x 10%° erg, so that the envelope is easily
ejected in the first pulse.

The outer layers, the H envelope and possibly part of the He and CO core
(especially at the high-mass end of the regime) are ejected. These pulsations
continue until the star has lost so much mass or decreased in central entropy
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that it no longer encounters the pair instability before forming a Fe core in
hydrostatic equilibrium. Since the Fe core mass is large and the entropy high,
such a star probably finally make BHs. These stars will not have a H envelope
at the time of collapse, but the ejecta may still be close by [21, 58].

2.1.4 Stars with mass 140 Mg, < M < 260 Mg,

For initial masses from 140-260 Mg (corresponding to an He core mass of
64—133 Mg ) the explosion energy of the first pulse is already sufficient to
entirely disrupt the star. A PISN occurs. In this case no remnant remains and
all the metals are ejected. These SNe release energies ranging from 3 x 10°! erg
(i.e. 64 Mg He core) up to almost 100 x 10°! erg (i.e. 133 M He core, [25])
- enough to disrupt a small proto-galaxy. More than 50 Mg of radioactive
56Ni may be ejected. These are the most powerful thermonuclear explosions in
the universe [?].

Since stars of lower mass (<140 Mg ) or higher mass (> 260 Mg, ) collapse
into BHs without significant heavy element creation, pair-instability SNe may
be considered a ”clean” source of nucleosynthesis in the sense that neighboring
mass ranges do not ”pollute” the sample [24].

PISNe are supposed to be particularly frequent at very high redshift; at z
= 20, the rate of pair-creation supernovae is calculated by Heger et al. [24] as
~0.16 events per second, i.e., 3.9 X 10—6 events per second per square degree.
The photometric evolution of these objects has been modeled by Scannapieco
et al. [43], which have predicted a very bright, broad peak, followed by a lumi-
nosity decay which follows the decay of 56Co into *9Fe, due to high amount of
%Nji produced in the explosion. Heger et al. [22] have calculated that, at z =
20, the first peak of the light curve (from the shock breakout) would last for
about a month; the second, broad peak (plateau), probably brighter in the far
infrared, would last for about 10 yr. Statistically, at any time there should be
about a dozen of these supernovae per square degree at the peak of the light
curve, and more than 1000 in the plateau phase of the light curve.

For this reason, we may expect that PISNe will be primary targets for the
next generations telescopes. Apparently, signals of PISNe have already been
detected at to z = 2 [8].

2.1.5 Stars with mass M > 260 M

Above initial masses of 260 Mg photo-disintegration of alpha-particles (which
themselves are already the result of photo-disintegration of Fe group elements
which were made in Si burning) reduces the pressure enough that the collapse
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Figure 2.2— Left: Stellar evolutionary tracks computed by Langer et al. [31], from main
sequence to pre-SN. The red lines denote stars that rotate rapidly and evolve quasi-chemically
homogeneously until the Fe collapse. Blue lines represent slow rotators, which become yellow
hypergiants after the main sequence evolution. Furthermore, solar metallicity tracks for 150
Mg and 250 Mg are shown with green lines; they end during core H burning, when their
surfaces become unstable.

of the star is not turned around but directly continues into a BH [22].

2.2 Mass-loss

As we have seen, mass loss plays an important role in the evolution of massive
stars, especially in the regime beyond 25 Mg . Not only does it reduce the
mass of the star, but also affects its convective core size, temperature, angular
momentum and its luminosity. Hence, the amount of mass loss affects the star’s
evolutionary track and its time on the main-sequence phase [50]. The mass of
the H envelope is crucial for the light curve of the SN. An understanding of the
mass loss processes is therefore central for the SN taxonomy.

Because mass loss increases with luminosity and mass, M oc L oc M~273
[39], the effects are most important for the most massive stars. Moreover, the
properties of the winds that shed the outer stars’ envelopes vary dramatically
between the different evolutionary stages. In particular, the wind velocity scales
roughly with the escape velocity of the star, which varies by a factor of about
a hundred between the BSG, RSG, and WR phases.

In the blue supergiant (BSG) MS phase the winds are radiatively driven
through momentum deposition from absorption of the photospheric radiation
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by the many resonance lines in especially the UV and far-UV. This is a fairly
well understood process both theoretically and observationally. The mass loss
rates of BSGs are in the order of 107% — 107" My yr~!. In addition, since the
wind velocity is roughly the same as the star escape velocity, the winds from
these relatively compact objects are very fast with velocities in the range of
1000-3000 km s~ .

The driving mechanisms behind the winds during the post-MS phases are
less well understood. In red supergiants (RSG) the absorption of the radiation
by dust is believed to account for most of the momentum input. What initiates
the wind (e.g., photospheric shocks connected to pulsations) is, however, not
known. The formation of the dust probably takes place in a similar way as in
lower mass AGB stars.

Further, it is likely that the star experiences a superwind phase, lasting
~ 10* years, in the very last phases of the RSG stage. What drives this su-
perwind is somewhat unclear, but pulsational instabilities may be particularly
important [23]. Typical mass loss rates are in the general RSG phase of the
order of 1075 Mg yr~! [33]. In the superwind phase mass loss rates are as high
1074 — 1073 Mg yr~! [6]. The duration of this phase must obviously be only of
the order of a few times 10* yrs. Because of their large extension, and hence
low escape velocity, the winds are slow with velocities of only 10-50 kms™!.
As it will be discussed in Sect. 2.5, LBV stars suffer the stringest mass-loss
rates, which reach 0.1 — 1 Mg yr~! [50]; the winds have velocity in the order of
100-200 km s~ .

Finally, in the Wolf-Rayet (WR) phase the wind velocities increase to 2000-
5000 km s~!, while the mass loss rate is 1075 Mg yr~!'. The driving of the
wind is here to a large extent radiation on resonance lines, as in the OB star
case. The initiation of the wind is, however, not clear, and pulsations may be
important for this.

Observationally, clumping of the wind is important, with a typical clumping
factor of about two [16, 20] .

2.3 Rotation

Observationally, it is known that massive stars on the main sequence are rotat-
ing rapidly. Typical surface velocities are ~200 km s~! . Because of convection,
rigid rotation is likely to be established on the main sequence; thanks to the
convection and the Eddington-Sweet circulation in radiative layers, angular
momentum can be transported outwards [41].

Rotation affects the evolution in several ways.
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First, rotation induces circulation and mixing of the stellar interior in a
way resembling that of increased convection: nuclear burning products may
become visible at the surface already in the H and He burning stages. This
is most apparent from the presence of CNO burning products already on the
main sequence and He burning stages. For the more efficient mixing, in a
rotating model products of the CNO processing (*4N) will be visible already in
the BSG stage. Such stars are expected to evolve and collapse as Wolf-Rayet
WC star, with a large '2C abundance from He-burning in the rotating case.
As a consequence of the increase in the abundance of the products of the CNO
cycle in the outer layers, the opacity, and therefore the mass loss, will grow.

The second effect of rotation concerns the change in the star form. In
fact, because of the centrifugal force the rotating star becomes oblate. The
larger radius in the equatorial plane leads to a lower effective temperature and
flux compared to the polar direction. Therefore, in the latter direction the
luminosity and the mass loss will be higher.

For the conservation of angular momentum this implies that during the
evolution to the RSG stage the angular velocity decreases dramatically. The
core, however, increases its angular velocity because of contraction, and may end
up rotating close to the critical velocity. Angular momentum may, however, be
lost in especially the RSG and in the WR. phase due to mass loss. The efficiency
of this depends sensitively on the magnetic field [36].

In Fig. 2.3 the evolutionary tracks in the HR diagram with and without
rotation are shown. It is evident that especially for the most massive stars
the late evolution is substantially altered by rotation. For non-rotating stars
the lower mass limit to evolve to a WR-star is 37 My . With rotation, even a
22Mg, star evolves all the way to the WR stage, rather than ending its life as a
RSG. This is also the case for stars more massive than this. Thanks to rotation
the most massive stars with M > 60 My may skip even the LBV phase, and
evolve directly from the MS to the WR phase. Because of the increased mass
loss rate in the rotational case, the final masses of the stars at the beginning
of C burning will in general be smaller than in the non-rotational case. The
life time in the WR phase will also increase by a factor of about two. For a
non-rotating 60 Mg star the total life time is 4.0 Myrs, of which 0.37 Myrs
are spent as a Wolf-Rayet star. The corresponding numbers for a star with
main sequence rotational velocity of 300 km s~! are 4.67 Myrs and 0.75 Myrs,
respectively.
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Figure 2.4— Supernova population diagram showing the evolution of massive stars as a func-
tion of initial mass and metallicity [22].

2.4 Metallicity, mass-loss, rotation & the supernova display

Wind driven mass loss is also found to be dependent on the metallicity. The
exact scaling of mass loss with the metallicity is likely to depend on the evolu-
tionary stage of the star, but is normally assumed to follow M ~ Z(0-5-0-7) [30]
Thus, stars with low metallicity suffer to a lower extent from mass loss and
have therefore larger He cores and H envelopes at the end of their lives. The
opposite is true for high-metallicity stars, where the radiation pressure in the
envelope is higher.

A schematic view which illustrates the different SN outcome with varying
metallicity is shown in Fig. 2.4.

In SNe of type II the mass of the star He core governs the evolution and fate,
whereas the H envelope determines much of the SN spectral features and the
shape of the light curves. Stars that end their lives as moderate mass RSGs (up
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to 25 M ) with a massive H envelope (>2 Mg, ), will result in a type IIP [45].
If, however, the metallicity is low enough, type IIP SNe are also possible in the
mass range of 26—40 Mg . Such events are expected to be faint because of the
fallback of the inner layers of the core (see Fig.2.4).

Stars with a less massive H envelope ( <2 Mg, ) will end their lives either as
a type IIL or as a type IIb SN. Since the mass loss needs to be strong enough
to remove a substantial part of the H envelope in order to produce Type IIL /b,
a single star with at least a moderate metallicity as well as a high initial mass
(<25-40 Mg ) is needed. According to the predictions of Heger et al. [22], the
majority (~90%) of the massive single stars are, forming SNe of type II and
out of these, the majority will produce normal type IIP. Only a minority (<
10%) of the Type II events will, depending on the metallicity, either produce
scaled down type IIP or type IIL/b SNe.

For type Ib/c SNe the entire H envelope is removed prior to explosion, mak-
ing the observational features sensitive to the He core mass of the progenitor.
Clearly, a single star resulting in a type Ib/c must meet the conditions of having
both a high metallicity and a high initial mass. For a non-rotating star with
solar metallicity, the mass has been estimated to be <34 Mg [59].

Instead, for subsolar metallicities, many of the Ib/c SNe would leave behind
a BH by later fallback and are therefore expected to be sub-luminous, as is the
case of type IIL/b.

To reduce the He core enough for luminous type IIL/b to be formed from a
non-rotating single star, the metallicity would have to exceed solar. Bright type
Ib/c could, however, also be formed for a metallicity slightly less than solar if
the progenitor’s initial mass exceeds 60 Mg . One would therefore expect that
these types of SNe are in most cases likely to be produced in binary systems
were mass transfer through Roche lobe overflow occurs. In fact, this is a well-
known channel to form Wolf-Rayet stars which, in turn, are the progenitors
of type Ib/c events. Notice however, that fast rotating stars the mass loss is
enhanced, therefore the metallicity needed in order to produce type IIL/b and
type Ib/c is reduced: for stars with rotation and solar metallicity, a lower mass
limit of 22 Mg has been estimated [36]. As a result, one would expect more of
these types of SNe to be strong explosions and fewer of these events to produce
BH from fallback.

Only at extremely low metallicities, where the cooling processes that govern
star formation are greatly reduced and the effects of magnetic field and turbu-
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Figure 2.5— The Hertzsprung-Russell diagram of the STARS evolutionary tracks [11]. The
blue, upper region denote the expected location of the LBV stars according to the predictions
of Smith, Vink & De Koter (2004). The position of the WR and RSG stars is also marked.

lence are less important, stars are expected to evolve to masses larger than 100
Mg without experiencing heavy mass losses. As seen in Sect. 2.1.3, these stars
produce pairs inside the core and may experience giant pulsations. The kinetic
energy of the pulses is of the order of or even more than a normal SN but they
will be less bright since they lack any radioactive material to power the light
curve. However the collisions between shells of material can eventually produce
a SN display [58].

The exact thresholds of metallicities below which stars may undergo such
instabilities have been recently investigated by Langer et al. [31]. Due to rota-
tion, two possible channels for the precursors of PISNe are evidenced. Accord-
ing to their calculation, slowly rotating massive stars produce PISNe for initial
masses in the range 140 Mg to 260 Mg in the yellow supergiant phase (Heger
& Woosley 2002) and for Z/Zq ~ 1/3; rapid, chemically evolved [59] rotators
do so for initial masses above 80 Mg, and for Z/Zs < 1073, 1 will come back to
this in Chapter 6.
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2.5 LBVs and the problem of mass loss in supermassive stars

Though an observational evidence is still lacking, the presence of extremely
massive stars (even 200 Mg ) is theoretically predicted in the primordial
Universe at Z=0, where the Jeans mass may have been as great as ~1000
Mg [32] and where the initial mass function (IMF) either peaks at 100 Mg [2]
or is bimodal [38].

In the local Universe the most massive stars known are the Luminous
Blue Variables stars (LBVs, cf. Fig.2.5), which have masses in the range
80—120 My . LBVs, also known as S Doradus variables, are very bright
(5.5 < log(L/Lg) < 6.0, [27]), blue, hypergiant variable stars named after S
Doradus (SD), the brightest star of the LMC. They exhibit periodic changes
in brightness, punctuated by occasional outbursts of substantial mass loss.
Their types of variability that can be divided into three categories: (i) small-
amplitude (~0.1 mag) ”"micro” variability, which is common amongst BSGs;
(i) "moderate” S Doradus variations of ~1-2 mag (SD phases), and (i) truly
"giant” eruptions, of which P-Cyg and Eta Car are the best-known examples.
The timescales for the SD-phases are either of <10 years ("short” SD phase)
or > 20 years ("long” SD phase, [57]).

Stellar evolutionary theory predicts that LBVs have the largest allowed mass
by gravity: if they were any larger, gravity would be insufficient to balance the
radiation pressure and they would blow away the excess mass through stellar
wind. As they are, they barely maintain hydrostatic equilibrium because their
stellar wind constantly ejects matter. For this reason there are usually nebulae
around such stars, created by these outbursts; Eta Carinae is the nearest and
best-studied example [19, 34]. As explained in Sect. 2.1.2, after having com-
pletely shed their outer envelope, LBVs are supposed to become WR stars and
eventually explode as Ib/c SNe. Note on this point that while the maximum
initial mass is thought to be ~150 [1], WR stars do not have masses in ex-
ceed of 20 Mg [9]. Thus, very massive stars are supposed to remove a burden
of 30—130 Mg during their lifetime before the WR phase. This would mean
that the mass-loss must be especially efficient during these late-evolutionary
stages. Alternatively, one could tentatively assume that LBVs may somehow
be able to explode as supernovae before having completely depleted their outer
H envelope.

Indeed, the latter possibility was invoked by several authors in the last few
years: the properties that were inferred to some CCSN progenitors do have
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features which are commonly attributed to LBV stars (e.g. wind velocity, CSM
density or structure).

As an example, Kotak & Vink [29] have analyzed the quasi-periodic devia-
tions, from the expected power-law decline, reported for about a dozen of typee
IT and Ibc SNe [52]. They have interpreted the deviations of the SNe 2001ig and
2003bg as due to the ejecta interaction with the progenitor star’s surrounding
gas shells, which were ejected in a S-Doradus type variability. This would imply
that the progenitor experienced a LBV phase immediately before the collapse.

For the type Ib SN 2006jc the progenitor was claimed to be a WC or WO
star embedded in a He-rich CSM [13, 42], which underwent a heavy outburst
about two years before the explosion. Interestingly, an outburst had been never
associated to a WR before. In this sense, SN 2006jc may represent the first ob-
served example of a star transitioning from the LBV phase to the WR, through
sporadic mass ejections, and may confirm the presence of big gaps in our knowl-
edge of the mass-loss physics of evolved stars.

Also for SN 2005gj the analysis of the spectroscopic data led Trundle et
al. [53] to suggest a LBV progenitor, in order to explain the multiple components
in the absorption trough of Ha . Furthermore, for SN 1997eg, the properties
of the dual-axis environment derived by Hoffman et al. [26] are found to be
consistent with the CSM of stars in the LBV stage.

More recently, a SN progenitor with a luminosity consistent only with that
of LBVs, i.e. L/Lg ~ 10%, was serendipitously detected in archival HST images
by Gal-Yam et al. [17]. Indeed, the IIn SN 2005¢gl showed spectroscopical evi-
dence of ejecta-interaction with a circumstellar shell, as well as of high-velocity
winds (~ 450 km s~1 ), which are too fast if compared with the standard RSGs
environments.

These features were also unequivocally detected in the spectra of the ultra-
luminous IIn supernovae like 2006gy [49] and 2006tf [48] (cf. Chapter 4 and
5). Such events, whose number has remarkably increased in the last 4-5 years,
have lead to reconsider the problematic of winds and mass-loss surrounding
massive stars. One important clue is that several lines of evidence point to the
fact that winds of hot stars may be highly clumped, as several calculations had
shown [12, 41]. This, in turn, means that mass-loss rates derived from density-
squared diagnostics like Ho and radio continuum emission have severely (by a
factor 3-10) overestimated the mass loss rates.

Therefore, as argued by Smith & Owocki [51], metallicity dependent line-
driven winds of O stars do not shed enough mass in a stars lifetime and cannot
account for the stripping of H envelopes that harkens the formation of WR stars.
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On the other hand, the observations of stars like Eta Car prove empirically that
in LBV the continuum driven eruptions are able to shed 10 Mg or more in a
single event. In some objects there is evidence for multiple shell ejections in
timescales of 10% years. The extreme mass-loss rates of these LBV bursts imply
that line opacity is too saturated to drive them, so they must instead be either
continuum-driven super-Eddington winds [40] or hydrodynamic explosions [4].
Unlike steady winds driven by lines, the driving in these eruptions may be
largely independent of metallicity, and might play a role in the mass loss of
massive metal-poor stars.

Although LBV eruptions are rare, a number of extragalactic Eta Car analogs
or ”"supernova impostors” have been observed , and some events seen as type
IIn supernovae [35, 55, 56]. Furthermore, massive circumstellar shells have
also been inferred to exist around supernovae and gamma-ray bursts (GRBs).
Also for many radio bright IIn SNe a massive shell has been inferred (e.g. SN
19987, [3]; SN 1994W, [7]; SN1998S, [18]. These outbursts and the existence of
massive circumstellar nebulae could indicate that giant eruptions like that of
n Carinae may represent a common rite of passage in the late evolution of the
most massive stars.

However, we cannot forget the possibility of binary systems; though more
than 50% of the stars is supposed to have a companion, the effects of binarity
are often forgotten by SN models. Eldridge et al. [10] have calculated that
about 2—5% of WR stars will have companions in the LBV phase. Indeed, an
explosion of a WR in a medium enriched by the outburst of a giant, erupting
companion star would avoid inconsistencies with the current stellar evolutionary
models. Though this rate is fairly low and could not be invoked for all the
known IIn SNe (as argued by Smith [47]), at least the brightest IIn events
could be explained (cf. Chapter 6). Note that the WR+LBV solution was also
the preferred scenario by Pastorello et al. [42] for SN 2006jc.

In general, to determine the role and dynamics of winds in massive (and
possibly binary) stars should be considered of the utmost importance. If con-
firmed, the existence of metallicity-independent phenomena would significantly
affect not only the stellar evolution theory, but also the IMF at very high red-
shift, the enrichment of the ISM and the nature and rate of compact remnants,
thus revolutioning our current picture of the primordial universe.

To this aim, the study of the properties of the most luminous IIn supernovae,
directly linked to the supermassive stars can be extremely helpful.
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CHAPTER 3

Observations and data processing

In this Chapter | will shortly describe the most important technical characteristics
of the different instrumental configurations used to observe the SNe discussed in
this thesis. Then | will also describe the adopted techniques for the reduction of
optical and IR photometry and of optical spectroscopy.

3.1 Data Acquisition

The four supernovae discussed in this thesis were observed by the Padova-Asiago
Supernovae Group in the course of my PhD.

Being targets of the Padova-Asiago Supernova Follow-up, their finding charts,
coordinates and an updated observing log is reported at the webpage
http://web.oapd.inaf.it/supern/followup/ (cf. Fig.3.1), which I have designed
and updated during my second year.

As a general rule, the observation campaign is started as soon as possible
after discovery, for every peculiar or nearby SN event which is recognized to
be caught early after the explosion. An alert group composed by members of
the Group has the task to select, among the possible candidates, the suitable
targets the follow-up on the base of the features described in their discovery
of classification circulars. The scheduling of the observations depends on the
visibility period of the SN and on its type, and is planned at the beginning of a
follow-up (taking into account the availability of each telescope). For particu-
larly interesting targets like the over-luminous SNe which I am going to presents
in the next Chapters, an European or even world-wide collaboration is started
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with other research institutions to guarantee the high-frequency sampling of the
photometric and spectroscopic data, as well as a suitable instrumental set-up
for the specific features of the SN.

For two of the four IIn SNe discussed in this thesis, i.e. SNe 2006gy and
2008fz, the classification was correctly accomplished by members of the group,
i.e. Harutyunyan et al. (2006) [6] and Benetti et al. (2008) [2] also thanks to
GELATO (GEneric cLAssification TOol!), an online classification software for
the automatic comparison of SN spectra. The follow-up of was organized by the
Padova-Asiago Supernova Group, on behalf of a larger collaboration with other
SN groups from Belfast, (UK), Munich (Germany), Stockholm (Sweden) and
Los Angeles (USA); the observations were performed by me and by members
of the collaboration in Service or in Visitor mode.

Since interacting SNe are very blue at early phases, the optical range samples
most of their Spectral Energy Distribution. Therefore, only optical instrumen-
tation covering the UBVRI range, was used for the observations. In fact, for
IIn SNe the NIR emission become important at the nebular phases, i.e. when
the peak of SED shifts toward redder wavelength ranges or when the emission
by eventual dust in the ejecta becomes not negligible. Indeed NIR photometric
observations in the J, H and K’ bands were performed at late epochs for SN
2006gy; for SN 2008fz NIR observations are foreseen for the next runs at NTT.

Spectra were acquired mostly at low-resolution, which is sufficient to trace
the kinematic of the high velocity expanding SN layers and to detect the most
important optical lines, such as H, He, Ca and O. High-resolution spectrographs,
which are generally useful to sample the typical narrow emission lines of IIn
SNe, could be used only for the SNe 2007bt and 2007bw.

The observations were stopped during Solar occultation or when the SNe
became too faint for the available instrumentation.

3.2 Instrumental set-up

In the following, I will briefly describe the main technical characteristics of
the different instrumental configurations used for the observations of the SNe
presented in this thesis:

e Asiago-Ekar 1.82m Copernico Telescope + AFOSC

The Copernico Telescope is located in the top of Mount Ekar, near Asi-
ago (Italy). The instrument AFOSC (Asiago Faint Object Spectrograph

"https : //gelato.tng.iac.es/login.cgi
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Figure 3.1— View of the online webpage of the Padova-Asiago Supernova follow-up, which
was created to keep track on the observing logs regarding the current and past targets, and
to support the observers during the observation with practical information concerning the
target, the observing schedule or the weather.

and Camera) was equipped with a Tektronix TK1024 Thinned Back Il-
luminated CCD, 1024x1024, with pixel size 24 pm, pixel scale 0.473 arc-
sec/pixel, and a field of view is 8'.14 x 8.14. The estimated Conversion
Factor (CF) and the Read Out Noise (RON) of the detector are 1.86
e~ /ADU and 9.6 e~. For photometry the Johnson U, B, V, R and Gunn
i filter were adopted. For spectroscopy, we used the grism #2 (wavelength
region 3720-10200 A, dispersion 15.67 A/pixel and resolution 38 A with
the 27 .1slit and the grism #4 (wavelength region 3500-8450 A, dispersion
4.99 A /pixel and resolution 22 A with the 2”.1slit.

webpage: http://www.oapd.inaf.it /asiago/2000.html

e Asiago-Pennar 1.22m Galilei Telescope + B&C

This is another telescope located in Asiago, and it is ruled by the Depart-
ment of Astronomy of the Padova University. The Boller and Chivens
(B&C) spectrograph has been equipped with the Dioptric Blue Galileo
Camera. There are five gratings available for the B&C spectrograph. The
300 trmm™! grooves grating was usually used to get spectra with a dis-
persion of 4.06 A/pixel. The scale of the CCD along the slit is 1.11
arcsec/pixel.
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webpage: http://www.oapd.inaf.it/asiago/4000.html

Calar Alto 2.2m + CAFOS

The 2.2m Calar Alto telescope, located in Sierra de Los Filabres, Andalu-
cia (Spain) was equipped with CAFOS (Calar Alto Faint Object Spectro-
graph), a 2048x2048 SITe #1d CCD (pixel size 24 pm, image scale 0.53
arcsec/pixel, total field 18’ x 18’, CF = 2.3 e~ /ADU and RON = 5.060
e”). For photometry the Johnson U, B, V, R, I filters were used; for spec-
troscopy the grism B-200 (range 3200-7000 A with spectral resolution 13
A), and the grism R-200 (range 6300-11000 A) were adopted.

webpage: http://w3.caha.es/alises/cafos/cafos.html

JKT+AGBX

The Jakobus Kapteyn Telescope is a 1m telescope located at La Palma
(Spain), and it belongs to the Isaac Newton Group of Telescopes. AGBX
was the instrument mounted at the telescope during the years 1991 and
1996, i.e. when the B, R and I observations (with Johnson filters) of
the field of SN 2006gy were acquired. We downloaded these images from
the online archive and used them as templates for the SN photometry.
The detector used is a EEV5 CCD with 1152x1242 sensitive pixels with
dimension 22 um.

webpage: http://www.ing.iac.es/Astronomy /telescopes/jkt/

LT + RATCAM

We obtained photometric data with the optical RATCAM CCD Camera
of the 2m robotic Liverpool Telescope (LT) at La Palma (Spain). The
CCD is a 2048x2048 pixel EEV CCD42-40, with pixel size 13.5 um, pixel
scale 0.135 arcsec/pixel and field of view 4’.6 x 4’.6. The CF is 2.72
e~ /ADU and the RON is 5 e~. The photometry was obtained using the
Sloan u, r, 4, and the Bessell B, V filters.

webpage: http://telescope.livim.ac.uk/

NOT + ALFOSC

The detector that was used for the ALFOSC (Andalucia Faint Object
Spectrograph and Camera) instrument mounted at the 2.5m Nordic Op-
tical Telescope (NOT) in La Palma (Spain) is a EEV42-40 2Kx2K Man-
ufacturer (CCD42—40) back illuminated, a 2048x2048 chip of pixel size
13.5 pm and 0.19 arcsec/pixel. The CF has been estimated to be 0.726
e~ /ADU and the RON = 5.3 e”. For the photometry we used Bessel U,
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B, V, R and I filters and for the spectroscopy we used the grism #4 (low
resolution visual grism, range 3200-9100 and dispersion 3.0 A /pixel) and
the grism 5 (low resolution red grism, range 5000-10250 A and dispersion
3.1 A /pixel).

webpage:http: //www.not.iac.es/instruments/alfosc/

e NTT+H+EFOSC2 EFOSC2, or the ESO Fuaint Object Spectrograph and
Camera is the new ESO instrument mounted on the 3.6m New Generation
Telescope at La Silla (Chile). Despite its multi mode capabilities EFOSC2
is especially suitable for low resolution photometry and spectroscopy. The
CCD 440, which is particularly sensitive to UV photons, is a Loral /Lesser,
thinned, AR coated, UV flooded, MPP chip controlled by ESO-FIERA.
It is composed by 2048 x 2048 pixel; the pixel size and pixel scale are
15pum and 07.157 arcsec/pixel, respectively. The field of view is 5.2 x
5’.2. The CF and RON in slow mode are 1.3 e~ /ADU and 10.2 e™. At
this telescope only Bessel VR and Gunn i photometry of SN 2008fz were
acquired.

webpage: http://www.eso.org/sci/facilities/lasilla/instruments/efosc-3p6 /Instrument-
Overview.html

e Observatorio de Cantabria Telescope

This telescope is located in Cantabria (Spain); its scientific activity is
ruled by the University of Cantabria. The telescope has a mirror aperture
of 40.64 cm. At the Cassegrain focus there is a ST-8XE CCD with 1530
1020 pxels with dimension 9 um. The telescope field of view is 11.82’
7.88” and the pixel scale is 0.46 arcsec/pixel. The estimated RON is 15
e~ . The photometry acquired at this telescope is in the Johnson V, R
and I filters.

webpage: http : //venus.ifca.unican.es/oac/index,bs.html

e Palomar 60”

This telescope, which has a primary mirror of 1.5 m, is one of the 5
telescopes located at the Palomar Observatory (San Diego, CA, USA).
These are owned and operated by the California Institute of Technologies.
Recently it has been upgraded to work remotely and automatically with a
dedicated CCD to monitor transient sources. The detector is a 2048x2048
pixel CCD, with field of view 11” x 11”7 and pixel-scale 0.378 arcsec/pixel.
The CF is 2.2 e7/ADU and the RON is 2.4 e~. Photometry with the
Johnson UBV and Kron RI filters was obtained for SN 2008fz at this
telescope.
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webpage: http://www.astro.caltech.edu/palomar/60inch/dfox/status.html

Schmidt Telescope

With a main mirror diameter of 1.5m, the Schmidt telescope is the biggest
telescope at the Kiso Observatory in Japan. The detector is a SITe
2048x2048 pixel TK2048E CCD, with pixel size 24um. The field of view
is 50’x50’. The CF and RON of the CCD are 3.4 e~ /ADU and 23 e,
respectively.

At this telescope an image of the host of SN 2006gy, i.e. NGC 1260,
was acquired in February, 12th, 2003 with the Johnson V filter. I have
download this image from the archive and used it as a template for the
SN photometry.

webpage: http://www.ioa.s.u-tokyo.ac.jp/kisohp/top-e.html

TNG -+ Dolores

The Device Optimized for the LOw RESolution is installed at the Nasmyth
B focus of the TNG (Telescopio Nazionale Galileo) in La Palma (Spain).
The detector is a Loral thinned and back illuminated 2048x2048 CCD.
The scale is 0.275 arcsec/pixel (um 15), which yields a field of view of
about 9’.4 x 9°.4. The CF is 0.97 e~ /ADU and the RON 2 e~. We used
the Johnson filters U, B, V, and Cousins R, I; for the spectroscopy we
used LR-B (wavelength range 3000-8800 A, dispersion 2.8 A /pixel and
resolution 11 A with a 17 slit) and LR-R (wavelength range 4470-10360
A, dispersion 2.9 A /pixel and resolution 11 A with a 17 slit).

webpage: http://www.tng.iac.es/instruments/lIrs/

TNG+NICS NICS

The Near Infrared Camera Spectrometer is the TNG infrared (0.9-2.5 pm)
multimode instrument which is based on a HgCdTe Hawaii 1024 x 1024
pixel CCD. The latter has a pixel scale of 0.25 arcsec/pixel. The field of
view is 4’.2 x 4°.2. The filters used for the observation of SN 2006gy are
the Ocli J, H and K’.

webpage: http://www.tng.iac.es/instruments/nics/imaging.html

Taurus Hill Observatory

The Taurus Hill Observatory is owned by an amateur astronomical asso-
ciation and it is located on the top of Hill Hairkamaki, near Kangaslampi,
Finland. The telescope that was used for the observation of SN 2008fz
is the Meade 12” LX200 OTA Schmidt-Cassegrain telescope (focal length
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3048 mm), which has as detector a CCD SBIG ST-8XME with 567 x 532
pixels. The pixel-scale is 0.609 arcsec/pix. Images were acquired without
filters.

webpage: http://english.taurushill.net/

e WHT + ISIS

WHT is the William Herschel 4.2m Telescope (WHT) at La Palma (Spain)
equipped with ISIS (Intermediate dispersion Spectrograph and Imaging
System), on which the CCD EEV12 (2148x4200 pixels, pixel size 13.5
pm, scale 0.19 arcsec/pixel) was mounted. The blue arm used the R158B
grating (with dispersion 1.62 A /pixel) and R300B grating (with dispersion
0.86 A /pixel). At the red arm the grating R158R (with dispersion 1.81
A /pixel) was adopted. ISIS has a CF of 2.3 e~ /ADU and RON 6 e™.

webpage: http://www.ing.iac.es/Astronomy/telescopes/wht/index.html

3.3 Data reduction

The SNe observations in the optical and NIR were processed using the IRAF
routines. For photometry a collection of tasks developed in the IRAF environ-
ment by the Padova-Asiago SN Group was used.

Let us review in this Section the main steps of the whole photometry re-
duction procedure.

3.3.1 Pre-reduction

Before the measurement, it is important to remove any peculiar instrumen-
tal signature due to the detector and the instrument. This step, called pre-
reduction, is briefly described as follows:

Bias subtraction. The bias level is an electronic offset added to the
signal from the CCD to make sure that the Analogue-to-Digital Converter
(ADC) always receives a positive value. The ADC samples the charge
accumulated in a CCD pixel and returns a digital value. This value is
proportional to the actual number of electrons detected in the pixel and
is measured in Analogue-to-Digital Units (ADUs). The relation between
ADU and the number of photons (charge) is a scale factor known as
the gain. It is common practice to create a master bias image from the
median of several (>10) bias images (frames obtained with exposure time
of 0 seconds and closed shutter) in order to reduce the RON and to get
rid of cosmic rays.
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Overscan correction. In principle the bias level is constant, but it can
slightly change during the night because of external factors (like temper-
ature variations). To monitor this effect, the bias level of each image
is measured in the ”overscan” region (a stripe of a few columns/row at
the edge of the CCDs, which is not exposed to the light) and removed
from the whole frame, before the bias images combination. Indeed, after
the overscan correction, the combined master-bias will have a mean value
around zero, and will be removed from each scientific frame.

Trimming. After use, the overscan region can be cut off trimming the
images. With this action, it is also possible to cut off the edge of the
images, often affected by irregular response and degraded, and to delimit
the useful area for the scientific analysis.

Flat-fielding. Due to construction faults and to variation of transmis-
sivity of the CCD coating, and to dust contamination, the CCD response
to the incident light is not uniform and can shows variation on different
scales from that of the whole frame to pixel-to-pixel. So, it is necessary to
divide the data by a sensitivity map (flat-field) created from calibration
exposures. Usually, a flat-field is obtained by imaging a uniformly illu-
minated screen inside the telescope dome (dome-flats) or, better, the sky
at twilight/dawn (sky-flat). Since the detector sensitivity changes with
the wavelength, flat exposures are required in all the bands used for the
scientific frames. In order to have a better statistic, to reduce the pois-
son statistics and to get rid of cosmics, a number of flats are averaged to
obtain a master-flat.

For the spectroscopic master-flats another process has to be addes, i.e.
their normalization along the dispersion axis.

For the IR magnitudes, additional reduction steps are required. Particular

care has to be devoted to the sky subtraction from all science frames due to the
rapid variation in the IR and to image coaddition due to very short integration
time of each exposure.

Once the pre-reduction is concluded, it is possible to proceed with the mea-

surement of the SN magnitudes or with the extraction of the spectrum.
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3.4 Photometry

The photometric observations of the objects discussed in this theis were ob-
tained with a number of instruments equipped with broadband UBVRI (and
eventually JHK) filters. The observations consist of short exposures at early
times and dithered multiple exposures at late epochs. In the latter case, the
images in each filter were first geometrically aligned (registered) and then com-
bined to produce a single deep image. A major complication in supernovae pho-
tometry is separating the light from the SN itself from the underlying galaxy
contribution at the SN position. The importance of the galaxy contribution
change from event to event, it depends on the SN position (close or far from
the nucleus or HII regions of the host galaxy) but also on the phase of the SN
and the distance of the galaxy. In order to have a good background subtraction,
we measure the SN flux applying a PSF-fitting technique. This method consists
in performing the fit of stellar profile and subtract the background galaxy con-
tamination at the SN position, reconstructed with a polynominal surface, using
as input the background just outside the SN PSF area. For this purpose the
Padova team developed SNOoPY (SuperNOvaPhotometrY), a package origi-
nally designed by F. Patat and later implemented in IRAF by E. Cappellaro. It
is based on DAOPHOT which allows to fit the SN profile with a PSF obtained
from a set of local, unsaturated stars.

In Fig.3.2 is shown an example of the application of this method in the case
of SN 2007bt when the SN was around the maximum light. The so obtained
instrumental magnitudes must be scaled to a reference exposure time (e.g. 1
sec.) and corrected for the atmospheric extinction via

my = m) + 2.510g texp — K x airmass

where m) is the instrumental magnitude, tey, the exposure time and K the
atmospheric extinction coefficient which depend from the observing site and
season. Since SNe are variable objects each observation is unique and non
re- producible. For this reason an effort is done to use all available data, even
those obtained under non ideal conditions. In order to calibrate the photometry
obtained in non-photometric nights we make use of a set of local standards in
each SN field. These stars are chosen among the isolated stars in the field in
order to avoid the contamination by nearby objects. Also, they should be non-
variable star and neither too bright to saturate during the long exposures at
late phases nor too faint to be dominated by the photon noise. In turn, the
local stars are a posteriori calibrated by mean of observations of standard stars
during a subset of photometric nights. The observation of standard stars allows
also to determinate the color terms for the various instrumental setups. To this
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Figure 3.2— PSF-fitting technique applied to the case of SN 2007bt: original image of the SN
region (bottom-left); SN contribution (fitted star), obtained after that the background at the
SN position has been estimated fitting the region with a bidimensional polynomial of fixed
degree (upper-left); and residual background (bottom-right).

aim we observe standard Landolt fields [7] on the photometric nights. In detail,
for each night and instrumental configuration, the observation of the Landolt
stars provide a system of color equations of the form:

Amy = M), —m) = ay + by x (color),

where M) is the standard magnitude of each star, M) is its instrumental
measurement normalized at 1 second exposure time and corrected for atmo-
spheric extinction. ay and by characterize the instrumental configuration. a
usually called the zero point and b is the color term. Solving the system of
equations, we obtain ay and by for all filters and we can determinate the stan-
dard magnitude M}, for the SN and the local standard stars for all bands.
Finally a check of the photometric quality of each of the observing nights was
performed on the local sequence. If Am) represents the mean difference be-
tween the magnitude of the sequence stars in a non-photometric night and those
of the photometric ones, a correction was applied to the a terms of the color

60



3.5. Template subtraction 61

Figure 3.3— Left : portion of image displaying the galaxy NGC 1260, acquired on October
29th, 2006 at Ekar Observatory. The 1.82m telescope was equipped with AFOSC and a Bessel
R filter. Right: Result of the photometric subtraction of SNOoPY and SVSUB. The image
was obtained subtracting the left image containing the target SN 2006gy, and an archive image
of NGC 1260 taken on December, 1st 1991 at Jakobus Kapteyn Telescope with R filter. SN
2006gy is clearly visible in the field. Around it, some residuals of saturated field stars are also
present.

equations. The new values of the constant terms allow to estimate the final
calibrated magnitude M}, of the object.

Uncertainties in the instrumental photometry were estimated by placing
artificial stars with the same magnitude and profile as the SN, at positions close
(within a few arcsec) to that of the SN, and then computing the deviations of the
artificial star magnitudes. For the calibration error we adopted the r.m.s. of the
observed magnitudes of the local sequence stars obtained during photometric
nights only. The final errors are computed as the square root of the quadratic
sum of instrumental and calibration errors.

3.5 Template subtraction

This technique is mandatory when the SN explode in a complex background
area e.g. close to the galactic nucleus, H II region, spiral arms, and in general
when the SN is faint. It consists in removing the host galaxy contribution,
by subtracting its emission in an image acquired when the supernova was not
present. The procedure makes use of the ISIS template subtraction program [1]
and runs in the IRAF environment. For the application of this technique it is
necessary to have a reference image of the host galaxy taken in each passband
and obtained before or long after the SN explosion, when the SN luminosity
has faded away, and this is often a limitation for the application of the method.
Ideally, the templates should be obtained with the same telescope and with
similar seeing as the scientific image containing the SN. Since this is not typi-
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cally the case, a number of preliminary operation are required. The first step
is the geometrical and photometrical registration of both images in order to
correct for different instrumental pixel scales (image stretching), spatial orien-
tation and position (frame rotation and shifting). After that, the image with
better-seeing is degraded to that with poorer one and both images are scaled to
the same intensity. Finally the reference (template) image is subtracted from
the SN image. The resulting frame is flat in the ideal case, except for vari-
able objects in the field (SN, variable galactic nuclei, variable star), accidental
bodies (asteroids, meteors, artificial satellites, and so on). But in real case, a
number of blemishes show up (saturated stars, cosmic rays, hot pixels and bad
columns). At this point, the instrumental magnitude of the SN can be measured
using the aperture photometry (e.g. IRAF task imezamine) or the PSF-fitting
photometry (SNOoPY package) on the image obtained from the subtraction
(without the host galaxy). An example of the results of this method is shown
for the same SN in Fig.3.3.

3.5.1 IR photometry

For the IR magnitudes, additional reduction steps were required. Particular
care was devoted to sky subtraction from all science frames due to the rapid
variation in the IR and to image coaddition due to very short integration time of
each exposure to improve the signal-to-noise. As for the optical photometry, the
IR magnitudes were obtained using PSF fitting. For night-to-night calibration
we also used a local sequence. However, as the number of IR standard fields
observed each night was small, we adopted average color terms provided by
the telescope teams. It is necessary to notice that the Ks band filter used
in observation with Sofl had a transmission curve slightly different from that
of a standard K filter. Following Lidman (2002) we have transformed the Ks
magnitudes to K by mean of the relation K — Ky = —0.005 x (J — K).

3.5.2 K-correction

In order to compare the intrinsic properties of objects at different redshift, one
has to apply the so called K-correction, which accounts for the fact that the
photometric bands sample different parts of the emitted spectrum because of
the Doppler shift?. The value of the K-correction, which was applied to the
photometry of the SNe with redshift >0.1, was calculated as the difference

2Because of Doppler effect, redshift occurs when the visible light from an object is shifted
towards the red end of the spectrum. For visible light, red is the color with the longest
wavelength. The corresponding shift to shorter wavelengths produced by a motion toward the
observer, is called blueshift.
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between the spectrophotometric magnitudes extrapolated from the observed
and rest-frame spectra. Given the limited extension of the available spectra,
the K-correction was computed only for the B, V and R bands.

3.5.3 Calculation of limits

When the SN luminosity fades, deep imaging at the available telescope may
not be sufficient to detect the SN. In the cases when the SN is invisible in
the image, it is worthy to establish at least the maximum threshold of the SN
luminosity, i.e. un upper limit on the magnitude. This was done for SN 2006gy
both in optical bands B and R, as well as in the NIR bands J and H. This was
accomplished with an artificial, simple trick. First it was created an artificial
star using the PSF of the sequence stars present in the field; secondly, the
star was manually added in the image at the SN position. Then its luminosity
is rescaled by a factor <1, until it becomes barely visible. At this point its
magnitude corresponds to the desired upper limit of the SN luminosity.

3.5.4 Spectroscopy

The optical spectra were reduced using standard IRAF tasks from the ctioslit
package after the preliminary removal of detector signatures which includes bias,
overscan (only for the optical spectra) and flat field correction as mentioned in
Section 3.3.

Then, the one-dimensional spectrum of the SN is extracted and the galaxy
contribution along with the night sky lines are subtracted via a polynomial
fit. The observation of lamp spectra (usually He-Ne, He-Ar, Hg-Cd lamps),
obtained with the same instrumental configuration, allows the wavelength cal-
ibration of the SN spectrum. The identification of the lines allow us to match
pixel to wavelength coordinates through a WCS (World Coordinate System)
transformation. As we have said, the spectrum of a calibration lamp is usually
taken at the position of the supernova, in order to compensate for the bend-
ing of the instrument. The accuracy of the wavelength calibration is verified
against the position of the background sky lines in the spectra and is in general
1-2 A

The following step is the flux calibration.

The response curve of the instrumental configuration is obtained observing
spectroscopic standard stars from the lists of Oke [8], Hamuy et al. [5], Hamuy et
al. [4]. This response curve is obtained by comparing the observed standard star
spectrum to the flux tabulated for that star. The flux calibration is typically
accurate within 20%.

Errors can be produced because the supernova and/or the flux standard
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star have been observed under poor photometric conditions or when the object
has not been perfectly centered in the slit.

Broad telluric absorptions contaminate the SN spectra which can be re-
moved if a spectrum of a standard star obtained with the same resolution is
available. Telluric absorptions are identified and removed from the observed
spectrum which is then divided by the original one. The resulting spectrum
(equal to 1 everywhere, except in coincidence with the telluric bands) is mul-
tiplied by the object spectrum. For the atmospheric extinction correction, we
used the average extinction curves available for each site. To obtain full wave-
length coverage in the optical region, we combined the spectra obtained using
different grating/grisms. The absolute flux calibration of the spectra is checked
against photometry and when necessary, the flux scale is adjusted to match the
photometry. To this, we use the Pogson formula

AIi — 1070'4(Mi,ph0t 7Mi,spec)

where Al is the factor needed to scale the original spectrum. It is important
to point out that most spectra were obtained with the slit oriented along the
parallactic angle in order to minimize differential losses due to atmospheric
refraction [3].

Additional processing required for the analysis of SN spectra are the cor-
rection for redshift of the host galaxy (it is necessary to identify the spectral
lines and to estimate the expansion velocities) and the correction for interstellar
extinction (it is necessary to compute the continuum temperature and obtain
accurate measures).
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CHAPTER 4

A new evolution scenario for the luminous SN 2006gy

The interest on energetic events started in 2006 with the discovery of the luminous
supernova 2006gy, whose nature was long-debated. In this chapter | will first
present the early observational data by Smith et al. [45] and review the several
theories which were proposed concerning the origin of this peculiar transient. Then
| will present the new evolution scenario that was proposed by Agnoletto et al. [1],
based on original photometric and spectroscopic data. Finally | will briefly discuss
the recent works of Kawabata et al. [21], Miller et al. [30] and Smith et al. [43]
about SN 2006gy at late times.

4.1 An extra-ordinary discovery

On September 18.3 UT, 2006 an apparent supernova in NGC 1260 was identified
by Quimby [39] on an image acquired with the ROTSE/IIDb telescope at the Mc
Donald Observatory, on the course of the Texas Supernova Search (TSS). On
September 26.0 UT Harutyunyan et al. [19] obtained a spectrum and classified
the event as a type Il supernova, reporting the presence of a three-component
Ha emission. Shortly thereafter Prieto et al. [37] argued that the position of
the transient in the host-galaxy made it more likely to be an eruption of an
Active Galactic Nucleus (AGN). However, Foley et al. [14] measured an offset
of 2”7 from the host-galaxy nucleus and definitely classified the event as a type
IIn supernova.

About two months past discovery the SN reached the maximum luminos-
ity. The estimated absolute luminosity at peak, for the redshift z = 0.019, was
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Figure 4.1— Laser guide adaptive optics image of SN 2006gy and the nucleus of NGC 1260.
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Figure 4.2— Light curve of SN 2006gy in the R-band compared to an heterogeneous sample
of core-collapse supernovae (both figures from Smith et al. [45]).
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Mg ~ —22 [43]. SN 2006gy was immediately recognized as the most luminous
supernova ever discovered, raising much interest among the scientific commu-
nity -and not only. In 2007, the Time newspaper reputed the discovery of SN
2006gy as one of the ten best discovery of the year!.

4.1.1 Early photometry

Despite the explosion site, very close to the host-galaxy nucleus (Fig. 4.1), after
discovery the optical emission of SN 2006gy could be well distinguished, and
its luminosity was rising.

In 2007 Ofek et al. [32] first presented an early-times r and ¢ light curve,
as well as some low-resolution spectra. Shortly afterwards, Smith et al. [45]
published a photometric study of the first ~ 230 days (Fig. 4.2) and two spec-
tra (Fig. 4.3), one of which is an excellent high-resolution spectrum acquired
at Keck telescope. It was definitely shown that, though presenting the spec-
troscopic standard features of IIn SNe in the spectra, SN 2006gy was evolving
photometrically with no precedent. A broad, bright peak characterized its light
curve. After deriving the explosion epoch through a backward extrapolation
of the early R-band light curve, Smith et al. [45] calculated that the maxi-
mum brightness had been reached only by day ~70 after explosion. They also
showed that, after maximum, the light curve had declined quite fast, until it
had reached a phase of very low luminosity decay rate, between day ~150 and
~230. It was estimated that during the first 200 days the total luminosity
radiated by SN 2006gy was huge: about 10°!erg.

4.1.2 Early spectroscopy

Spectroscopically, SN 2006gy showed the typical features of interacting SNe, like
narrow emission lines, but their velocity was peculiar. In the high-resolution
spectrum, Smith et al. [45]) showed that the profile of Ha presented a narrow
component (FWHM~100 km s~! ), with an associated P-Cygni absorption fea-
ture that indicated outflow speeds between 130 kms~!and 260 km s~ (Fig.
4.3). As seen in Chapter 2, such velocities are far too fast both for the winds
of red supergiant stars (RSG), but also one magnitude too slow for the winds
of O-type supergiants, O-rich WN or for Wolf Rayet stars. Instead, they are
consistent with those of LBVs (cfr. Section 2.5).

A velocity of ~4000 kms~! and of £6000 km s~! were measured for the
intermediate component and for the broad wings of Ha , respectively. Smith
et al. [45] attributed the velocity of the intermediate component to the shock

"http : //www.time.com/time/specials/2007 /top10/article/0, 30583, 16862041 6862521690931, 00.html
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wave, and the fastest velocity of the broad component to the SN ejecta. Com-
pared to the apparently huge energy of the explosion, a shock velocity of ~4000
km s~! by day 96 was considered unexpectedly slow.

4.1.3 Environment

The host of SN 2006gy, NGC 1260, is a S0/Sa peculiar galaxy within the Perseus
cluster of galaxies. Its Heliocentric recession velocity is 5760km s~ and its ve-
locity dispersion is 2014+12kms~% [55]. Due to dust, NGC 1260 is infrared-
bright, and was detected by the InfraRed Astronomical Satellite (IRAS). An
infrared luminosity of log(Lir /L) = 9.85 was calculated by Meusinger, Bruzen-
dorf & Krieg [28], which, according to Kennicutt [22], implies a star-formation
rate of 1.2Mg yr—!. Ofek et al. [32] detected a dust lane passing about 300 pc
from the SN location. Indeed, in the 2D Keck spectrum Smith et al. [45], de-
tected an extended emission from gas that follows the rotation curve of the host
galaxy. These emission lines, having intensity ratios typical of H II regions, are
indicative of current star formation and are absent in nonstar-forming galaxies.

The Mgy index of this galaxy was measured by Ofek et al. [32] as 0.240.27
mag [55]. This value, along with the synthetic spectral models of Vazdekis [54],
suggests that the metallicity of NGC 1260 is not low, [Fe/H] > 0.2.

Through a laser guide adaptive optics near-infrared image of SN 2006gy and
the nucleus of NGC 1260 (Fig. 4.2), Smith et al. [45] measured an offset from
the centroid of the galactic nucleus of 07.941 West, and 07.363 North.

4.2 First hypothesis on the origin of SN 2006gy

The intense debate the nature of SN 2006gy started as soon as Swift and Chan-
dra detected only weak and soft X-ray emission close to the epoch of the optical
maximum [45].

In type IIn SNe, the X-ray and radio bands emission are supposed to be
produced from the interaction between the steady CSM and the high-velocity
ejecta (cf. Sect.1.6). In the case of SN 2006gy, though the appearance of spectra
unequivocally showed evidence of interaction phenomena, the weakness of the
X-ray flux demonstrated that the energy produced by CSM-interaction could not
be the only source of the SN luminosity at mazximum. The absorption-corrected,
absolute X-ray luminosity in the band 0.65 — 2keV was only 1.65 x 103 ergs—*
[45]. Additional energy mechanisms were investigated.

The H recombination and thermal radiation from the SN ejecta could be
a valid source. However, based on the SN luminosity, this hypothesis would
require an unlikely massive ejecta, in the order of ~100 Mg . Moreover, at a
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photospheric temperature defined by the recombination front, the luminosity
and relatively slow expansion of the shock blast would require an extremely
large emitting radius, which results in a far-too-long peak in the light curve, or
a very rapid ejecta deceleration at early times. This idea was soon rejected [45].

Could SN 20069y have been a thermonuclear explosion, or one of the "type
IIa” ? According to the first version of the paper of Ofek et al. [32] this
hypothesis could not be excluded, given the evidence of Si lines in the spectra.
In the context of type Ia supernovae, a massive CSM could be the result of a
common-envelope phase in a binary system [48]. However, this scenario requires
that the matter ejection from the progenitor shortly precedes the SN explosion.
Moreover, the total kinetic energy of type Ia events is limited to 1.2 x 10%%erg,
and it can get up to 2.5 x 10°%erg for super-Chandrasekhar models, which is
in not consistent with the total radiative energy of SN 2006gy. Furthermore,
the fast velocity derived by Smith et al. [45] for the unperturbed CSM and
the luminosity at the same epochs were suggestive of extreme values of the
progenitor mass-loss rate, in the order of 0.5 My yr~!, only compatible with
massive stars. Last but not least, an argument against the type Ia hypothesis
concerned the slow deceleration of the ejecta: given that the ejecta decelerate
by only 10% after discovery, then only 20% of the kinetic energy is transformed
into radiation during that time. The huge radiative energy of SN 2006gy would
then require a SN with energy > 10%'erg, which is too demanding for a type
Ia [45].

Of course, a strong contribution to the overall luminosity might come from
the radioactive decay of ®*Niinto %°Co and °Fe, via v and et deposition. Typ-
ically, for H-rich, core-collapse SNe the ejected "9Nimass spans spans a wide
range of values, 0.005 < Mseoy; < 0.3Mg (Zampieri et al., in preparation), but
is typically smaller than in SNe Ia and energetic Ib/c. In the case of SN 2006gy,
the peak brightness of the event required an amount of 5Ni of the order of 22
Mg, according to Smith et al. (2007) [45]. This quantity is far too much for be-
ing created by any known ”standard” supernova event, both of the core-collapse
and of the thermonuclear type.

In general, given the early-times observational data presented by Smith et
al. [45] and by Ofek et al. [32] it was clear that the nature of SN 2006gy dealt
with the explosion of a massive star, but the energetic of the events lead to
consider either non-standard explosion mechanisms or alternative sources of
energy.
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Figure 4.3— Top: Spectra from Smith et al. [45] compared to SN 1991T, one obtained at
the telescope of the Lick Observatory (4+ KAST spectrograph), and one obtained at the
Keck IT (+DEIMOS). The spectrum on day 96 clearly shows a quite red continuum and an
asymmetric profile of Ha presenting a narrow emission. Several other absorption features by
other elements, likely Fe II and Si II (as pointed out by Ofek et al. [32] are also evident).
Bottom: Zoom on Ha line from the Keck+DEIMOS spectrum, from Smith et al. [45]. The
blueshifted narrow absorption has a minimum at ~130 kms~!, reaching 260 kms~! at its
blue edge. Part of the emission of the intermediate component is ”cut” by the blueshifted
absorption; if symmetrically reflected on the blue side, the intermediate component extends
to 4000 kms™! | and it is supposed to trace the SN shock wave. The upper-right inset shows
a closer view of the P-Cygni line profile associated to the narrow emission, tracing the wind
velocity.
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4.3 A long-debated event

Given the peculiarity of the event, in the last three years many groups have
worked on the data of Smith et al. [45] to interpret the evolution of SN 2006gy
and to constrain the nature of its progenitor. From the most common to the
most exotic ones, several possible scenarios were proposed. Some of them were
excluded, as recent, new, late-times observational data were published [21, 30].
However, a list and brief explanation of all proposed theories about the SN
explosion mechanism and evolution will help to better comprehend the scenario
suggested by Agnoletto et al. [1], which is partly based on the work of Smith
& Mc Cray [46].
According to various authors, the origin of SN 2006gy could deal with:

i) A supernova explosion via Pair Production (Ofek et al. [32];
Smith et al. [45]).

As discussed above, an involved °Ni quantity of ~22M is far too large
for any thermonuclear or core-collapse supernova, but it is not for a pair
instability supernova (PISN, cfr. Sect. 2.1.4). From the observational
point of view, in the models of Scannapieco et al. (2005) [41] for non-
rotating, zero metallicity stars with no pre-mass-loss, the light curve of a
PISN shows an initial, small, short, and a long rise to maximum powered
by the decay of *Niand %6Co. Also, they predict relatively slow veloci-
ties (in the order of 5000 kms~! ) and the presence of H in the spectra.
According to Smith et al. [45] both features are consistent with the data
of SN 2006gy, as it is also the form of the light curve, assuming that the
initial small peak is avoided due to the adiabatic cooling of an initially
small radius.

Nevertheless, an argument against this hypothesis is that such phenomena
are expected to occur among the primordial, metal-poor stars of the uni-
verse, whereas it is evident that NGC 1260 is metal-rich (Section 4.1.3).
It is known that in a metal-rich environment, the line-driven winds are
more efficient and massive stars lose very quickly their H envelope. On
this point Smith et al. [45] argued that assuming an LBV progenitor for
SN 2006gy would favor the presence of the much more efficient continuum-
driven eruptions, instead of line-driven winds. Contrary to the latter (as
seen in Sect. 2.5), such eruptions do not depend on metallicity.

According to Ofek et al. [32], also the merging of two massive stars could
avoid the problem of the non-zero metallicity of NGC 1260. This could
also explain the heavy mass-loss derived by the appearance and the ve-
locity of the spectral lines.
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iii)

As we will see in Section 4.10.2, the PISN hypothesis turned out to be
inconsistent with the late-times NIR-detections of Miller et al. [30].

A pulsational pair instability supernova (Woosley et al. [57])

As seen in Sect. 2.4, the collision between shells of matter released during
subsequent outbursts by pulsational pair-instability SNe can produce a
SN display, radiating 10°? erg of light, about a factor of ten more than an
ordinary supernova. Depending on the initial He core mass and temper-
ature, a newly-formed instability in the star can cause multiple matter
ejections, even on short timescales (decades to days). Later ejections have
lower mass, because the envelope is expelled in the first pulse, but have
higher energy.

As an example, a 110 Mg star with solar composition ends its life as
a red supergiant (RSG) with a total mass of 74.6 Mg and a He core
of 49.9 solar masses. When central He and C is burnt and T > 10° K
the instability takes place. The core contracts and gets hotter until it
explodes, releasing an energy of 10°'erg. However, 10% of this energy
is spent to eject ~24.5 Mg of the envelope. in a supernova-like display
with a luminosity ~ 4 x 10*ergs™" for 200 days. What is left behind is
a 50.7 Mg remnant that once again contracts and grows hotter. 6.8 years
later, it encounters the pair instability for the second time. This time
the pulse is stronger, and 6.0 x 10°%ergs—! is shared by a smaller ejected
mass of 5.1 Mg . The collision of this high-velocity shell with the larger
mass ejected earlier produces a very bright light curve. Nine years later,
the star finishes the final phase of contraction and gently starts silicon
burning at its centre, making an iron core that collapses. Of course,
many parameters like rotation, magnetic field, opacity etc. can affect the
outcome of the last collapse, which lead to different types of compact
objects (magnetar, collpsar, or BH).

According to the STELLA models of Woosley et al. [57] the 110 Mg star-
model can best reproduce the light curve of SN 2006gy (see Fig. 4.4).
It should be noted that this scenario does not require an extremely high
%6Ni quantity, and also accounts for the weakness of the X-ray and radio
emission (given that it does not involve phenomena of standard ejecta-
CSM interaction), as well as for the high-velocity features in the spectra.

A runaway collision in a young starcluster (Portegies Zwart &
Van den Heuvel, [35])

The authors of this scenario want to overcome the inconsistency with the
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Figure 4.4— Top: Cumulative light curve obtained in the model for a 110Mg star, from
Woosley et al. [57]. The first major eruption ejects about 25 solar masses of hydrogenhelium
envelope and makes a transient with luminosity ~ 6 x 10* ergs™! lasting 200 days. Then 6.9
years later a second eruption produces a brilliant event as the fast-moving ejecta collide with
the debris of the first supernova . 9 years after that, the star forms a 2.2-solar-mass iron core
that collapses to a rapidly rotating neutron star or black hole. A third bright event, possibly a
gamma-ray burst, might then occur. Bottom: modeled color magnitudes obtained by Woosley
et al. [57], compared to the R-band observed light curve by Smith et al. [45]. The models refer
to a star of 110Mg , in which the density of the pulses is multiplied by two. As a consequence,
also the kinetic energy and the ejected mass is doubled.
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iiii)

theoretical assumption that, contrary to what observed in the spectra
of SN 2006gy, a star with M>100 Mg, loses its H envelope several hun-
dreds of years before the explosion. Instead, they claim that a merger
between a very massive hydrogen-depleted star that already had a core
in an advanced phase of helium burning, with a H-rich MS star of 10 to
40 Mg, , 10 to 10° years prior to the supernova explosion may explain
the unusual brightness of SN 2006gy, the presence of the H both in the
interstellar medium and in the supernova itself. Phenomena of runaway
collisions are supposed to occur frequently in young, dense, starclusters,
where the subsequent bombardment results in a net increase in the stel-
lar mass. Given the observational properties of SN 2006gy and of its
environment, Portegies Zwart & Van den Heuvel [35] find likely that a
young (< 5Myr), dense and massive (10*My < mg < 10°Mg) star clus-
ter is present at the location of the supernova. After calculating the tidal
radius, the stellar mass function and the rate of mass accretion of the
cluster, the authors use a King model to reproduce extremely massive
stars (until 920 Mg ) via collision runaway.

They conclude that a collision of a ~20 Mg main-sequence star with a
supermassive star (> 100Mg) ~ 10° years before the supernova could
conveniently explain the observational data of the bright event.

A shell-shocked diffusion model (Smith & Mc Cray, 2007 [46])

According to this model (see Fig. 4.5), which is based on the model of
Falk & Arnett (1974, 1977) [12, 13]), the supernova light is produced
by diffusion of thermal energy released by the passage of the SN shock
wave through a shell of 10M, of material extending to 160 AU, that was
ejected by the progenitor in the decade preceding the explosion. The shell
is supposed to be initially optically thick (7 > 300) and acts as a pseudo-
photosphere, so that the long duration of the peak and the weakness of
X-rays emission are explained in terms of a long diffusion time and a very
large optical depth.

The SN appears suddenly as soon as the blast wave reaches the surface of
the shell, delayed by a few weeks after the actual explosion occurs because
during that time the blast wave was expanding through the opaque shell.

By day ~70, when the maximum R luminosity is reached, the radius of
the emitting photosphere reaches R=320 AU. Afterwards, the decline in
luminosity is determined by thermal diffusion.

The interaction features typical of type IIn SNe are supposed to arise in
the observed spectra as soon as the shock wave breaks out of the opaque
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Figure 4.5— Model of the light curve of SN 2006gy by Smith & Mc Cray [46]. The rise to
the maximum is modeled as the constant expansion of a black-body, so that L o t?. After
maximum the light curve evolution is modeled as the diffusion of internal radiation through a
homogeneous expanding sphere as done by Falk & Arnet [12, 13]. The dashed line shows the
hypothetical °Co decay luminosity expected for 8 Mg of 5Ni .

shell into the surrounding, lower-density wind. The light curve of SN
2006gy observed up to about day 170 comes entirely from energy de-
posited by the initial blast and does not require any source of radioac-
tive energy or ongoing CSM interaction. However, after ~170 days the
model fails to reproduce the light curve. Instead of fading rapidly as
it were expected after the opacity decreases and the radiative diffusion
time-scale gets shorter and shorter, the light curve experiences a phase of
steady luminosity decline, until day ~240. This requires an additional en-
ergy source. Assuming that the radioactive decay is responsible to power
the optical luminosity at this phase, the authors calculate that 8 Mg, of
%Ni are required. Alternatively, a possible source could be continued
shock interaction with the transparent CSM external to the opaque shell.
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Figure 4.6— Top: Bolometric luminosity light curve of SN 2006gy, including the lower limits to
the late-time luminosity [44]. Also plotted along with the light curve is the photon-diffusion
model from Smith & McCray [46]. The two late-time data points are lower limits to the
luminosity derived from the observed K’-band magnitudes, where the SED is supposed to
peak. Dashed lines show the expected energy deposition rate for representative masses of
56Ni. Bottom: Observed spectrum of SN 2006gy at 364 days after explosion. Continuum
from the nucleus of NGC 1260 is seen clearly, as is the narrow Ho and [N II] emission from H
ii regions that follow the galaxys rotation curve. No broad or intermediate-width Ha emission
from SN 2006gy is detected.
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4.4 The fading of SN 2006gy

The debate about the nature of the brightest event became even more intriguing
when, after the observation following the period of Solar occultation (~1 year
from discovery), it was reported to be undetected in deep optical images [44].
Instead, it turned out to be visible in the K’ band on day 405 and 468. Upper
limits were derived in the R, J and H bands (Fig.4.6). An optical, LRIS low-
resolution spectrum was also acquired on day 364.

The bolometric luminosity could be computed until late phases by Smith
et al. [44] supposing that the black-body energy distribution peaks in the K’
band. Indeed, the late-times brightness resulted to be much higher than the
predicted decay from photon diffusion in the shell-shocked model of Smith &
McCray [46]. The authors discussed this additional luminosity in terms of ()
continued CSM interaction as the shock runs into an extended, dense CSM
created by a progenitor with M ~ 1072 Mg yr~—! | (ii) radioactive decay from
~2.5 Mg of °°Ni , or (7ii) an IR echo, as light from the time of peak luminosity
is now heating dust in another massive shell at a radius of 1 light year from the
SN, ejected by the progenitor star 1500 yr earlier.

Regarding the first hypothesis, the CSM interaction is supposed to occur
as the blast wave encounters additional dense material outside of the LBV-like
ejecta shell required in the shell shocked models of Smith & Mc Cray [46]. How-
ever, after an analysis of the Haprofile and intensity in the optical spectrum, the
authors concluded that both the absence of a broad or intermediate emission
and the weakness of the detected flux made the CSM-interaction hypothesis
unlikely. Also the weakness of the X-ray emission observed on December 2007
confirmed that CSM could not be the main engine of the late-times brightness.

Concerning the radioactive decay hypothesis, the late-times luminosity mea-
surements set a new lower limit to the ejected *°Ni mass as 2.5 M, . However,
the NIR emission could also be explained in terms of newly-formed dust in the
ejecta which is absorbing optical radiation and re-emitting it in the NIR. As a
consequence, the true emitted flux could be much larger, and therefore also the
true ejected %Ni mass. This would gave credit to the pair instability scenario.

The last suggestion was the presence of an IR echo, produced when the UV
and visual radiation from the SN at peak light has reached a dust shell at large
radii; the dust gets heated and reradiates the absorbed energy in the IR [11].
With standard assumptions about dust grains and temperatures at a radius of
0.5-1 light year, the authors calculated that the dust mass near the lightcone
needed to account for that IR luminosity is at least 0.05-0.1 Mg . With a normal
gas-to-dust ratio, this requires the existence of a pre-existing shell of at least
5-10 Mg, . Given the wind velocity derived by Smith et al. [45], i.e. 200 kms~!

79



80 Chapter 4. A new evolution scenario for the luminous SN 2006gy

this shell must have been ejected by the progenitor star roughly 1,500 yr before
the explosion. According to the authors, this scenario reinforces the hypothesis
of the explosion of a giant star like  Carinae, since these kind of stars are the
most subjected to multiple eruptions and are most frequently surrounded by
multiple massive shells.
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4.5 Was it really extraordinary?

The Padova-Asiago Supernova Group, in collaboration with other European
institutions, was also active in the observations of SN 2006gy since the early
phases. Given the difficulties encountered with the data reduction -complicated
by the strong background-contaminated explosion site- and the proliferating of
studies and theories about its nature, the work on SN 2006gy took most of the
time of my PhD.

However, the analysis of data both from the observational and from the
theoretical point of view has lead to very interesting results.

In Agnoletto et al. (2009) [1] we have presented new data, which include
observations at all relevant phases, from discovery to more than 1 year later.
Multi-band light curves were presented for the first time. An extended spectral
sequence was shown and discussed. By comparison with other SNe and by
means of modeling, the study on SN 2006gy aimed at verifying to which extent
this SN is really extra-ordinary, as other authors has suggested, and to provide
new constraints for the progenitor and the explosion.

4.6 Observations

Optical (BVRI) and near—infrared (JHK’) images of SN 2006gy were acquired
at TNG, NOT (La Palma, Spain) and the Copernico 1.82m Telescope on
Mt. Ekar (Asiago, Italy) over a period spanning more than 500 days from dis-
covery. Optical spectroscopy was also performed, up to ~389 days (see Table
4.1 for a complete log of the observations).

Since the SN is located very close to the nucleus of the host galaxy, template
subtraction was required for photometry. We used archival B-, R- and I-band
images of NGC 1260 acquired at the Jakobus Kapteyn Telescope? (La Palma,
Spain), and a V-band image taken at the Schmidt Telescope at Kiso Observa-
tory? (Japan). Additional information about the template images is given in
Table 4.2.

All images were debiased and flat—field-corrected. A local sequence of stars
in the SN field was calibrated using observations of standard stars obtained dur-
ing photometric nights. Template subtraction was performed using ISIS Alard
& Lupton (1998) [2], and the SN magnitudes were measured on the subtracted

Zweb archive http://archive.ast.cam.ac.uk/ingarch/ingarchold.html
3web archive http://www.ioa.s.u-tokyo.ac.jp/kisohp/
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uT Telescope Equipment Bands  Grisms Range Resolution Pixelscale
Date [A] [A) [”/pix.]
06/09/25 TNG DOLORES - LR-B, LR- 3200- 18, 17 0.25
R 9000
06/09/30 NOT ALFOSC BVRI 4 3400- 21 0.19
8800
06/10/29 Ekarl.82m AFOSC BVRI - - - 0.46
06/12/19 Ekarl.82m AFOSC BVRI 4 3500- 24 0.46
7500
07/02/10 NOT ALFOSC BVRI 4,5 3500- 21,20 0.19
9800
07/03/10 Ekarl.82m AFOSC BVRI - - - 0.46
07/03/12 Ekarl.82m AFOSC - 2,4 3400- 38, 24 0.46
7600
07/04/13 Ekarl.82m AFOSC VRI - - - 0.46
07/09/14 Ekarl.82m AFOSC R 4 3400- 24 0.46
7600
07/10/05 TNG NICS JHK’> - - - 0.25
07/10/17 TNG DOLORES BRI - - - 0.25
08/01/12 TNG NICS K’ - - - 0.25

Table 4.1— Journal of photometric and spectroscopic observations of SN 2006gy.

UT Telescope Equipment Bands Exp.time Seeing Pixelscale
Date "] ["/pix.]
91/12/01 JKT AGBX B 600 1 0.33
91/12/01 JKT AGBX R 300 1.15 0.33
96/01/13 JKT AGBX 1 360 1.5 0.33
03/02/12 Schmidt T. Vv 300 3.7 1.46

Table 4.2— Main data on the archive images used for the photometric template subtraction.
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image with a point-spread function (PSF) fitting technique, as explained in
Sect. 3.4 and 3.5.

For spectroscopy, all scientific exposures were acquired at low airmass and
positioned the slit along the parallactic angle, as described in Sect. 3.5.4.
Wavelength calibration was accomplished with arc-lamp exposures and checked
against the night-sky lines. The flux was calibrated using instrumental sensitiv-
ity functions obtained from observations of spectrophotometric standard stars.
These were used also to remove telluric absorptions from the spectra. In order
to improve the signal-to-noise ratio, separate spectra taken during the same
nights were combined. Finally, flux calibration was checked against photome-
try. If necessary, a constant multiplicative factor was applied to correct for flux
losses caused by slit miscentering or non—photometric sky conditions.

The spectrum acquired on 2006 December 19th with the Ekar 1.82m tele-
scope required further adjustments because of the poor seeing conditions and
the residual contamination from the galaxy background. The latter was re-
moved using the spectrum at 389 days, where the SN is not detected, as a
background template.

For the sake of simplicity, the phase cited in the next Sections refers to the
same reference epoch as in Smith et al. [45], JD=2453967 (2006 August 19.5
UT). This was derived from a backward extrapolation of the rising branch of the

light curve. Smith et al. (2007) [45] refer to this date as the explosion epoch,

but this term may be misleading in view of some of the proposed scenarios?.

Figure 4.7— Images aquired with NICS at TNG with filter J (left panel) and K’ (right panel)
on October 5th, 2007 (JD 2454378.5). SN 2006gy is still clearly visible near the host galaxy
nucleus in the K’ band image, whereas there is no detectable source at that position in the J
band frame.

“In the shocked-shell diffusion model (Smith & Mc Cray, (2007) [46]) the detection of
the SN emission occurs a few weeks after the real explosion. In the scenario suggested by
citetwoos07 there is not even a SN explosion, but only an outburst release of matter.
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UT JD - Phase B Berr V Verr R Rerr I Ierr
Date 2,400,000 [days]

06/09/18 53996.5 29.5 - - - - 15 - - -
06/09/30 54008.5 41.5 16.00 .08 15.19 .22 14.51 .10 14.48 .07
06/10/29 54037.5  70.5 15.84 .06 14.85 .13 14.28 .04 14.10 .06
06/12/19 54088.5 121.5 16.23 .06 15.08 .15 14.99 .04 14.37 .06
07/02/10 541424 174.5 17.87 .08 16.75 .22 16.69 .10 15.86 .07
07/03/10 54169.5 204.5 18.07 .06 17.74 .15 16.67 .04 16.19 .06
07/04/13 54203.5 236.5 - - 17.66 .15 16.93 .04 16.32 .06
07/09/14 54356.5 389.5 - - - - >20.30- - -
07/10/17 54390.6  423.5 >21 - - - >21.55 >19.75

Table 4.3— Optical photometry of SN 2006gy. The phase is reported with respect to
JD=2453967.0.

4.7 Photometry

To compute the absolute magnitudes of SN 2006gy some assumptions regarding
the host galaxy distance and SN extinction are needed.

Lacking other indicators, the distance to NGC 1260 was estimated from the
Hubble law, d = vyec/Ho, where vyec = 5822kms ™! is the host galaxy recession
velocity corrected for Virgo cluster infall (from HyperLEDA®) and Hy = 72 +
8 kms~! Mpc™! Freedman et al. (2001) [15]. These values imply a distance
modulus p = 34.53, equivalent to a distance of 80.86 Mpc.

We adopted a Galactic extinction towards NGC 1260 of E(B — V)ga = 0.16
(ABgal = 0.69, Schlegel et al. (1998) [42]). An estimate of the extinction in
the host galaxy was obtained comparing the spectra of SN 2006gy to those of
SNII 2007bw, another peculiar and bright SN IIn, photometrically similar to
SN 2006gy (cf. Chapter 5). This yields E(B — V)pest =~ 0.4, assuming little
or no extinction for SN 2007bw. It is interesting to note that on the 42 days
spectrum the EWs of NalD due to the galactic and interstellar absorption are
2.2A and 5.5A, respectively. Assuming for NGC 1260 a gas-to-dust ratio along
the line of sight as in our Galaxy and adopting the extinction of Schlegel et
al. (1998) [42], the internal absorption derived is fully in agreement with that
derived by comparison with SN 2007bw.

Therefore the total color excess is E¢ot(B — V) ~ 0.56. This is comparable
to the estimate of Smith et al. (2007) [45], i.e. Etor(B — V) ~ 0.48, which was
also obtained by comparison with SNelIln, and slightly smaller than the value

®http://leda.univ-lyonl.fr/
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Figure 4.9— Comparison between the optical (day 423) and near—infrared (day 411) flux mea-
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normalized to the K band magnitude.

adopted by Ofek et al. (2007) [32], Etot(B — V) ~ 0.7.

The BVRI absolute light curves of SN 2006gy are plotted in Fig.4.8. Instead,
the light curves in apparent magnitudes, and the (B-V) color evolution are
shown in Fig.4.10,4.11,4.12 and 4.13.

In all bands the light curve exhibits a slow increase to maximum, which is
reached ~ 70 days after the reference epoch. The peak magnitudes are B ~ —21,
Ve~ =214, R~ —21.7 and I ~ —21.5. Such an extended, plateau-like peak was
noted for a type IIn SN only in the case of SN 2005kd (Tsvetkov et al. [50]).

Between day ~ 100 and day ~ 170, the light curve declined relatively rapidly
(v ~ 3.0mag (100d)~%, vy ~ 3.1, g ~ 3.2, 77 ~ 2.8). Then, from day ~ 170
onwards the light curve evolution suddenly flattened: in the following ~ 70 days
the decline was only yg ~ 0.4mag (100d)~!. When the SN could be observed
again after solar occultation, its luminosity was below the detection limit in
the optical bands. A limit was obtained placing artificial stars of different
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4.7. Photometry 87

magnitudes at the SN position. Despite the long exposure times, only relatively
bright upper limits were derived because the SN is very close to the nucleus of
the galaxy (cf. [45], Figure 1). The derived apparent magnitude limit on day
389 is 2 20.3 in R. Optical upper limits were obtained also at 423 days, when
we derive B 2 21.0, R 2 21.5 and I 2 19.75. These measurements imply a
new steepening in the luminosity decline after day 237.

Guided by the evolution of other SNe (e.g., SN 1998S, [36] or SN 2006jc,
[9, 25, 44, 49]), we considered the possibility that at late epochs a significant
fraction of the bolometric luminosity could be emitted at IR wavelengths. To
test whether this was the case, late observations of SN 2006gy were obtained
with NICS at the TNG, on 2007, October 5 (JHK’ bands) and on 2008, January
12 (K’ band only). We could not apply the template subtraction technique in
the near-infrared because the available pre-discovery images of the host galaxy
retrieved from the 2MASS archive are not deep enough to be compared to the
TNG images. Therefore, we had to rely on the PSF fitting technique which,
given the SN position, has a large uncertainty. Photometric calibration was
performed adopting field star magnitudes as listed in the 2MASS Point Source
Catalogue®.

The SN was not detected in the J and H bands, for which we could only
estimate upper limits, J 2 17.0 and H 2 16.5. Instead, a point source was
detected in the K’ band at the SN position (Figure4.7). The SN was measured
at K ~ 16.0 £ 0.5 on day 411 and K ~ 16.3 £ 0.5 on day 510. These values
are ~ 1 mag fainter than those measured by Smith et al.(2008) [44] at similar
epochs (K=15.1 + 0.1 and K=15.4 + 0.1 on day 405 and 468, respectively).
Even allowing for the large error bars, the two sets of measurements do not
agree, probably because of a different calibration.

Shttp://tdc-www.harvard.edu/software/catalogs/tmpsc.html
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4.7.1 Infrared emission and bolometric luminosity

Given the K’-band detection of the SN at 411 and 510 days, it cannot be
excluded that at late phases a considerable amount of flux is emitted in the
near-infrared.

Smith et al. [44] suggested two possible sources of the late K’-band lumi-
nosity. The K’-band emission could be associated with an IR light echo from
circumstellar dust, for which the input energy is the light emitted by the SN
near maximum. In this case the IR flux should not be considered when com-
puting the late-time bolometric light curve. Alternatively, the IR flux may
originate from circumstellar dust heated by an instantaneous energy supply
(radioactive decay or on-going CSM-ejecta interaction), as was suggested by
Pozzo et al. [36] to explain the late phase photometric data of SN 1998S.

In order to get some constraints on the total emission from dust at ~ 411-
423 days we assumed a black body energy distribution multiplied to a factor
1/, as an approximation of what reported in Spitzer et al. (2008), and normal-
ized it to the observed K-band flux. Given that we have no constraints on the
dust temperature, we adopted three values including T=1200K, the dust tem-
perature in the ejecta of SN 1998S derived by Pozzo et al. [36]. For each value
we plotted the spectral energy distribution (SED) of the associated emission
(Fig. 4.9) and integrated over the entire wavelength range from Ag = 2.16 ym
to A = oo.

It is interesting to note that the K-band luminosity of SN 1998S measured
at similar epochs (K=13.8 at ~464 days) would differ from that of SN 2006gy
by a factor 1-5 (adopting for SN 2006gy K =16.3 from this work or K=15.4 from
S08) if scaled at the same distance. Therefore, given that the two fluxes are of
the same order, it is plausible that any mechanism explaining the IR emission
of SN 1998S can work also for SN 2006gy.

From our multiwavelength photometry we can derive the pseudo-bolometric
luminosity evolution of SN 2006gy integrating the flux in the optical bands
(BVRI). The pseudo-bolometric light curve is shown in Fig.5.12, compared to
those of the type II SNe 1987A, 1995G, 1997cy, 1999E and 2005gj. The pseudo-
bolometric luminosities which include the dust contribution in the near IR are
represented with plus symbols. It is remarkable that, at about 6 to 8 months,
the luminosity and decay rate of SN 2006gy become comparable to those of
other events, in particular to SNe 1997cy and SN 1999E. We will come back to
this issue in the Sections 4.9.1 and 4.9.3.
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4.8 Spectroscopy

The spectral evolution of SN 2006gy from day 37 to day 389 is presented in
Figure 4.15. The spectra have been de-redshifted and corrected for extinction.

The early spectra (days 37 and 42) show the typical features of SNelIln,
namely a blue continuum and strong Ha and HB emission lines, without broad
P-Cygni absorptions.

Using GELATO [19], the automatical spectra comparison tool applied to
the Asiago Supernova Archive (ASA), the best match for the earliest available
SN 2006gy spectrum (phase 37) is found with SN 1995G (~36 days since dis-
covery, [33]), which is generally considered a typical SN IIn, although there are
differences in the strength of the lines emission.

Three months after discovery, the spectrum of SN 2006gy became similar to
those of other well-studied SNeIl. In the high resolution spectrum taken on day
96 by S07 (their Figure 4) narrow absorption lines of Fe II (multiplets 42, 48,
and 49 at 5000-5400 A and multiplet 74 in the region 6100-6500 A) are evident.
A similar narrow line forest was identified in the spectra of SN 1999el [10],
SN 1995G [33] and SN 1994W [6, 47]. In all cases these lines are associated
with slowly expanding, unperturbed material surrounding the star.

Despite the lower resolution and S/N ratio, our spectrum at phase 122 days
is broadly consistent with the features discussed by S08. At this phase the Ha
flux has decreased by a factor of 2 with respect to the first spectrum, while HG
emission almost disappeared.

At a phase of 174 days the near-IR Ca II triplet is strong in emission. For
this epoch a good spectral match is obtained with SNe 1997cy, 1999E (Fig.4.17),
2002ic and 2005g;j.

The Ha flux continues to decrease with time: on day 174 it is ~3 times
fainter than on day 37 and on day 204 even 5 times. Finally, the last spectrum
(day 389) shows no evidence of the typical lines of SNell; at this epoch, the
narrow Ha emission should be attributed to the host galaxy. This is consistent
with SO8 and with the upper limit in the optical luminosity that was deduced
from the photometry.

The emission peak of Ha remains at the rest frame wavelength at all phases,
exhibiting a three—component profile (Fig.5.18). For the intermediate Ha com-
ponent we measured a FWHM~ 2100 km s~ at a phase of 42 days, and FWHM
~ 3200kms~! at 174 days. Smith et al. [45] pointed out an asymmetry of the
line at early times (also evident in our day 42 spectrum), likely caused by a
blueshifted P-Cygni absorption, which vanishes with time. For this reason we
can admit that the true unabsorbed profile Ho remained roughly constant dur-
ing the SN evolution. A roughly constant FWHM ~ 9100kms~! is measured
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94 Chapter 4. A new evolution scenario for the luminous SN 2006gy

for the broad component of Ha.

The physical interpretation of the intermediate and broad components is
still a matter of debate. Smith et al. 2007 [45] and Smith et al. 2008
[44] assumed that the intermediate component (v ~ 4000kms~!) traces the
kinematics of the SN shock wave, while the broader one is related to the
SN ejecta (v ~ 6000 kms™!, a value significantly lower than what we obtain,
v ~ 9100kms~!). The intermediate velocity component was used to compute
the luminosity expected from CSM interaction. On the other hand, according
to Chevalier et al. [5] and to Zampieri et al. [59], the luminosity originating from
the reverse shock during ejecta-CSM interaction is proportional to the ejecta
velocity, i.e. to the width of the broadest Ha component. There is still no con-
sensus on this issue. Because of these ambiguities, one should be careful before
assigning physical velocities to various regions from just line widths, especially
for objects with peculiar individual features as are SNeIln.

4.9 Discussion

As discussed in Sect. 4.7, the light curve of SN2006gy shows three distinct
phases: i) a very broad, exceptionally high luminosity peak (day 0 to ~170),
i1) an intermediate phase of slow decline (day ~170 to ~237) and iii) a late
phase in which the optical luminosity drops below the detection limit and IR
emission dominates (day >389). As we will show, the first phase requires a
specific star+CSM configuration. The other two phases have been observed in
other SNe.

In the following, we rewind the movie of the event and use the late ob-
servations to constrain the possible scenario. Starting from the late phases,
we discuss the role of dust and ®°Ni in the ejecta, stressing that a very large
amount of *Ni is not required. We then consider the evolution of the SN at
intermediate phases and explain that, independently of the source that powered
the luminosity at peak, interaction dominates between days ~ 170 and ~ 237.
Finally, we discuss the light curve models for the first ~5 months obtained with
a semi-analytical code Zampieri et al. [60]. Based on these results, we propose
a new evolutionary scenario for SN 2006gy.

4.9.1 Nickel mass and dust emission

The late light curve of most SNe is powered by the radioactive decay of 5Ni
into 9Co and ®°Fe via v and et deposition.

Thermonuclear SNela eject a large 5Ni mass (0.1Mg < Msey; < 1.1Mg,
Cappellaro et al. [4], Mazzali et al. [27]), but become rapidly transparent to the
~-rays from the radioactive decay because of the small ejected mass and the
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Figure 4.16— Detail of the Ha profle in the spectrum obtained at NOT on February 10th,
2007. The line is decomposed into three gaussian profiles, having FWHM = 685 (unresolved),
3200 and 9000 kms™".

high expansion velocity. As a consequence, at t ~ 100 days after explosion the
luminosity declines at a rate ~1.5mag (100d)~!, higher than the 56Co decay
input (~ 0.98mag (100d)~1). A similar behavior was found for most type Ib/c
SNe [7].

In the case of H-rich, core-collapse SNe the ejecta remain almost opaque
to y-rays for more than a year, and the late-time luminosity decline tracks
the radioactive decay. In this case, if the date of the explosion is known, the
late-time luminosity provides a direct estimate of the ejected *°Ni mass. This
spans a wide range of values (0.005 < Msey; < 0.3Mg; L. Zampieri et al., in
preparation), but is typically smaller than in SNela and Ib/c.

For SN 2006gy, in the optical bands only upper limits to the luminosity at
very late phases (411 days) can be obtained. In the near infrared, the K-band
detection reported in SO8 and discussed in the previous section may be sugges-
tive of the presence of low-temperature dust emitting in the far IR. This makes
a precise estimate of the ejected *°Ni mass difficult. The bolometric luminos-
ity including the emission from dust (plus symbols in Fig.5.12) imply ejected
%Ni masses up to ~ 15Mg for T=800K. However, given the uncertainty on
the nature of dust and its temperature, a more significant estimate of M(°°Ni)
can be obtained adopting the bolometric luminosity at earlier epochs, i.e. at
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Figure 4.17— GELATO comparison between the spectrum of SN 2006gy at phase ~174 days,
SN 1997cy (top, [51]) and SN 1999E (bottom, [40]) at similar phases. Although the comparison
SNe have broader lines, (e.g., FWHMp,=12800 kms™' in SN 1997cy according to [51]), the
objects show an overall remarkable similarity.

~ 180 days. At this phase the relation L = 1.4 - 10*3My; - exp(—t/113.6) ergs~!
provides Myj ~ 3Mg assuming complete y-ray trapping. This value is in dis-
agreement with the value obtained by Smith & McCray [46] with the same
relation (Mssy; ~ 8M@). A possible explanation may reside in a different esti-
mate of the bolometric luminosity, which is about a factor 3 higher in Smith &
McCray [46].

Of course, we expect the bolometric flux - and therefore the Ni mass
- to increase if the IR/longer wavelength emission contribution is taken into
account. On the other hand, the luminosity decay at phase 170-137 days is much
slower than what is expected from °Co decay. This suggests that an energy
source additional to radioactive decay of %Ni has to be present. Compared
to those measured for other SNe, an amount of 3Mg, of *Ni may not appear
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98 Chapter 4. A new evolution scenario for the luminous SN 2006gy

unreasonably large (see for example SN 1999as, [8]).

4.9.2 Evidence of strong, late-time ejecta-CSM interaction

We mentioned in Sect. 4.7.1 that at 170-237 days SN 2006gy shares several
properties with SNe 1997cy, 1999E, 2005gj and 2002ic. Although some authors
regard some of these SNe as thermonuclear explosions (see Hamuy et al. [18]
for SN 2002ic and Prieto et al. [38] for SN 2005gj, but see also Benetti et al. [3]
and S. Benetti et al. 2009, in preparation, for an alternative scenario) there
is unanimous consensus on the fact that interaction dominates their emission
at late phases. Despite the brighter magnitude at maximum, SN 2006gy has
luminosity and luminosity decline rate comparable to the SNe mentioned above
at 170-237 days (Fig.4.17), which is when they also show similar spectra.

Therefore, it is natural to assume that at this phase ejecta-CSM interac-
tion plays a dominant role also in SN 2006gy. Although the low X-ray flux at
this phase (cf. §6.2) might appear to be in contradiction with the ejecta/CSM
interaction scenario, this may not be a problem, because for sufficiently high
densities (p ~ 10%gcm™3) the X-rays that are produced in the shock are imme-
diately absorbed [51].

In the context of interaction, the luminosity L arising from the shock is
proportional to the progenitor mass loss rate M, to the ejecta velocity Vi;
and to the unshocked CSM wind velocity Vcsm, as follows: L o V%MV&%M.
Unfortunately, because of the ambiguity in the interpretation of emission line
profiles, we cannot precisely measure the velocities in the different circumstel-
lar regions and thus derive a reliable estimate of the CSM density from the
observational data. However, the emission lines in SNe 1997cy and 1999E are
generally broader than in SN 2006gy (i.e., their ejecta are probably faster), but
their luminosity is comparable. In view of the former relation, we expect that
the shock wave of SN 2006gy encounters a higher CSM density at 170-237 days.

4.9.3 A highly energetic supernova impinging on massive gaseous
clumps

The SN evolution during the first 170 days is explained reasonably well by
the scenario proposed by Smith & McCray [46]. In the shocked-shell diffusion
model the supernova light is produced by diffusion of thermal energy after the
passage of the SN shock wave through a shell of 10M, of material, ejected in the
decade preceding the explosion. The shell is supposed to be initially optically
thick and acts as a pseudo-photosphere, so that the long duration of the peak
and the weakness of X-rays emission are explained in terms of a long diffusion
time and a very large optical depth. The interaction features typical of type

98



4.9. Discussion 99

IIn SNe are supposed to arise in the observed spectra as soon as the blast wave
breaks out of the opaque shell into the surrounding, lower-density wind.

However, in Smith & McCray [46] a number of items have not been consid-
ered. A first inconsistency concerns the model assumptions. According to the
model of Falk & Arnett [12, 13] which is adopted in Smith & McCray [46], in
order to reproduce the observed luminosity rise to maximum, the initial radius
of the shocked shell has to be much smaller than the radius at peak luminosity.
However, in the model of Smith & McCray [46] the initial and final radius differ
only by a factor of 2. Thus the model of Falk & Arnett [12, 13]is not applica-
ble: the simple assumption of the existence of a single shell at a large radius
surrounding the exploding star can not explain the properties of the light curve
of SN 2006gy, in particular the slow rise to maximum.

Secondly, in the model of Smith & McCray [46] the important role of 55Ni
is overlooked. No attempt has been made to estimate the amount of *°Ni
deposited by the SN and to determine its effect on the light curve during the
diffusive phase’.

The third problem concerns recombination, whose effects can not be ne-
glected as soon as the decreasing photospheric temperature reaches the gas
recombination temperature during the post-diffusive phase.

With these shortcomings in mind, we have developed an alternative, com-
prehensive scenario that attempts to take all these aspects into account. First
of all, we divided the evolution of SN 2006gy into two distinct phases, before
and after maximum luminosity. Each phase was modeled independently. The
earlier phase (i.e., the rising branch of the light curve) was modeled as the ex-
plosion of a core-collapse SN originating from a compact progenitor. For the
peak phase we adopted a scenario similar to that of Smith & McCray [46], in
which the ejecta impact on very massive (> 6Mg, see Table 5) clumps of pre-
viously ejected material and deposit their kinetic energy. Because the density
is very high, the energy of the shock produced by the ejecta-clump interaction
is completely thermalized. A photosphere forms, so that the evolution of the
shocked clumps can be modeled as if it was another SN with very large radius
and little ejected °6Ni.

A fundamental difference with respect to the model of Smith & McCray [46]
is that, in our scenario, the true SN explosion is not completely hidden by the
circumstellar material which is therefore not homogeneously distributed around
the star. Rather, it is fragmented into big clumps which may be distributed
symmetrically with respect to the centre of the star. This is motivated by

"The estimate of 8M of 6Ni reported in their paper derives from the extrapolation of the
light curve luminosity after day 170.
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100 Chapter 4. A new evolution scenario for the luminous SN 2006gy

the assumption that the progenitor of SN 2006gy may have undergone mass-
loss episodes similar to those observed in 1 Carinae. The rise to maximum
corresponds to the early emission of the SN ejecta during the initial phase
in which the radius is rapidly expanding, similarly to the case of SN 1987A
(Woosley et al. [58]). In our model the peak luminosity is sustained by the
combined contribution of the early SN explosion and the energy from the ejecta-
clump interaction. Unfortunately, no early spectra are available to verify this
claim. The first available spectrum (37 days) already shows signs of interaction,
mainly in the Ha profile, probably caused by flux arising directly from the
interaction, being not thermalized by the dense clumps. Therefore we can
reasonably assume that at this phase the ejecta-clump collision had already
started. Another assumption of our model is that the impact is instantaneous,
i.e. that all material is reached by the ejecta at the same radial distance from
the star.

Our semi-analytical code (see Zampieri et al. [60] for more details) was
used to estimate the parameters of the ejected envelope from a simultaneous
comparison of the observed and computed light curve, photospheric gas veloc-
ity and continuum temperature. The radius of the star at the explosion, the
mass and velocity of the ejecta and the explosion energy are fitting parameters,
whereas the ejected *°Ni mass is an input fixed parameter, which is based on
the late-time light curve. The fitting parameters are estimated by means of a
x? minimization procedure for both evolutionary phases (i.e. the SN explosion
and the ejecta-clumps impact).

The parameters of the models for each phase are listed in Table 4.4 and 4.5.
Models of the earlier phase (e1, e2, e3 and e4) refer to different values of the
input parameters My; and Tyec, while models of the later phase (¢! and c¢2)
refer to different y? minima.

Critical parameters for the earlier phase are the initial radius and the mass of
%6Ni. As discussed before, the large increase in luminosity in the pre-maximum
phase calls for small initial radii (< 10'®cm), which are not compatible with
RSG stars but are consistent with BSG or Wolf Rayet stars. The amount of
%Ni determines the peak luminosity. The adopted upper limit is My; ~ 2Mg),
considering that ~ 3My were estimated at ~ 180 days neglecting the contribu-
tion of interaction, which instead is already active at that phase, as explained
above (according to the model the «-rays trapping is always more than 80%
effective at a phase 170-237 days, given the large ejecta masses). A minimum
6Ni yield of 0.75 M, was required to fit the early rise of the light curve, assum-
ing no contribution from interaction (i.e., the CSM is supposed to be rarified
in the vicinity of the exploding star).
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Figure 4.18— Best fits of the light curve of SN 2006gy obtained with the semianalytical
model [60] showed separately for the rising branch and maximum/postmaximum phase. The
code in the legenda refers to the models summarized in Tables 4.4 and 4.5.

Table 4.4 lists the best-fit-parameters for the initial radius of the star, for
the ejecta mass and for the velocity and SN explosion energy, given the adopted
56Ni masses and recombination temperatures. It should be noted that the radius
estimated by the code is actually an upper limit: the initial part of the light
curve is not very sensitive as long as it remains below the reported values. The
SN parameters are not exceptionally high for a core-collapse SN. For example,
the explosion energy is only ~ 3 — 4.5 times larger than that of SN 1987A. The
explosion energy increases with increasing °°Ni mass, as one may naively expect
from the fact that larger amounts of °Ni may be synthetized in more energetics
events. On the other hand, for a constant °Ni mass a smaller recombination
temperature implies an increase in the ejecta velocity and mass, and therefore
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model  Rgtar[-1012em] Mg[Mp]  Vejlkm/s] Mni[Mg] Trec[K]  Eexpi[10terg]

(el) 84 5.3 7700 0.75 7000 3.8
(e2) 5.9 8.3 8900 1.0 6500 7.9
(e3) 8.4 6.9 7700 1.0 7000 49
(e4) 84 14.4 7300 2.0 7000 9.2

Table 4.4— Model output parameters of the semi-analytical code for the first evolutionary
phase.

model Re[-10*2cm] Mo[Ma] Valkm/s] MyilMg] Trec[K] Eimp[10°terg]Diff.  time

[days]
(c1)  1339.9 6.5 1900 0.1 6500 0.3 100
(c2)  290.6 10.0 3600 0.1 6500 1.6 10

Table 4.5— Model output parameters of the semi-analytical code for the second evolutionary
phase.

in the explosion energy.

The later phase is not powered by %°Ni alone. The main source of energy
is in fact the transformation of the kinetic energy of the ejecta into thermal
energy and radiation inside the dense clumps, which form a photosphere. The
duration and shape of the luminosity peak depends on the radius and mass of
the clumps and on their expansion velocity. The parameters listed in Table
6 are the clump radius, mass and velocity, the amount of Ni in the clumps,
the recombination temperature, the energy released by the ejecta-clumps in-
teraction and the diffusion time. The recombination temperature adopted is
T = 6500 4+ 1000K, as measured from the 37-day spectrum. For both models
reported (cI and ¢2) the energy deposited by the ejecta in the CSM is about
a factor ~2-30 smaller than the SN explosion energy. This value may result
naturally, considering that the clumps cover a solid angle not larger than 27 as
seen from the center of the star. In the two models the radius of the clump is
significantly different. For an ejecta velocity of 8000 kms~!, and assuming that
the ejecta-clump impact occurs at ~30-40 days, the distance of the clumps is
~ 10" cms™!. Adopting a characteristic sound speed of ~ 103cm ™!, the shock
wave produced by the impact takes ~ 100 days to cross the clump in model c1
and ~ 10days in model c2. On these grounds, model ¢2 seems to be favored, as
the optical display of the shocked clumps is fully developed by ~ 40 days after
explosion. The values obtained for the clump distance and mass are roughly
consistent with those derived by Smith & McCray [46].

Our simple model gives a satisfactory fit for both the explosion and collision
phase (Fig. 4.18). We did not attempt to fit the light curve in the transition
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phase. The parameters that characterize the explosion of SN 2006gy are ac-
tually not particularly remarkable. An extra-ordinary amount of %Ni in the
ejecta is not necessary to fit the light curve. The estimated amount of **Ni is 2
to 6 times larger than that derived for other well studied, bright core-collapse
events [26, 51]. It should be noted that an high amount of °*Ni is even not to
relate to the huge brightness of the recently discovered SN 2008es, the second
most luminous SN known, according to Gezari et al. [17] and to Miller et al. [29]
(cf. Chapters 5 and 6). SN 2006gy was certainly a highly energetic event com-
pared to other normal CC-SNe, perhaps comparable to the class of hypernovae
(e.g., SN 2003dh, [24]; SN 2003jd, [52]; SN 1998bw, [20]). The combined mass of
the ejecta and of the clumps is ~ 20My, indicating an originally very massive
progenitor, likely much more massive than ~ 30M, if account is taken of the
likely large mass loss in the pre-SN stage. These values are significantly smaller
than those claimed in some of the previously proposed scenarios (> 100Mg).
Still, LBV-like mass-loss phenomena are required to produce massive clumps
around the star. Given the radius at explosion derived by the model, a star in
a LBV or early Wolf-Rayet phase might be good candidates for the progenitor
of SN 2006gy.
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4.10 New insights on SN 2006gy from recent works

In 2009, more data regarding the nebular phase of SN 2006gy were published,
reinforcing once again the debate on its origin.

Nomoto et al. (2009) computed a bolometric light curve and showed that
the model with M(°°Ni) = 15Mg,, Mej = 53 M, and Exin = 64 x 10°lerg could
explain the observed light curve in the first 200 days. However, this model failed
to reproduce the late-times observation of Kawabata et al. (2009) [21]. The
latter observed SN 2006gy with the SUBARU telescope on day 27, 157 and
394 both in photometry and in spectroscopy. Contrary to Smith et al. [44] and
Agnoletto et al. [1] they detected the SN in the V and R band on day 394,
and attributed the successful detection to a better seeing condition. We note
that the reported V and R magnitude R = 19.77 4 0.14 is not consistent, even
within the error bars, to the deeper magnitude measured by Agnoletto et al. [1]
at a very similar epoch. This is puzzling and difficult to understand, and could
possibly result from a different background subtraction.

Anyway, the new optical photometric epoch on day 394 did not add much
more information on the nature of the event. Assuming that its luminosity was
powered by radioactive decay, Kawabata et al. [21] found a lower limit to the
%6Ni mass equal to 3M . Interestingly, this is consistent to the upper limit on
the *°Ni measured by Agnoletto et al. [1] from the luminosity at phase 180-230
days.

Concerning spectroscopy, the appearance of the spectrum at 394 days pre-
sented by Kawabata et al. (2009) [21] turned out to be unique (Fig.4.19, upper
panel). They showed that it was dominated by lines with intermediate width
(< 2000kms™!), and several unusual emission lines at 7400 — 8800 A, some of
which were attributed to Ti or Ni. The emission of Ca II IR triplet was consid-
ered much narrower than in ordinary Type IIn/Ila SNe, suggestive of a slow SN
ejecta. Furthermore, no emission of O I, generally strong in Type II and Ib/c,
was detected at A\ 6300, 6364. The weakness of the flux at the Ha wavelength,
implying a flux luminosity of ~ 1 x 103%rgs™!, definitely ruled out the hypoth-
esis of CSM interaction sustaining the luminosity at late times.

The authors found no evident similarity between the spectrum of SN 2006gy
on day 394 and the typical nebular spectra of the most common SNe (see
Figures 10 and 11 of Kawabata et al. [21]). However, a fairly good spectral
match was found with SN 2005hk (Fig.4.19, lower panel, green line). Though
SN 2005hk is labeled as peculiar Ia SN in the Figure, in a recent paper Valenti
et al. [53] showed that this SN belongs to the group of the hydrogen-poor
supernovae which are misclassified as thermonuclear events (sometimes labeled
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Figure 4.19— Upper panel: low resolution spectrum of SN 2006gy at t = 394 days (black
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106 Chapter 4. A new evolution scenario for the luminous SN 2006gy

as SN 72002cx-like” events). They could be the outcome of the explosion of
massive stars that end up their life as black holes, and whose explosions produce
ejecta of low kinetic energy, a faint optical luminosity and a small mass fraction
of %5Ni (MacFadyen et al. [23]). Alternatively, the collapse of the O-Ne core of
a star of 79 Mg was also proposed to explain their origin (Nomoto [31]). In
any case, the spectral agreement between the two events can represent another
clue pointing towards the core-collapse origin of SN 2006gy, in agreement with
what proposed by Smith et al. [44, 45], Woosley et al. [57] and Agnoletto et
al. [1]. This is not in contrast with the different spectral appearance at early
phases, assuming that the early spectroscopy of SN 2006gy is supposed to be
completely dominated by the collision with the clumpy, H-rich medium.

In 2009 the group of Miller et al. (2009) [30] also presented new early-
times NIR observations of SN 2006gy, as well as optical and NIR late-times
imaging extending until more than two years since explosion (Fig.4.20). In this
work the authors interpreted the NIR excess detected after day 100, the slow
luminosity decay rate measured after day ~400 and the blue color measured
on day 825 as the evidence of the presence of warm dust near the explosion
site. The model described by Dwek et al. [11], predicting a fast rise in the
IR followed by an extended plateau before the IR luminosity starts a rapid
decline, is indeed consistent with what observed in SN 2006gy by Miller et al.
(2009) [30]. The NIR plateau after day ~400 occurs because the hottest dust,
lying at the edge of a dust-free cavity, dominates the emission. For a distant
observer, the emitting volume is a series of paraboloid light fronts that expand
throughout the dust-free cavity [34]. The emission from the dust is dominated
by the UV /optical radiation produced by the SN at peak. Once this radiation
sweeps past the back edge of the cavity the IR luminosity begins to rapidly
decline. Assuming that the slight NIR excess seen at day ~100 is the rise of
an IR echo, Miller et al. [30] calculated that the radius of the dust-free cavity
is ~ 8 x 107ecm. Then, assuming the properties of dust as in Dwek [11], and
deriving the optical depth of dust from the ratio Ejg/(E + Eg) ~ 0.16, they
obtained a dust mass of 0.1 Mg . In a typical for the dust-to-gas ratio, 1:100,
this corresponds to a mass of the circumstellar shell of ~10 Mg, [30].

However, an optical counter-part of the echo is also expected. In fact,
when successive paraboloids sweep out to progressively larger radii, dust in the
circumstellar environment can scatter that light toward the observer, creating
a plateau in the optical light curve of the SN. Scattering preferentially selects
shorter wavelengths, which results in a spectrum that is bluer than that of the
SN at peak. Indeed, the SED derived from the HST photometry on day 825
spectrum by Miller et al. (2009) [30] perfectly matches the spectrum acquired
on day 71 by Smith et al. (2009) [43] (Fig. 4.21), assuming a scattering law of
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AT with @ = 1.2 4+ 0.15.

In any case, both assuming that the scattering light echo is due to the same
shell that gives rise to the NIR-echo, or supposing another shell of dust inside
NGC 1260 at a distance of 20 pc (as calculated by Miller et al. (2009) [30]), the
dusty environment of SN 2006gy requires a massive progenitor. Indeed, thanks
to the work of Miller et al. [30] the hypothesis of an extremely large amount of
%6Ni synthesized in the explosion had to be rejected by the slow NIR luminosity
decay. Therefore, the suggestion of SN 2006gy as PISN could be also definitely
ruled out.

Finally, very recently Smith et al. (2009) [43] published on the astro-ph a
fourth study on SN 2006gy, presenting a very detailed analysis of a previously-
unpublished spectral sequence regarding the phase 36-237 days, (Fig. 4.22) and
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Figure 4.21— HST/WFPC2 photometry of SN 2006gy (black dots) compared to the observed
and reflected spectra (Miller et al. [30]).

a discussion on an evolution scenario which reviews some aspects of the work

of Smith & McCray [46].

Though the work presents excellent data, the interpretation is not always
straightforward, and it sometimes requires an ad-hoc scenario which involves
specific values for the properties of the circumstellar medium (density, velocity,
ionization state etc.). However, an interesting insight to explain the appearance
of the spectral lines is the suggestion that at early phases (before and up to the
time of maximum luminosity), the photosphere lays outside the forward shock.
The authors state that at this epochs the spectrum is supposed to be generated
in the pre-shock CSM, from a ionizing radiation that diffuses out an opaque
shell. Consequently, the post-shock cold dense shell and the SN ejecta cannot
be seen. Starting from the phase of maximum luminosity the photosphere is
supposed to recede past the forward shock and into the cold dense shell, which
becomes progressively transparent. This allows the formation of broad lines
in the spectra. Finally, starting from day ~150, the decrease in luminosity of
cooling-diagnostic lines as H, Fe II, and Ca II lines is supposed to be a sign
that the interaction is ceasing and that the forward shock has reached the outer
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boundary of the dense pre-SN shell.

However, this scenario can not explain the flattening of the light curve
at phase 180-230 days. Contrary to what suggested by Agnoletto et al. [1],
in Smith et al. [44] the CSM interaction is not considered as an explanation,
given the observed decrease in the luminosity of lines as H, Fe II, and Ca
II, as mentioned above. Neither the possible energy from the °°Nidecay is
taken into consideration (likely because the higher estimate in the bolometric
luminosity calculated by Smith et al. 2008 [44] would imply an amount >8
Mg , inconsistent with the late-times observations).

Another fundamental difference is that Smith et al. [43] do not find any
evidence of spectral lines broader than 5000 km s~ . On the other hand, in
Agnoletto et al. [1] broad lines at 9000 km s~! are the evidence that the fast SN
ejecta can be seen throughout the clumps even before the maximum luminosity.

It should be also stressed that the bolometric luminosity in Smith et al.
2009 [43] is calculated adding a bolometric correction to the unfiltered light
curve luminosity, and results to be by a factor 5 higher than in Agnoletto et
al. [1], who had a BVRI-light curve. Given this inconsistencies, the reader
should be careful in considering the parameters like the mass-loss rate, the
black-body radius of the expanding photosphere and the mass of the ejecta,
which are calculated from the bolometric luminosity in the work of Smith et
al. [43].

4.11 Final remarks

In this chapter we have reviewed the scenarios that were suggested to explain
the peculiar evolution of SN 2006gy. Though some hypothesis have been ruled
out due to the recent observational data (e.g., the PISN scenario), a tight
constraint on the nature of the transient does not exist yet. The suggestions by
Woosley et al. [57], Smith & McCray [46], Agnoletto et al. (2009) [1] or Smith
et al. [43] to explain the early light curve of SN 2006gy may be all considered
valid.

However, from the comprehensive properties of the data collected up to now
it seems likely that the nature of this enigmatic transient deals with the explo-
sion of a very massive star in a particularly CSM-rich and dusty environment.
Given the strong mass-loss rates inferred, a star in a late LBV or WG stage
might be a good candidate for the progenitor of SN 2006gy.

However, there are not enough clues to precisely estimate the mass of the
progenitor of SN 2006gy. In Agnoletto et al. [1] we have shown that the light
curve can be reproduced by the explosion of a ~30 Mg star. Fundamental
requirements are a SN energetic explosion and a collision with a clumpy shell of
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matter. This does not differs much from the main point of Woosley et al. [57],
though they consider a different mechanism for the outburst and much more
massive star.
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CHAPTER b

A photometric and spectroscopic study of three very luminous
core-collapse supernovae

In this chapter | will present a photometric and spectroscopic study of three core-
collapse supernovae, i.e. SNe2007bt, 2007bw, and 2008fz. Reaching an absolute
R magnitude of —20.66, —21.22 and —21.79, respectively, these three events are
among the brightest SNe ever discovered. After having discussed the assumption for
extinction, distance and explosion epoch, | will present their photometric evolution
and discuss their spectral properties. Then | will highlight the similarities and
differences among the three events and discuss some possible scenarios which can
explain the observational data of the three peculiar transients.

5.1 Enlarging the sample of Very Luminous Supernovae (VL-
SNe)

After SN 2006gy, thanks to efficient supernova surveys and the capabilities of
modern robotic telescopes, several Very Luminous Supernovae (VLSNe, [23])
have been discovered during the last four years. Their intrinsic brightness,
My < —20 or even My < —22, is significantly higher than any previously-
observed core-collapse or thermonuclear event.

The current sample of VLSNe includes SNe 2005ap [27], 2006tf [31], 2007bi
[13, 42], 2008es [14, 22] and 2008fz [9] (cf. Table 6.1 in Chapter 6 for an up-
to-date list). Further to this, very recently three new bright transients with a
peculiar spectroscopic evolution have been discovered at high redshift [28].

As SN 2006gy, these events are characterized by a very high luminosity at
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maximum light and by broad spectroscopic emission lines (up to v ~ 12000 kms~1),
implying high kinetic energies. Given the additional large and long-lasting en-
ergy emitted as radiation, these ultra-bright transient might be the outcome of
remarkably high energetic explosions. Interestingly, these energetic explosions
are mostly found in low-luminosity galaxies and seem to be little affected by
extinction from the host [9]. Due to the natural association of the VLSN to
the collapse of the most rare and massive stars (M > 20 M), large efforts have
recently been made to unveil their origin [17, 31, 40].

Given their peak brightness, the supernovae 2007bt, 2007bw and 2008fz
also belong to the sample of VLSNe. The Padova-Asiago Supernova Group, in
collaboration with other European institutions, was active in the observation of
these three peculiar targets. UBVRI magnitude and low-resolution spectra were
acquired until late phases. This is very interesting since - with the exception of
SN 2006gy-no other study of any other VLSN yet exist that extends up to the
nebular phase. As it will be shown in the next sections, the evolution of the
three transients cannot be considered very different from that of SN 2006gy.

Figure 5.1— R-band images centered on the SN 2007bt acquired near maximum.
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Figure 5.2— R-band images centered on the SN 2007bw acquired near maximum.

5.2 Observations and data reduction

Optical UBV RI photometry and low-resolution spectroscopy were acquired
for SNe 2007bt, 2007bw and 2008fz (Fig.5.1, 5.2 and 5.3) at the Telescopio
Nazionale Galileo (TNG), the 2.6-m Nordic Optical Telescope (NOT), Calar
Alto (CA), New Technology Telescope (NTT), Ekar 1.8m and Pennar 1.2 tele-
scopes. Additional imaging and spectra were obtained with the robotic Palo-
mar 60” telescope, William Herschel Telescope (WHT) and LT (Liverpool Tele-
scope).

Finally, some V RI and unfiltered images of SN 2008fz were acquired by
amateur astronomers at the Observatorio de Cantabrial (OC, Spain) and at
Taurus Hill Observatory? (THO, Finland), respectively. A complete log of the
observations of the three SNe is provided in Tables 5.1, 5.2 and 5.3.

The photometric data were reduced using routines within IRAF and the
photometry measured with standard point-spread-function (PSF) fitting tech-
niques (cf. Chapter 3). In the case SN 2007bw, the faintness of the SN in
the high galactic-background made the subtraction with a template before the
PSF-fitting necessary for the last photometric epoch. BV RI images acquired

"http://www.observatorioastronomicocantabria.com/
http://www.taurushill.net/
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Figure 5.3— R-band images centered on SN 2008fz acquired near maximum.

at NTT (+EFOSC2) on July, 16.12 UT 2009 of the field of SN 2007bw were
used as templates.

The photometric zero-points were measured using standard fields from the
Landolt (1990) [19] catalogue observed during several photometric nights. The
SN magnitudes were then measured differentially with respect to the magni-
tudes of reference stars in the fields of the three SNe. Magnitudes acquired
with SLOAN filters at the LT were also calibrated using Landolt standard stars
and thus reported to the standard system. Given the large recession velocities
of the parent galaxies, the photometry of the SNe 2007bw and 2008fz was cor-
rected for the K-correction. Because of the limited wavelength and temporal
extension of the spectra, only K-correction in the BVR filters was calculated
for the available spectral epochs; the results were fitted with a third-order func-
tion in order to derive its temporal evolution and to correct all the photometric
epochs. The standard deviations of the associated to the K-correction reach
Kg, Ky, Kr ~ 0.02, 0.04, and 0.03 for SN 2007bw and Kg, Ky, Kg ~0.06, 0.06
and 0.03 for SN 2008fz, respectively. For the U and I filters the absence of the
spectral coverage made any attempt of estimating the K-correction worthless.
In fact, a calculation for a sample of 5-6 IT and IIn SNe from the ASA archive
showed that the K-correction in the U band at the distance of z~0.13 and
z~0.14 may be very different for each considered object and may change con-
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siderably with time, varying between Ky ~ 0 and Ky ~ 0.5. In the I band
the K-correction has turned out to be more stable, but it is still affected by
significant scatter, i.e. Ky ~ 0.4 +0.2. The lack of a proper K-correction will
introduce an uncertainty when comparing our U and I-band photometry of the
SNe 2007bw and 2008fz to other objects.

The resulting optical photometry for the three SNe is reported in Tables
5.1, 5.2 and 5.3. The errors associated with the magnitudes are estimated as
the rms of the error associated to the PSF-fitting and of the error due to the
calibration with the local stars sequence.

Concerning spectroscopy, the spectra of the supernovae were acquired at low
airmass, with the slit oriented along the parallactic angle. All raw frames were
first bias and flat-field corrected, and then the SN spectra were optimally ex-
tracted. Wavelength calibration was obtained with the help of comparison lamp
exposures, while the spectra were flux calibrated using standard star spectra
obtained on the same night as the SN observations. When no spectrophoto-
metric standard star was observed, a sensitivity function derived on a different
night (close in time) was used. Telluric features were removed from the SN
spectra, again using spectrophotometric standard stars spectra. However, in
the case of SN 2007bw some residuals of the strong telluric band at 7570-7750
A are still present. Given that an imperfect removal would affect the red wing
of the Ha I have tried to remove the telluric absorptions as much as possible,
without altering the red wing.

All spectra were checked against the photometry and, where discrepancies
occurred (especially during low-transparency or bad-seeing nights), the photo-
metric data were used to derive a scaling factor to apply to the SN spectrum.
The relative, final flux calibration was good, and the agreement with photome-
try within 10%. Finally, the spectra were corrected for Galactic extinction and
redshift.

5.2.1 SN 2007bt and SN 2007bw

Both SN 2007bt and SN 2007bw were discovered and classified by the Nearby
Supernova Factory in two different, anonymous galaxies on 2007 April 17.5 UT
and 18.5 UT, respectively [2].

The distances to these events were calculated using the redshift of the
host-galaxy emission-lines. A redshift of z = 0.140 + 0.001 was derived for
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UT Date Telescope Instrument Bands Grisms  Spec. range Resolution Pixelscale
[A] [A] " /pix |
2007 May 04 LT RATCam UBVri’ .. 0.13
2007 May 08 Pennar B&C 200tr/mm 3410 — 7925 25 0.6
2007 May 12 LT RATCam UBVri’ .. 0.13
2007 May 26 LT RATCam UBVri’ .. 0.13
2007 Jun 01 LT RATCam UBVri’ .. 0.13
2007 Jun 12 LT RATCam UBVri’ .. 0.13
2007 Jun 15 WHT ISIS R300B, 3700 —9920 7,10 0.19
R158R
2007 Jun 23 LT RATCam UBVri’ .. 0.13
2007 Jul 01 LT RATCam UBVri’ .. 0.13
2007 Jul 21  WHT ISIS R300B, 3700 - 7,10 0.19
R158R 10790
2007 Jul 25 LT RATCam BVr’ 0.13
2007 Aug 02 LT RATCam BVr’i’ 0.13
2007 Aug 12 WHT ISIS R300B, 3065 —9565 7,10 0.19
R158R
2007 Aug 13 LT RATCam BVr’ 0.13
2007 Aug 20 LT RATCam BVri’ 0.13
2008 Mar 30 NOT ALFOSC VRI 0.19
2008 May 05 TNG DOLORES BVRI 0.25
2008 Jul 05 CA CAFOS BVRI 0.53
2008 Aug 08 TNG DOLORES ... LR-R 4900 — 8900 18,17 0.25

Table 5.1— Journal of photometric and spectroscopic observations of SN 2007bt. The names
of the telescopes are written with acronyms, as specified in the text.
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UT Date Telescope Instrument Bands Grisms  Spec. range Resolution Pixelscale
[A] [A] " /pix.]
2007 May 04 LT RATCam UBVri’ .. 0.13
2007 May 13 LT RATCam UBVri’ .. 0.13
2007 May 20 TNG DOLORES ... LR- 3420 — 8000 18, 17 0.25
B,LR-R
2007 May 26 LT RATCam UBVri’ .. 0.13
2007 Jun 01 LT RATCam UBVri’ .. 0.13
2007 Jun 12 LT RATCam UBVri’ .. 0.13
2007 Jun 21 LT RATCam UBVri’ .. 0.13
2007 Jul 01 LT RATCam UBVri’ .. 0.13
2007 Jul 07 Ekar AFOSC gm2¢em4 3210 — 6860 38,24 0.46
2007 Jul 21 WHT ISIS R158B, 2805 —8985 11,10 0.24
R158R
2007 Jul 22 LT RATCam UBVri’ .. 0.13
2007 Jul 31 LT RATCam UBVri’ .. 0.13
2007 Aug 12 LT RATCam UBVri’ .. 0.13
2007 Aug 15 TNG DOLORES BVRI LR-R 4420 — 8170 17 0.25
2007 Aug 21 LT RATCam UBVri’ .. 0.13
2007 Sep 10  WHT ISIS R158R 3000 — 9000 10, 7 0.24
-R300B
2008 May 10 TNG DOLORES BVRI 0.25
2008 Jul 11 TNG DOLORES ... LR-R 4440 — 8960 17 0.25

Table 5.2— Journal of photometric and spectroscopic observations of SN 2007bw. The names
of the telescopes are written with acronyms, as specified in the text.
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UT Date Telescopelnstrument  Bands Grisms  Spec. range Resolution Pixelscale
[A] [A] ["/pix.]
2008 Oct 09 TNG DOLORES UBVRI LR- 3529 — 8100 18,17 0.25
B,LR-R
2008 Oct 14 P60 CCDCam  BVRI 0.37
2008 Oct 15 CA CAFOS UBVRI ... 0.53
2008 Oct 15 P60 CCDCam  BVRI 0.37
2008 Oct 17 P60 CCDCam BVRI .. 0.37
2008 Oct 19 OC CCD-ST-8 VRI 0.46
XME
2008 Oct 19 P60 CCDCam BVRI .. 0.37
2008 Oct 21 P60 CCDCam  BVRI 0.37
2008 Oct 27 P60 CCDCam  BVRI 0.37
2000 Oct 29 P60 CCDCam  BVRI 0.37
2000 Oct 31 P60 CCDCam  BVRI 0.37
2008 Nov 01 P60 CCDCam  BVRI 0.37
2008 Nov 06 TNG DOLORES UBVRI LR-B, 3984 — 8136 18,17 0.25
LR-R
2008 Nov 16 NOT ALFOSC UB gm4 3125 — 8000 19 0.19
2008 Nov 23 TNG DOLORES UBVRI LR-B, 4553 — 8224 18,17 0.25
LR-R
2008 Nov 27  Ekar AFOSC BVRI 0.46
2008 Nov 28 NOT ALFOSC UB gm4 3553 — 8342 19 0.19
2008 Nov 28 THO Unf. 0.61
2008 Dec 20 NOT ALFOSC UB gm4 3078 — 7960 19 0.19
2008 Dec 21  TNG DOLORES BVRI LR-R 4536 — 9062 17 0.25
2008 Dec 23 Ekar AFOSC BVRI 0.46
2009 Jan 23  NOT ALFOSC R gm4 3533 — 7997 19 0.19
2009 May 17 NTT EFOSC2 R 0.16
2009 Jun 04 CA CAFOS R 0.53
2009 Oct 22 NTT EFOSC2 VRI 0.16
2009 Nov 22 NTT EFOSC2 1 0.16

Table 5.3— Journal of photometric and spectroscopic observations of SN 2008fz. The names
of the telescopes are written with acronyms, as specified in the text.
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Date JD Phase U Uerr B Berr V Verr R Rerr 1 Terr
UT -2,400,000 [days]

2007 Apr 17 54209.0 18 17.30 0.30 ...
2007 May 04 54225.6 34.6 1851 0.05 18.66 0.06 18.06 0.03 17.74 0.03 17.25 0.01
2007 May 13 54233.7 42.7 1859 0.04 18.84 0.02 1816 0.02 17.83 0.02 17.39 0.02
2007 May 26 54247.6 56.6 18.84 0.05 19.02 0.03 1833 0.04 17.93 0.05 17.51 0.02
2007 Jun 01  54253.4 62.4 19.01 0.06 19.08 0.03 1842 0.04 17.98 0.05 17.58 0.02
2007 Jun 12 54264.6 73.6 19.35 0.03 18.47 0.02 1829 0.04 17.76 0.02
2007 Jun 21  54273.7 82.7 19.24 0.05 19.28 0.03 1858 0.03 18.24 0.03 17.80 0.03
2007 Jul 01 54283.5 92.5 19.33 0.07 19.45 0.06 1863 0.02 18.34 0.05 17.83 0.04
2007 Jul 22 54304.5 113.5 19.54 0.09 19.66 0.04 18.89 0.07 1865 0.04 18.14 0.04
2007 Jul 31 54313.5 122.5 19.59 0.17 19.57 0.08 18.99 0.05 18.67 0.04 18.15 0.02
2007 Aug 12 54325.5 134.5 19.85 0.07 19.90 0.04 19.03 0.03 18.88 0.03 18.14 0.02
2007 Aug 15 54328.4 1374 ... 19.84 0.05 19.10 0.03 18.81 0.04 ...
2007 Aug 21  54334.5 143.5 19.97 0.11 19.76 0.05 19.14 0.04 1891 0.07 18.16 0.07
2008 May 10 54596.5 405.5 21.39 0.07 20.51 0.09 20.40 0.11 19.97 0.28
2008 Jul 05 54653.4 462.4 20.85 0.02 20.56 0.05 20.16 0.05 19.72 0.04

Table 5.5— Optical Photometry of SN 2007bw.



129

5.2. Observations and data reduction

ZJ800% NS Jo L1pmojor reondQ —9°¢ d[qel,

020 007FC G'LGTGS 1T AON 6002
91°0 0L2¢ 030 68¢€c 070 GCS¥e G'9ZISS  TT PO 6002
000 €6TTC 0°29% 0°L86%S  ¥0 unf 600g
%00 SP6T €6e1 €°GG/YC €T Rl 6008

900 S¢'8T TO0 T98T €00 ¥S61 070T 0'Fe8¥S €8 2901 800%

¢00 92'8T ¢00 6S8T 100 TS6I €701 €Te8YS  1¢ 29 8008

€00 TIS6T FO0 SF6T €101 €IT8YS 0T 29 800¢

0" 89°LT T F6L 7'66L7S 8T AON 8008

100 898T G00 €SI ¥6L V'66L7S LT AON 8008

€00 OT'ZT ¥00 O0LLT 200 86LT ¥00 €981 8L €'86L¥S LT AON 8007
200 0£LT 200 €LLT T00 68LT 00 ¥FPST 200 O08LT  G€L G'E6LYS €T AON 8008
€00 9%8T €00 6LLT  ¥°L9 7'L8L%S 9T AON 800%
200 T69T T00 LTLT @00 FFLT €00 SSLT 200 ¥ELT  ¥LS ¥'LLLVS 90 AON 8008
Te00 TTAT P00 T9LT 9IS 9'TLLFS  TO AON 000%

700 F8I9T F00 LOLT SO0 6&LT SO0 TSLT G'8¥ G'89L¥G  6Z 0 0002
€00 F89T €00 90°LT €00 9zLT €00 €FLT 9'9% 9°99.%S¢ 92 0 800¢
€00 08°9T @00 00LT @00 LTLZT  F00 &ELI 9°0¥ 9°09.¥S 12 0 8002
€00 69T €00 TTLT 98¢ 9°8GLFS 61 30 800¢
c0’0 08°9T @00 969T €00 FILT €00 6£LT 0000 G8¢ G'8GLFS 61 0 800C
20’0 LL9T €00 9691 T00 60LT TO00 6TLI 9'9¢ 9°96.¥G LT PO 8002
100 €691 100 OT'AT T00 90°AT €00 9¢LT 200 T1S9T  €¢¢ €°GGLFS ST PO 800C
20’0 S89T TO0 069T @00 LOLT GO0 9TLI T 9TE 9FGLYS  GT PO 8002
100 089T T00 1691 T00 €691 100 OTLZT 100 GS€9T 98¢ 9'87L¥S 60 0 800¢
e O S 6-1e07¢ 92 dOS 8002
LT 9°€T 9'€EL¥S  ¥¢ doS 8007

A LT 90 9ceLYS  €¢ d9S 800¢

LT 81T 8'TELVS ¢t doS 8007

0°0% 1°68- 6°069%S €1 unf 800¢

[s&ep]  000‘00¥'c- 0

LI9T 1 ,:mvm MH J1I9 > > IIag q JI9 D D @mmﬂnﬂ a ﬁ 9%1e(]




Chapter 5. A photometric and spectroscopic study of three very luminous
130 core-collapse supernovae

SN 2007bw, and z = 0.044 &+ 0.002 for SN 2007bt, in good agreement with
the values reported by Antilogus et al. [2]. The error associated to these es-
timates is mainly due to the standard deviation of the fitting function with
which the wavelength calibration was performed. Using a cosmological model
with Oy = 0.28, Q4 = 0.72 and Hy = 72 kms—! Mpc~! [12], I derived a distance
modulus of 1 = 36.39 mag (D, = 189.5 Mpc) for SN 2007bt, and p = 39.04 mag
(D, = 644.4 Mpc) for SN 2007bw. I adopted the map of Schlegel et al. [30] to
evaluate the color excess due to the extinction in the Milky Way, which gives
E(B — V)gal = 0.05 and 0.03 mag (assuming Ry = 3.1) for SN 2007bt and SN
2007bw, respectively.

Deducing the amount of host galaxy extinction for these SNe was non-trivial.
For SN 2007bt, the absorption of Na I D may be tentatively identified in the
high-resolution spectra. Its Equivalent Width (EW) is supposed to be related to
the color excess due to internal absorption according to the relation of Turatto
et al. [38]. However, Elias-Rosa et al. [10] and Blondin et al. [5] showed that
this relation suffers a non-negligible scatter especially for EWs<1 A. For SN
2007bt, the estimated EW of ~0.4 would imply 0 < E(B — V) < 0.35 mag,
and most likely less than 0.2 mag. For SN 2007bw there is no evidence of an
Na I D absorption in the spectra, albeit this could be due to the low S/N. Given
the lack of evidence for substantial host galaxy extinction, I have neglected any
such contribution for both SNe. Note that any additional extinction would
make these already very luminous supernovae even brighter. It can be further
noted that the absence of extinction seems to be a common feature of VLSNe
(Table 6.1 in Chapter 6).

Pinning down the explosion date also represents a challenging task for SNe
2007bt and 2007bw, as it was for the VLSN SN 2006tf [33]. No hints about
their age are given in the discovery circular [2]. Images of their field were
acquired by the Nearby Supernova Factory Search about 167/8 days before
discovery, which is likely much earlier than both SN explosions. This does not
allow me to constrain the SN age and will be a cause of concern throughout
the discussion, for example when comparing with other SNe. Considering the
spectral appearance (Sec. 5.4.1, 5.4.2) the SNe were probably not caught very
early. This is indicated by the slow spectral and color evolution. A simple
black-body argument, assuming spherical emission, indicates that SN 2007bw
had a radius of Rgg ~ 337 AU at the epoch of our first spectrum, 21 days past
discovery. Even at a velocity as high as 10,000 km s~! this implies that the SN
exploded about two weeks before discovery for a progenitor radius of ~ 101 cm,
and about one month before discovery for a progenitor radius of ~ 10 cm.
Given these uncertainties, I will simply postulate an explosion date for these
two events. I will fix the explosion date to April 1, 2007 (JD=2454191.0) for
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both SNe, which is consistent with the explosion of a progenitor with a radius
of ~ 10'% cm. I will allow a temporal uncertainty of 418 days on this epoch.

Optical images were collected using several telescopes until day ~489 for
SN 2007bt and until day ~462 for SN 2007bw. The spectral sequence extends
to 496 days for SN 2007bt and to 468 days for SN 2007bw.

5.2.2 SN 2008fz

SN 2008fz was discovered by Drake et al. [8] in the course of the Catalina Real
Time Transient Survey (CRTS) on September 22.34 UT, 2008. About one day
later, Hsiao et al. [15] noted some spectroscopic analogies with SN 1998bw and
classified SN 2008fz as a Type Ic.

On October 9.16 UT, Benetti et al. [3] reclassified SN 2008fz as a Type IIn on
the basis of its spectroscopic similarity with SNe 1990K and 2005gj. Benetti et
al. [3] furthermore suggested an origin similar to the very luminous SN 2006gy.
Mahabal et al. [21] reported that a spectrum of SN 2008fz taken on October
1 was consistent with that of a Type II SN near maximum light, and that the
spectrum acquired on September 27 exhibited no strong features.

According to Drake et al. [9], the anonymous host galaxy is not visible
in the CSS co-added, pre-discovery images up to an apparent magnitude 223
and absolute magnitude Mp = —16.7. Nevertheless, Hsiao et al. [15] noted a
faint extended object at the position of the transient on a digitized plate of
the second Palomar Sky Survey. Unfortunately, the PSF of the SN completely
obscures the host galaxy emission, which is therefore included in my photometry
measurements.

As for SNe 2007bt and 2007bw, because of the absence of any Na I D
absorption in the spectra, I only corrected for the Galactic extinction as given
by Schlegel et al. [30], i.e. Ap Gal = 0.22 mag.

Adopting the same cosmological parameters as for SN 2007bw, the esti-
mated redshift of SN 2008fz as calculated from the host-galaxy emission lines,
is z=0.133 £0.002. This is in agreement with what estimated by Drake et
al. [9].

To pin down the explosion date for SN 2008fz the photometric and spec-
troscopic similarity of SN 2008fz to SN 2008es (Sect. 5.4.3) and to SN 2006gy
(Fig.5.4) can be helpful. The comparison to SN 2008es is simplified by the
presence of an evident peak of the light curve (Fig. 5.5 and inset of Fig.5.9).
However, for SN 2008fz the two early unfiltered, pre-peak data from the CRTS
make rise to the light curve maximum slower than in SN 2008es, which is sup-
posed to reach the peak brightness in only ~7 days from explosion.

Shttp:/ /voeventnet.org/feeds/Catalina.shtml
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Figure 5.4— Spectral comparison between SN 2008fz and SN 2006gy, normalized to photom-
etry and corrected for an extinction E(B — V) ~ 0.75.

Also, the first spectrum of SN 2008fz matches very well the spectrum of SN
2006gy (Fig.5.4), if we assume for the latter an extinction of E(B — V) ~ 0.75,
i.e. 0.20 mag higher than what is assumed in Chapter 4. Assuming that the
similarity of the two spectra implies that the spectra of both events were formed
after a SN ejecta collision on a massive CSM (as it will be explained in Section
6.5), it is reasonable that the epoch of these spectra is not very close to the
explosion. Indeed, though with a slightly faster decay, the evolution of the early
light curve of SN 2008fz matches reasonably well that of SN 2006gy; this is true
also for SN 2008es, if the phase is increased by +25 days, as it is shown in
Fig.5.5. It should be noted that, despite of the large distance (z=0.231, [23]),
for SN 2008es the K-correction and the time-dilation correction were not taken
into account by Miller et al. [22] nor by Gezari et al. [14]. However, I have
estimated that for a type II SN at this distance the K-correction in the R-
band would change between -0.4 and 40.3 in the early ~80 days (Fig.5.6), with
the effect that the light curve pre-peak/peak would be significantly fainter,
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Figure 5.5— Early light curve evolution of SNe 2006gy [1, 34], 2008es [14, 22], 2008fz (data
from this thesis). The light curve of SN 2008es has been shifted of 425 days in phase with
respect to the explosion date estimated by Gezari et al. [14], in order to match the light curves
of SNe 2008 The black dots and diamond represent unfiltered magnitudes or upper limits.
Given the large distances, the light curves of SNe 2008fz and 2008es have been corrected for
stretch-factor; the light curve of SN 2008fz has been also corrected for K-correction.

whereas it would be slightly brighter thereafter. The light curve evolution
would become therefore more similar to SN 2006gy. Since the K-correction
changes significantly with time and the explosion date of SN 2008es is not well
constrained, I did not K-corrected the magnitudes reported in Fig.5.5.

The adopted explosion epoch for SN 2008fz is JDexp1 = 2454700.0 + 10 (Au-
gust 22, 2008). This transient was well-monitored in the UBV RI bands for
about 124 days. In addition, a late V-band image was obtained on day ~155
an additional R-band images was acquired on day ~287 at NTT with EFOSC.
With the same telescope and equipment deep VRI images and an I image were
collected on day 426.55 and 457, respectively. The sequence of spectra extends
until day ~155.



Chapter 5. A photometric and spectroscopic study of three very luminous

134 core-collapse supernovae
0.4 r
[
L]
®
0.2f ° i
e® -
° v °
- 0.0 n
N ® °
3 L)
S @
Il
2 e
[ad] v
-0.21 v i
P §
] v ve'
;5 . oV
<
M 0.4} v i
e I1-1992H
e II-1995G
e II-1995ad
v o IT-1996W
e II-1999%l
-0.6 v II-2002gd |4
v I1-2003G
v II- bolom
v v II- model
L L 1 L L %
0 20 40 60 80 100 120

phase

Figure 5.6— Estimate of the K-correction for a sample of type II SNe at z=0.21 from the
ASA archive.



5.2. Observations and data reduction 135
—24 T
s ¢ U+2
]
LYYW ° 3+1 {14
—221 o Ay
. A v R-1
&
T Y ¥ ‘ | -2
© ! 116 ¢
o —20f %g 5
2 R Y N g
g Toell “\. A %
’ ~ 5 A i
£ _1g| T -7 Co ’ A 18 £
4, -- ..l h >
8 ¢ “ ® )
E " o g
é 16 ° 120 g
< 7 ® jor
] ® <
u 122
—14} |
SN 2007bt
_12 Il Il Il Il Il Il ] 24
0 100 200 300 400 500
phase [days since explosion]
Figure 5.7— Photometric evolution in the UBVRI absolute magnitudes of
SN 2007bt. The right hand scale reports the apparent V-band magni-
tudes. The early times, black circles refer to unfiltered or CR magnitude from

http://www.astrosurf.com/snweb2/2007/07bt/07btMeas.htm.



Chapter 5. A photometric and spectroscopic study of three very luminous

136 core-collapse supernovae
¢ U+2
—24f A B B+1
M e V
Py Ada AA AA Y R —1 116
v A | -2
.
ANd )
9 —22} Yy 'g
Yy A
b= % b 118 2
=] ... o
% L2 g
g —20} .. % =
Q N ]
E = L RN 56 120 g
o “ '- RN . Co v e
0 s a2 .. o]
- ‘Y [ ... 2
—-18f ¢ ' ° <
b {22
-]
—16f SN 2007bw
‘ ‘ ‘ ‘ ‘ ‘ 124
0 100 200 300 400 500

phase [days since explosion]

Figure 5.8— Photometric evolution in the UBV RI absolute magnitudes of SN 2007bw. To
account for the large distance, a K-correction was applied to the the B, V, R light curves.
The early times, black circle refer to the unfiltered magnitude reported in the circular.



5.2. Observations and data reduction 137
—26 T r
SN 2008fz ¢ U+3({14
—24} YV'V'YN A ®E B+1
e V
YWty v R-1(q16
—22} . Y A | -2
© ‘: © 18
e
g -20f 4 Hy P "g
g = Bogy -
o 4 o A A 20 ©
g —18} “ g
® ¢ A >
5 —16[—225 — A 223
it (]
I P .|
< _14’—21.57{’\ 1 42
L)
—21.0} .
—12pmen 26
-205{{®R,r,unfilt.] ]
—10} ® |,
101 _50.0 28

0 20 40 60 80100120140

0

100 200 300 400

phase [days since explosion]

Figure 5.9— Photometric evolution in the UBV RI absolute magnitudes of SN 2008fz. To
account for the large distance, a K-correction was applied to the the B, V', R light curves. In
the lower-left inset the R- and I-band light-curves include also the unfiltered and Sloan-filtered

magnitudes.



Chapter 5. A photometric and spectroscopic study of three very luminous

138 core-collapse supernovae
1.5
& 07bt
B 07bw
¢ @ 08fz
¢ ¢ O08es
1.0f A 06tf ||
' N A 07bi
KX 4 am
S LA
Cﬁ Q ’ ”A. .&AA Ai
A
= o5t A B o ]
| Aa » °*® L o L A ‘4
§ ‘Q A L A
e
0.0} ° |
~05 50 100 150 200

phase [days]

Figure 5.10— Time evolution of B — V colour for the three SNe, compared with the SNe
2006tf [31], 2007bi [13, 42] and 2008es [14, 22).



5.3. Photometry 139

5.3 Photometry

The UBV RI light curves of SNe 2007bt, 2007bw and 2008fz are plotted in ab-
solute magnitudes with respect to their estimated dates of explosion in Figs.5.7,
5.8 and 5.9, respectively.

With an absolute R-band magnitude of —21.79, SN 2008fz is the third
brightest SN ever discovered, after SN 2005ap, which reached My ~ —22.7
[27], and SN 2008es, with a peak at My ~ —22.31 [14, 22];. However, the K-
correction was not computed for the SNe 2008es and 2005ap. Therefore, these
SNe could be fainter at peak by a factor Kg < —0.4 during the first ~50 days.

The measured brightest magnitude of SN 2007bw is Mg ~ —21.22, whereas
it is Mg ~ —20.66 for SN 2007bt, but the peaks may have been reached earlier.

A plot presenting the early R-band light curve evolution of the brightest
known SNe is presented in Fig.5.11.

It is evident that SNe 2007bt and 2007bw follow a common luminosity decay
rate, which is linear in all bands until late phases. Both events display a decay
rate close to one magnitude per 100 days in all bands during the first ~150 days.
In particular, y= 1.14, 0.85, 0.98, 0.95 and 1.04 mag (100 days)~! for the U,
B, V., R and I bands, respectively, for SN 2007bt, whereas v= 1.29, 0.99, 0.97,
1.18 and 0.82 mag (100 days)~! for the U, B, V, R and I bands, respectively,
for SN 2007bw. Thereafter, the optical observations were interrupted while the
two transients passed behind the Sun. This luminosity decrease rate matches
that from the decay of **Co, v ~ 0.98 mag (100 days)~!. It can be noted that
the same decay rate was found for SN 2006tf for days <173 [33].

At late phases (> 300 days) the estimated magnitudes of SNe 2007bt and
2007bw are attached with larger error bars, mainly due to the faintness of the
objects and their apparent proximity to their host-galaxy nuclei.

Though less bright, the light curves of 2007bt have the same decline rate at
days 2400 in the BV RI bands maintain the same decline rate as in the early
phases, with an uncertainty of +0.4.

Also in the case of SN 2007bw the early decline rate is consistent with the
supposed decay rate during Solar occultation within 10%.

For SN 2008fz the UBV RI light curves are presented until phase ~457
days (Fig.5.9). The light curve evolution is significantly different from that
of the linearly-decaying SNe 2007bt and 2007bw. If the early unfiltered and
SDSS-filter r and 7 magnitudes from Drake et al. [8] are taken into account,
a rather smooth light-curve peak emerges. The light curve reaches a maxi-
mum at an epoch very close to our first Johnson-Cousin-filtered data point,
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i. e. at about day ~50 in both R and I (see inset in Fig.5.9). The very
slow luminosity decrease in the early light curve also for the bluer pass-bands
(7B ~ 0.59mag (100 days)~! between day 30 and 50) is consistent with a sce-
nario where also these pass-bands reached a maximum close to that deduced
for R and I. After day ~70 the light curve sets on a faster decline in all bands,
y=4.9, 3.6, 2.5, 1.8 and 0.78 mag (100 days)~! for the U, B, V, R and I bands,
respectively. The two R-band epochs at late-times are consistent with the early
decline within v ~ 40.05. Instead, the I luminosity seems to drop faster after
400 days, though the error bars at these phases are larger. In general, given the
steep evolution of the light curve it can be claimed that the host-galaxy contri-
bution to the SN luminosity is negligible, especially at earlier times, being its
magnitude <24, in agreement with what suggested by Drake et al. [9].

The early color evolution (Fig.5.10) of SN 2008fz differs from the two other
VLSNe reported on in this paper. SN 2008fz is significantly bluer and evolves
much faster, very similar to SN 2008es. On the contrary, the sample composed
of SNe 2006tf, 2007bt and 2007bw shows almost no color evolution, staying at
(B — V)~0.5 mag for the first 5 months.

Finally, the pseudo-bolometric evolution in (U)BV RI for the three SNe is
presented in Fig.5.12, compared to SNe 2006tf, 2008es, 2006gy and 2007bi.

These bolometric light curves of the presented SNe underline some of the
afore-mentioned properties on the magnitude and color evolution, in which
SNe 2007bt and 2007bw follow the evolution of e.g., SN 2006tf, while SN
2008fz is very similar to SN 2008es. Note that much of the emission for SN
2008es emerges at even shorter wavelengths at early times, but the measured
SWIFT/UVOT magnitudes were not included in this plot to allow comparison
to the other SNe.

The pseudo-bolometric luminosity can also be a valuable indicator of the
amount of radioactive ®°Ni ejected in the SN explosion, under the assumption
that radioactive decay of *®Co into *°Fe is the main source of radiative energy.
In that case, the mass of ®*Ni can be approximated by a simple comparison
with the luminosity of SN 1987A, i.e. Msen;gn [Me] ~ 0.075 - Lsn/Lgnsra-

Neglecting any interaction with the circumstellar medium, I would thus de-
rive a Nickel mass of ~ 3£ 0.5 Mg for SN 2007bt and ~ 10+ 2 Mg for SN
2007bw.%. In the extreme case of considering the discovery epoch as the explo-
sion date, these values would decrease to ~ 2.6 £ 0.5 Mg and ~ 9.5 £ 0.5 Mg,
respectively. I will therefore consider such values as lower limits to the amount
of ejected ®°Ni .

4The relatively large uncertainty is due to the offset in luminosity between the early and
the late-times luminosity of the bolometric light curve
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Figure 5.11— Absolute R-band light-curves of SNe 2007bt, 2007bw and 2008fz compared
with SNe 2005gj [26], 2006tf [31], 2008es [14, 22], SN 2005ap ( [27], unfiltered magnitudes)
and 2007bi [13, 42).

Although such high amounts of Nickel has never before been unequivocally
measured for any core-collapse supernova, they can not a priori be excluded.
However, for these SNe other feasible source of radiative energy should be con-
sidered.

For SN 2008fz the light curve declines more steeply than 56Co, which make
the hypothesis of radioactive decay sustaining the light curve peak less feasible
than in the two other cases. However, it cannot be excluded the assumption of
dust formation in the ejecta, which, as in the case of SN 2006gy, would absorb
the optical radiation and re-emit in the NIR range. This would increase the
late-times luminosity and consequently the amount of ejected Ni. Note that
a 99Co-like decay of the nebular luminosity has been frequently observed in IIL
SNe (e.g., SN 1979C, [11]). Therefore, I am forced to consider the estimate of
the Ni mass calculated from the last epoch, i.e. ~ 1 Mg as a lower limit.
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Figure 5.12— The UBV RI pseudo-bolometric evolution of SNe 2007bt (purple circles),
2007bw (red diamonds) and 2008fz (blue squares, including also unfiltered magnitudes) com-
pared to pseudo-bolometric light-curves SNe 2008es (U BV RI+unfiltered magnitudes and up-
per limits, from [22] and [14]) 2006tf (BV RI from [31]) and SN 2006gy (BV RI from [34] [1]
and [18]), 2007bi ((BV RI from [13, 42] plotted since explosion epoch. For SN 2006gy the point
at 364 days has been computed with the magnitudes measured by Kawabata et al. [18]. The
light curves of SNe 2007bw, 2008es, 2008fz and 2007bi have been corrected for cosmological
time-dilation effect.
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5.4 Spectroscopy

The spectral sequences of SNe 2007bt, 2007bw and 2008fz are shown in Figs.5.13,
5.15 and 5.19. The displayed spectra are all flux-calibrated using the photom-
etry, and have been corrected for (Galactic) extinction and redshift. For each
SN, the evolution of the velocities at zero intensity of the Ha and HS lines are
also presented in Figs 5.14, 5.16 and 5.20.

5.4.1 SN 2007bt

The spectra of SN 2007bt are characterized by a slow evolution both of the
continuum and of the emission lines. This is consistent with the very slow color
evolution as derived from the photometry. A black-body fit of the continuum
gives T~6450+400 K for the spectrum on day 101. The temperature can be
considered nearly constant, within the error bars, from the first to the fourth
spectrum (day 134).

Generally, the sequence resemble the spectra of normal Type IT SNe, show-
ing broad emission of Balmer lines, hints of He I at A5876 and A7065 and an
intense Ca II triplet at AAA8498-8542-8662, likely blended with O I at \8446.
Unlike for most Type IIn SNe, faint narrow lines are visible only on top of the
Ha and HS lines (Fig.5.14). In particular, the profile of Ha shows a narrow
component with a velocity FWHM of ~ 320kms~!, which however is at the
limit of the resolution on the WHT-R158R spectrum and therefore cannot be
indicative.

The emission line profile of Ha is clearly asymmetric at the first epoch,
showing a more intense emission in the blue wing than on the red side. The
latter, however, extends to larger velocities, i.e. v, ~ 13000kms™' at zero in-
tensity. With time the contrast between the amplitude of the blue and red wing
becomes less pronounced and the line turns into a more symmetrical profile.

By day ~134 the velocity at zero intensity on the red wing of Ha is -
Vs ~ 12000 km s~!. This is a bit higher than what was measured in SN 2006tf
for the broadest Ha component by Smith et al. (2008b) [31], i.e. ~ 7500 km s~!
which however was measured on the blue wing of the line. It is also larger than
the velocity inferred for Hafor the luminous SN 2008es, for which v,; ~ 9000 kms—!
[22].

The same profile and velocity evolution as for Ha can be inferred for the H3
line. The Ha/HS flux-ratio is ~1.3 during the first ~140 days, meaning that
the collisional process are likely dominating in the formation of the line [24].
Furthermore, the profile of Hf is characterized by a narrow component showing
a P-Cygni, already visible in the day 38 spectrum. Its velocity deduced by the
minimum resolved in the WHT-R300B spectra, being ~ 330kms~!. This is
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Figure 5.13— Top: Spectroscopic evolution of SN 2007bt from ~38 to ~496 past explosion.
The spectra are in the host galaxy rest-frame, and are corrected for extinction assuming
E(B—V)=0.03 mag. On the left side of the spectra are indicated the phases since explosion;
on the right side, the numbers refer to the flux shift.
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Figure 5.14— Velocity time-evolution of Ha and HB for SN 2007bt.

the same velocity as the FWHM of the narrow emission atop of Ha, and can
be interpreted as the velocity of the unshocked, slow-moving wind around the
exploding star.

The last spectrum (day ~496) reports only a weak (i.e., about 1/20 of the
flux on day 134) Ha line with v, ~ 3300 kms~1.

In general, the form and evolution of the continuum, as well the relative
intensity of the emission lines of SN 2007bt is remarkably similar to that of
SN 2006tf; though the latter apparent showed much more prominent narrow
Balmer lines, the absolute luminosity of Hais about 1/2 of SN 2007bt (Fig.5.17,
lower panel).

5.4.2 SN 2007bw

The spectral sequence of SN 2007bw is shown in Fig.5.15. The larger distance
and a strong background make the signal-to-noise ratio somewhat lower for the
spectra of this supernova. There are strong signs of host-galaxy contamination,
as evident from the narrow emission lines of [O II] A3727 and [O III] A\4959,
5007. Given the proximity to the host galaxy nucleus, it is likely that the
narrow Balmer lines may also be partially due to the emission from an HII
region. Differences in the seeing or in the centering of the slit could cause some
of the extemporal variation of the flux in the narrow Ha and in the [O II] line.
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Figure 5.15— Spectroscopic evolution of SN 2007bw from day ~49 until day~468 since ex-
plosion, in the host galaxy rest-frame, corrected for extinction assuming E(B—V)=0.05 and
normalized to the photometry. On the left side of the spectra are indicated the phases since
explosion.
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Figure 5.16— Velocity time-evolution of Ha and HB for SN 2007bw at four representative
phases.

The narrow Ha component is unfortunately unresolved. Unlike SN 2007bt, the
narrow component is not present on HJ, and the Ha/HS flux-ratio is much
higher at the first epochs, being ~8 at day 49 and decreasing to ~6 by day 112.

The black-body temperature decreases slowly as in SN 2007bt, though start-
ing from a slightly higher value, i.e. T= 7000£300 K by day 49. Differently
from SN 2007bt there is neither hint of Ca II at late times, nor evident signs
of He. Lines of the Fe group are likely dominating the blue side of the spectral
sequence.

A velocity at zero intensity of ~ 12000kms~! is measured on red end of
the Ha emission, showing no evident deceleration between day 49 and day 163.
Interestingly, the asymmetric structure of the early line profile of Ha found
for SN 2007bt is evident also in SN 2007bw: the intermediate-velocity red
wing is much less intense than the blue one, but the red wing of the broadest
component reaches higher velocities at zero-intensity (v,ireq ~ 13000 km sfl)
This is evident especially on day 49 (Fig. 5.18) after which the line becomes
more and more symmetric with time. The spectrum on day 468 still do show
this peculiarity, even though the velocity has slowed down to v,; ~ 5000 kms™!,
but given the residual of the telluric absorption it is difficult to estimate the
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Figure 5.17— Evolution of the velocity (upper panel) and of the luminosity (lower panel) of
Ha during the first ~150 days. The velocity has been calculated at the zero intensity of the
red wing of the emission line.

exact extension of the broad red wing.

5.4.3 SN 2008fz

The spectral sequence of SN 2008fz from day ~49 until day ~155 is shown in
Fig.5.19.

Also shown is the newly-extracted and calibrated spectrum acquired by the
group of Eric Hsiao on September 23rd, 2008 that was claimed to belong to
type Ic SN [15]. Evidently this spectrum does not show any typical feature of
a stripped-envelope SN, and it is rather consistent with the early spectra of IIn
SNe, presenting a blue continuum on which a weak Hf line emerges. This is in
agreement with the description of the spectrum of Mahabal et al. [21] acquired
about one week later. It is interesting to note that a featureless, blue continuum
is shown also in the earliest spectrum of the VLSN 2008fz [22].

In general the spectral evolution of SN 2008fz are substantially different
compared to those of the other two luminous SNe. At early times (< 100 days)
the spectra are characterized by a very blue continuum with a rapidly decreas-
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Figure 5.18— Zoom on the Ha profile, centered at A 6562.8, at three representative phases.

ing black-body temperature, starting from Tpp ~ 14000 K on day ~33. By
day ~49 the spectrum displays only the Balmer serie emission lines, including
Ha, HB, Hy and HJ. As shown in Fig.5.20, the red wing of the Ha line ex-
tends to v, ~ 4800kms~! on the first epoch, reaching a nearly constant value
v, ~ 12000 km s~! in the following epochs. However, given the steepness of the
continuum it is difficult to clearly isolate the profile of the line. It is interesting
to note that in the spectrum by day ~329 presented by Drake et al. [9] still
does not show any significant deceleration.

The steepness of the blue continuum decreases rapidly with time and and
very broad lines develop in the blue, mostly belonging to the Fe group. They
could be responsible for the early blue excess, as pointed out by Immler et
al. [16] for SN 2006bo. As in SN 2007bw, no hints of Ca or O are detected in
the spectra. Also the HJ line remains very intense during the second and third
month, with a flux-ratio Ha/HB ~ 1.5, consistently with the ratio predicted by
the H recombination. Concerning he luminosity of Ha , the lower panel of Fig.
5.17 shows that it nearly doubles its values between the first and the second
epoch (day 49 and day 77), reaching SNe 2007bt and 2007bw; however, contrary
to these, it also appears to decline fast after day ~99.

For the overall spectral appearance I can also note a remarkable similar-
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Figure 5.19— Spectroscopic evolution of SN 2008fz from ~49 days to ~155 days since explo-
sion in the host galaxy rest-frame, corrected for extinction assuming E(B—V)=0.05. On the
left side of the spectra the phases since explosion are indicated.
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Figure 5.20— Velocity time-evolution of Ha and HS for SN 2008fz at some representative
phases.

ity with SN 2008es (see also Fig.5.22). Though the latter was less H-rich at
discovery and early phases (cf. [22]), the two events are similar in terms of
the form of the continuum, the composition and strength of the emission lines.
However, SN 2008fz evolved more slowly at early times, maintaining a blue
continuum for a longer time. This is in accordance with the similarity found
for the photometric evolution.

5.5 Discussion

I have presented a photometric and spectroscopic study of three core-collapse
supernovae, that are among the most luminous supernovae ever discovered. I
have highlighted analogies and differences among each other and with respect
to some SNe from the sample of VLSNe from the literature.

Photometrically, I have shown that the light curves of SNe 2007bt and
2007bw are substantially different from that of SN 2008z, evolving more slowly,
being redder at the earlier phases and decaying with a rate consistent with that
predicted by the radioactive decay of 5Co. Interestingly, a similar luminosity
decay was measured also for type IIn SN 2006tf [31] and for type Ic SN 2007bi,
that was claimed to be the first pair-instability SN [13]. Also the spectral
appearance of SNe 2007bt, 2007bw and 2006tf presents many common features,
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Figure 5.21— Temporal evolution of the black-body radius for the three VLSNe derived with
the black-body temperature measured from the spectra.

being characterized by a slow evolution, dominated by Balmer lines.

On the other hand SN 2008fz is very similar to SN 2008es [14, 22]. Indeed
the fast luminosity decrease of SN 2008fz is not typical of SNe Type IIn (as it
was classified), for which the interaction with a relatively dense circumstellar
medium is supposed to sustain the luminosity of the SN up to late phases,
making the luminosity decay rate much slower than the radioactive 5Co decay
(e.g., SN 19887, [39], but see also events like SN 1994W, [36]). Its fast early
decline is rather more reminiscent of SNe Type IIL, such as SN 1990K [6] or
SN 1979C [25]. We note that among the VLSNe, also SN 2008es and the most
luminous SN 2005ap can be considered Type IIL events. As it is expected from
IIL SNe, the spectral evolution changes very rapidly, both in the continuum
and in the emission lines, starting from high temperatures (T ~ 12000 K for
SN 2008fz). However, SN 2008fz was classified as a IIn on the basis of the
presence of a narrow line atop Ha. Though it is not resolved, it is evident that
a narrow line is present on this line also at later phases, implying the presence
of an undisturbed, emitting CSM around the progenitor star.

Spectroscopically the three events are characterized by high-velocity, slowly-
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Figure 5.22— Comparison between spectra of the SNe 2007bt, 2007bw, and 2008fz at similar
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decelerating emission lines, which can be as large as ~ 12000 kms~!. For SNe
2007bt and 2007bw the Balmer lines are dominating over the continuum. More-
over, both events share a common asymmetry in the profile of Ha, which slowly
weakens with time. Such a complexity in the line profile was also seen in the
spectra of SN 2007rt, a Type IIn SN [37]. The spectra of the latter are sup-
posed to be at a later phase (> 100days) than SNe 2007bt and 2007bw, but
there are significant uncertainties in the estimate of the explosion epoch. Also
for SN 2007rt the line profile became progressively more symmetric with time,
and showed no signs of asymmetry by day 475. Trundle et al. [37] interpreted
the line asymmetry in that supernova as either due to dust formation in the
expanding ejecta or to the presence of an asymmetric/bipolar outflow. In SN
2008fz the Ha emission has a rather triangular profile, presenting quite broad,
flat wings. It is interesting to note that these can be well-fitted by a Lorentzian
profile of FWHM~ 7100 kms~! as was done by Smith et al. (2009) [33] for the
earliest spectrum of SN 2006gy, as well as by Leonard et al. [20] and Chugai [7]
for SN 1998S. Such a profile was interpreted by these authors in terms of an in-
trinsically narrow emission line, broadened by thermal electron-scattering phe-
nomena in an opaque shell.

In the Sections 5.2.1 and 5.2.2. I have also pointed out the uncertainties
related to the age of the three SNe, which hamper our data interpretation,
especially for the two slowly evolving SNe from 2007. Unfortunately, the time
interval between pre-discovery and discovery is too large to put a tight constrain
on the explosion epoch. As a consequence, the absolute luminosity at a given
phase and the ejected *°Ni quantity could have been much larger. The values
for the °°Ni mass that were derived in Section 6.3 are only lower limits. We
note that the problem of the aging was also addressed by Smith et al. [31] for
SN 2006tf.

For SN 2008fz the aging was accomplished thanks to an evident photometric
and spectroscopic similarity with SNe 2008es and SN 2006gy (5.4). As previ-
ously mentioned, this can provide us a precious link on the data interpretation.
For this event the hypothesis of radioactive decay sustaining the luminosity at
maximum seems unlikely, given the steep decaying light curve. A much lower
quantity, in the order of 1 Mg would be required to explain the late-times data,
excluding the presence of dust formation absorbing the optical emission. In
general, the emission of the internal energy which is produced by the shock in
a typical core-collapse SN produce a maximum luminosity which lower than
that of SN 2008fz by a factor 2. Therefore, the only plausible way to explain
the brightness of the peak of SN 2008fz is to admit the presence of interaction
phenomena.

On this issue the early evolution of the black-body radius can be helpful. In
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Fig. 5.21 we show the evolution of the black-body radius in the first ~5 months
for the three discussed supernovae. As expected, in all cases the high luminosity
and the evolution of the black body temperature derived from the spectra favor
a scenario with an initial radius Rg > 10'%cm, i.e. much larger than a standard
RSG radius. Interestingly, the black-body radius of SN 2008fz seems to be
increasing up rapidly, contrary to SNe 2007bt and 2007bw. A qualitatively
and quantitatively similar evolution has been derived also by Gezari et al. [14]
for SN 2008es. Given the extremely large values, it is natural to consider
such radii as the radii of an unbound, emitting shell of dense CSM rather
than those of the ejecta. We can also assume that the shell is moving fast, at
about ~ 12000kms~!, as the highest velocity derived from the spectra. This
is possible if we admit that (i) the shell has been efficiently accelerated, likely
by the impact of a SN ejecta; (i) the mass of the shell was not extremely high.
Indeed, both the spectral appearance, the velocity and radius evolution and
the derived light curve are consistent with this hypothesis; a further confirm
is represented by the evident spectroscopic similarity between SN 2006gy and
SN 2008fz, as pointed out by Drake et al. [9]. In fact, we expect the shell to
emit thanks to the conversion of kinetic energy into radiation produced after
the collision by an energetic SN ejecta, just as it was supposed for SN 2006gy.

Soon after the collision, the shell is efficiently warmed up and accelerated
by the high-velocity SN ejecta. Given the moderately small mass, the shell
is brought to high temperatures - higher than in SN 2006gy - and the H is
completely ionized. The spectrum is therefore a blue, featureless continuum.
This is consistent with the early spectrum of SN 2008es [22]. As soon as the
temperature decreases the H in the shell starts to recombine, so that the Balmer
lines appear. Also, the shell suffers an acceleration by the ejecta, and by day
~49 it moves at ~ 4300kms~!. At this phase the spectrum of SN 2008fz
clearly resembles that of SN 2006gy, which also illustrates a scenario in which
a shell has just been hit by an energetic SN ejecta (cf. Chapter 4). With
time the velocity of the shell increases until it reaches a nearly constant value
v~ 12000kms~!. Given the yet high opacity of the shell, the SN core with the
heavier elements are obscured. Besides the Balmer lines, only the easily-ionized
Fe lines are formed. Because of the relatively small mass in the shell, the photon
diffusion time is smaller than that calculated for SN 2006gy, and the radiated
energy plummets rapidly, before recombination takes place. At late times (day
~329) the velocity at zero intensity of the Ha emission line is still comparable
to the early phases (spectrum by Drake et al. 2009 [9]). However, no other
emission is present. This may indicate that the SN is interacting with a dense,
H-rich CSM, which obscures the emission by other lines.

For a shell of mass Mgpen, radius R ~ 2 x 10cm, thickness AR, and op-
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tical depth 7, the maximum light will occur when the diffusion time, tqig
~ 3ART7/c, is comparable to the dynamical time, tqyn, ~ AR/v. This gives
the optical depth at maximum light, Tmax ~ ¢/3vpn ~ 8.3, neglecting any dif-
ferences between the photospheric velocity and the mean ejecta velocity. Since
Mg, ~ 47TR27'max/k, the mass of the shell would be about 0.5 My , with k = 0.4
absorption coefficient for the electron scattering. The peak luminosity would be
L~ MshellVghot/tmax ~ 3.5 x 10*erg for tymax ~ 4.3 x 10%s, with tmayx the time
of maximum luminosity, i.e. 4.3 x 10%. The result is roughly consistent with
the observations.

Note that, in our opinion, a fundamental difference with SN 2006gy lies
in the interpretation of the high-velocity features in the spectra. Also for SN
2006gy we detected constant, broad lines at FWHM ~ 9000kms~—'. However,
as discussed in the previous chapter, such velocities have to be attributed to the
SN ejecta, which are not obscured by the massive clumps around the exploding
star. This allows us to interpret the long, rising branch of the light curve of SN
2006gy as the expansion of a compact progenitor. Instead, in the case of SN
2008fz the spectroscopic fast-velocity lines are attributed to the shell which can
be promptly accelerated given its modest mass. The ejecta are obscured because
they lie behind the clumps; for this reason we can never detect the emission
produced by the intermediate elements. Moreover, an evident, isolated broad
component of the Ha emission line is never observed in SN 2008fz, as it is
instead, in SN 2006gy.

A very similar scenario has been proposed also by Miller et al. [22] for SN
2008es and by Quimby et al. [27] for SN 2005ap even, if the latter did not
detect any narrow lines in the spectra as a proof for the high-velocity CSM
surrounding the star. Miller et al. (2009) calculate that a shocked-shell with a
mass in the order of 5 Mg can account for the SN luminosity. This is roughly
consistent with what was found for SN 2008fz.

Instead, Gezari et al. [14] favor for SN 2008es the model of Blinnikov &
Bartunov [4] for linear decaying supernovae, which predicts that a RSG star
with an extended structure (~ 6000 Rg), a small H mass and a dense superwind
(up to 1073Mg yr~!) can reproduce a linearly decaying light curve with a peak
up to —22. However, this model fails to explain the derived expansion of the
black-body radius, as well as the presence of high-velocity emission lines.

For the SNe 2007bt and 2007bw the data interpretation is complicated by
the uncertainty on the SN age. In Figure 5.22 we compare the spectra of SNe
2007bt, 2007bw, 2008es and 2008fz at a similar phase. This comparison shows
that, though with a different apparent intensity in the Ha , these SNe present
some features in common, like the form of the continuum, the velocity of the
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Figure 5.23— Illustration of the components of SN 2006tf at about 60 days after discovery,
during the decline from the main light-curve peak (Figure from [31]). The primary feature is
the massive post-shock shell of gas, composed of the swept-up opaque pre-SN envelope around
the star ejected in the decade before core collapse. Most of the mass is in the cold dense shell
(CDS), bounded by the forward shock (FS) and the reverse shock (RS). This shell expands at
constant speed into the preshock CSM. The interior of the shell is filled by freely expanding
SN ejecta. A second photosphere, marked with 72”7, is in the SN ejecta; it is fainter than the
main photosphere and can only be seen if the main shell thins or develops clumps as time
proceeds

Ha line and the emissions in the blue. This may hint to a similar kinematic
and composition of the expanding layers. These similarities may indicate that
also the two 2007 SNe may have an origin similar to SN 2008fz. On the other
hand, we have to remind that their luminosity remains higher than SN 2008{z
for a longer time; furthermore, spectroscopically they nearly show any other
emission lines besides the Balmer lines, even at ~160 days, when SN 20081z
and SN 2006gy did show the presence of broad lines in the bluer part of the
spectra, mainly attributed to Fe and Sc [32].

Excluding for a moment the role of the ejected *°Ni for these two SNe, we
can invoke a similar luminosity powering mechanism as in SN 2008fz, e.g., an
emission by a shocked shell, reviewing some aspects. In the case of SN 2007bt
and 2007bw we expect that the mass of the shocked shell is higher than in SN
2008fz and in SN 2006gy because of slower luminosity decline. Indeed, with
the model proposed by Smith & Mec Cray [35], Smith et al. [31] explain the
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data of SN 2006tf assuming an ejecta-interaction with a H-rich, clumpy shell of
about 18 Mg, of H, ejected 4-8 years before the explosion. The shell is supposed
to be moving at ~ 2000kms™!, as the velocity inferred from the intermediate
component of the Haline. The high velocity features at FWHM ~ 7500 kms~*
are supposed to originate in the SN ejecta behind the shell that have been not
reached by the reverse shock, and that are visible to us through the clumps
that compose the shell (Fig.6.1). The clumps also allow a gradual radiation
emission leakage, so that the SN shock exits the shell into a less dense medium
with a certain distribution of timescales.

Given the photometric and spectroscopic strong similarities that we have
highlighted in Section 5.3, 5.4.1 and 5.4.2, this scenario could explain reason-
ably well the observational data of the SNe 2007bt and 2007bw. However, the
stressed asymmetry in the early profile of Ha (Fig.5.18) lead us to favor an
asymmetric distribution of the CSM, not covering the whole SN solid angle,
but likely only half of it. In Fig. 5.24 we show a geometric configuration of the
SN+CSM which could possibly explain the peculiar line profile. Most of the
CSM is located in a massive , clumpy CSM which lies directly on the line of
sight of the observer. After the SN explosion, the CSM is reached by the SN
ejecta and, after a photon-diffusion time-scale it starts to emit. Contrary to SN
2008fz, for the SN 2007bt and 2007bw the massive CSM is not set into a high-
velocity motion because of its much larger mass. Moreover, since the CSM is
clumpy, at early times the observer can detect both the emission caused by the
approaching shell and by the underlying approaching ejecta, which have been
decelerated by the impact on the massive CSM. These 2 components are seen in
the intermediate and large component on the blue wing of the Ha line. On the
contrary, in our scenario the ejecta which are receding from the observer have
not been efficiently decelerated, likely because the CSM in that region is less
dense. This produces a broad emission on the red wing of the Ha line, which
is broader than that on the blue wing. Instead, the emission produced by the
receding shocked region at early times is not detected by the observer. This
is probably to be attributed to the high opacity of the intra-clumpy medium
which lies in front of him; only when the latter expands and becomes more rar-
ified the emission produced by the receding shocked region starts to be visible.
The decrement of the Hameasured for the late times spectra could be explained
in terms of a deceleration of the slow expanding CSM, as a result of a strong
increase of swept-up CSM mass during the expansion. Moreover, the absence
of other strong emission lines besides the Balmer lines in the spectra could be
prevented by the high opacity of the intra-clumps region.

Note that, though it may initially appear ”ad-hoc”, the configuration with
a massive ejection only on one side of the SN could be more than reasonable
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if we consider the effect of binarity in massive stars, that ware introduced in
Chapter 2, Sec.2.5. In fact, the massive clump could result from the mass-loss
on the SN-progenitor induced by a companion star, or it could be directly shed
by the companion star itself. In the latter case we do expect that from a certain
view angle the observer could detect the SN emission throughout the CSM of
the companion.

Of course, the luminosity Co-like decay observed for the three slow evolv-
ing SNe 2006tf, 2007bt and 2007bw is highly remarkable. For this reason we
can not exclude that these events are mainly powered by the radioactive decay.
Interestingly, for a very large ejected 5°Ni quantity (e.g., > 10 Mg) it may be
possible that the ejecta are at least in part ionized by radioactive heating and
that they would then be opaque even in the optical bands at late phases. In
fact, for a very extended star the dynamical time would be larger than the
decay time of Co, which, in turn, would make the radioactive decay the domi-
nant process, determining the shape of the light curve. This could explain the
absence of emission by any other element besides H in the spectra. Moreover,
the continuum observed in the spectrum at phase ~38 days of SN 2007bt would
be interpreted as a consequence of a phase of recombination of the ejecta.

However, to produce >10 Mg of 5Niwe had to require a non-standard
explosion mechanism, as the explosion via pair-production. Such an explosion
is predicted to produce a short luminosity peak, followed by a Co-like decay [29],
as it is observed in SN 2007bi by Gal-Yam et al (2009) [13] and by Young et
al. (2009) [42]. The fact that we did not observe any peak in the light curves
of the SNe 2007bt, 2007bw and 2006tf may simply mean that we have observed
them too late.

5.6 Conclusions

Though some uncertainty still exists, we have explained the observational data
of the three VLSNe in terms of a scenario which presents some analogies to that
proposed for SN 2006gy (being supported by a spectroscopic match, cf. Fig.5.4).
It is based on the conversion of kinetic energy into radiation inside an opaque
CSM, which is reached by an energetic SN shock. The emission mechanism is
therefore photon diffusion in a massive CSM, rather than optically thin emission
in a standard ejecta-CSM interaction. In fact, narrow lines are nearly (always)
present (cf. SN 2008es). The emission originates in an over-heated, accelerated
shell whose main component, H, is initially ionized. The emission time-scale
follows the photon diffusion time-scale, which increases proportionally to the
mass of the shell. The (clumpy) structure and the geometric configuration of
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decelerated

Observer

- density CSM region

Figure 5.24— Schematic cartoon of the SN+CSM configuration which may explain the asym-
metry of the profile of Ha identified in the early spectra of SNe 2007bt and 2007bw: an
intermediate component on the blue wing which has no counterpart on the red side, and a
blue broad component which is less broad than its counterpart on the red side. In this scenario,
a massive, clumpy medium is located on the line of sight of the observer. This is responsible
for the decelerations of the approaching ejecta; the observer can detect the ejecta because the
medium is clumpy. On the contrary the receding ejecta, which are still well detectable, are
not (or to a less extent) decelerated, likely because they encounter a less dense medium (the
black arrows denote the vectors of the velocity). At early phases the approaching emission by
the shocked CSM is well visible; instead, the high opacity of the massive CSM prevents the
detection of the photons emitted by the shocked, lower density CSM, which are receding from
the observer. However, with the expansion and rarefaction of the CSM this effect decreases
and the Ha line becomes more and more symmetric.
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the CSM have turned out to be important parameters, which we have linked to
the spectral composition of the ejecta and to the lines’ profiles.

Concerning the progenitor, we have some arguments to claim that the ex-
plosions of SNe 2007bt, 2007bw and 2008fz must originate from massive stars,
which likely experience strong mass-loss before they explode. These arguments
include: (i) the fast CSM-wind derived for SN 2007bt (Section 5.4.1); (%) the
energetic of these events, much higher than that of a standard SN values. In
the massive star+shell, one further argument regards the energy which has to
be transferred to the SN ejecta to be able to accelerate a massive, compact
CSM to ~12000 kms~!.

Indeed, a luminous stellar outburst because of ejecta4+opaque shell impact
may originate in many different ways from the late time evolution of massive
stars [32, 41, 43]. A discussion about the possible progenitors of VLSNe will be
addressed in the next Chapter.
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CHAPTER O

Conclusions

In this last Chapter | will extend the discussion to the whole sample of known
VLSNe. | will first discuss their general properties; secondly | will review the feau-
tures characterizing every single object and summarize the evolution scenario that
was proposed for it by the different authors. Finally | will present the hypothesis
that were suggested to explain the nature of VLSNe, discussing which aspects are
more/less likely. In the last Section | will draw the conclusions.

6.1 General properties of VLSNe

As mentioned in the previous Chapter, the number of detections of SN events
with exceptional high luminosity at maximum has remarkably increased in the
last 4 years. A complete, current list of known VLSNe is reported in Table 6.1.
The most frequent SN type is evidently IIn and Ic; however, included in the
list are also the transients discovered by the PTF (Palomar Transient Factory)
whose SN type has not been clarified yet. Also a number of very recent objects
with high brightness at discovery or at maximum®, for which no detailed study
yet exists, can be treated as VLSNe and have been also included in the list.

By looking at the general properties listed in the Table, some interesting
features emerge.

!The light curves of the transients discovered by the Catalina Transient Survey are public
and accessible online at http://nesssi.cacr.caltech.edu/catalina/AIISN.html.
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First, as found for SNe 2007bt and 2007bw (cf. Chapter 5), the VLSNe
apparently do not suffer of internal extinction. An exception is SN 2006gy
which, instead, is highly reddened, being E(B-V)~0.55 (or even E(B-V)~0.75
from the comparison with SN 2008fz). On this issue, in order to homogenize
the sample Drake et al. [13] suggested the possibility that SN 2006gy may have
originated in an orbiting, low-metalicity dwarf galaxy lying behind NGC 1260.
This would make the absolute luminosity of SN 2006gy even higher.

Secondly, VLSNe are mostly discovered in low-luminosity galazies. This
could be partially due to a selection effect of the SN searches, which are more
efficient at discovering supernovae that are more luminous than their hosts;
therefore, the detection is biased toward the brightest SNe and SNe in very
faint galaxies.

Concerning their environment, for many cases the relatively high distance of
VLSNe has prevented to derive constraints on the the host-galaxy morphology
and characterization. For the PTF transients and for SN 2008{z the host-galaxy
has been not even detected.

However, on the basis of the available information it could be claimed that
the explosion sites of VLSNe are preferably irregular or dwarf galaxies. This is
interesting as such low-mass galaxies tend to have low metallicity [17, 50] which
may lead to more massive envelopes at the time of explosion, and are also the
preferred environment in which hypernovae are found [18, 25, 43].

6.2 Discovery, rate & future of the VLSNe

The relatively high number of detections in the last 4-5 years naturally raises
the questions ” Why did the number of VLSNe suddenly increased”, and ” How
have these events gone undetected until now?”

To answer these questions we must account for the different strategies
and aims with which past surveys have observed the sky. Past surveys have
been mainly concentrated on areas of tens to hundreds of square degrees and
have typically searched for specific types of astronomical transients such as mi-
crolensing (MACHO, [3]; OGLE, [52]; EROS, [6]), gamma-ray burst afterglows
(ROTSE, [2]), and SNe (LOSS & SDSS for type Ia SNe). Deep surveys for vari-
ability have been carried out over small areas (< 25 deg?) by the Subaru/XMM-
Newton Deep Survey (SXDS, [36]), the Deep Lensing Survey (DLS, [7]), and
the Faint Sky Variability Survey (FSVS, [28]) whereas large-area surveys, such
as the Sloan Digital Sky Survey (SDSS, [56]), the Two Micron All Sky Survey
(2MASS, [45]), and the Galaxy Evolution Explorer Survey (GALEX, [33]) have
generally not been synoptic. In the SN field, the search has been focused on
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nearby objects. Projects like the LOSS ( [16]), the Nearly SN Factory [4], or
the Chilean Automatic Supernova Search (CHASE) [38] have mostly looked for
low-z SNe clearly associated with large, bright, galazxies.

Only in the last few years the search area has been enlarged to cover wider
regions of sky. Current wide-field transient surveys include the Robotic Optical
Transient Search Experiment (ROTSE-IIL; daily covering 1260 deg? to R <
17.5, [2]), and the All Sky Automated Survey (ASAS-3; covering 30,000 deg? to
V < 13.5 during the year, [39]). Furthermore, modern surveys like the Catalina
Real Time Survey (CRTS, Drake et al. 2009a, 26000 deg?) have covered the sky
irrespective of potential transient targets. As a consequence, the detection of
bright events, especially in faint galaxies, has been favored. The large volume
monitored (roughly matching the total, past narrow-field, CCD surveys which
targeted known galaxies), the high completeness of the sample resulting from a
tight cadence and ability to work in the cores of galaxies, along with prompt high
S/N spectroscopic follow-up, have made these surveys succesful in discoverying
VLSNe.

According to the Padova Asiago SN Catalogue about 722 core-collapse su-
pernovae have been discovered in the last 5 years (2005-2009). Among these,
~14 are VLSNe of the Ic, IIn or IIL (from Table 6.1, excluding the transients
discovered by PTF). This means that ~2 % of CCSNe are VLSNe. The bright-
ness of VLSNe is about 10 times higher than a typical CCSN. Being on average
a factor of 10 brighter implies that in a magnitude-limited search they would
be detectable in a volume larger by a factor of 103/2 ~ 32 (since volume o 13,
distance oc r=2). This result suggests that there is a large population of SNe
missed by many current SN surveys because they sample a much smaller area.
Concerning the absence of detections of VLSNe in the past, it may well be pos-
sible that there have been prior detections, but they have remained unpublished
mysteries. Quimby et al. [41] note that the blue colors, high peak luminosity,
and slow photometric evolution of the transient called PALS-1 [?], appears to
fit well with the sample.

Indeed, several future large experiments such as the Large Synoptical Sur-
vey Telescope (LSST; Ivezic et al. 2008), the Panoramic Survey Telescope and
Rapid Response System (PanSTARRS; Hodapp et al. 2004), and SkyMapper
(Keller et al. 2007), are set to make a major impact in the near future by
covering thousands of square degrees with targets ranging from distant SNe
to near-Earth asteroids. VLSNe will represent prime targets for high redshift
studies, where their broad light curve at maximum and their UV brightness will
make them visible for months to years in the observer frame, strongly interact-
ing with the surrounding environment and thus providing also an opportunity
to study the most primitive galaxies, independently from the current GRBs
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Figure 6.1— Visual-wavelength spectra of SN 2006tf on days 32, 41, 66, and 95, from Smith
et al. [46]. The day 64 spectrum (obtained for spectropolarimetry) is plotted in red several
times for comparison with the other epochs.

studies.

6.3 On the origin of VLSNe

In order to extend the discussion to a more general interpretation of the data
and possibly to shed light on the nature of the VLSNe it is helpful to review the
observational properties of the most studied VLSNe, as well as the scenarios
that were proposed by the different authors. I will exclude from the review SNe
2006gy, 2007bw and 2007bw, which have been deeply discussed in Chapters 4
and 5.

e SN 2005ap is currently the most luminous supernova recorded. The
spectra taken by Quimby et al. [40] about 3 days before and 6 days after
maximum light show narrow emission lines and absorption lines at a red-
shift of z = 0.2832 (Fig.6.2), which leads to a peak unfiltered magnitude
of —22.74+0.1. Broad P Cygni features corresponding to Ha, C III, N
III, and O III are detected with a photospheric velocity of 20000 km s~ .
The light curve indicates a 13 week rise to peak followed by a relatively
rapid decay, consistent with that of a IIL SN. The host galaxy is a dwarf
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Figure 6.2— Spectrum of SN 2005ap obtained with HET+LRS taken 3 days before maximum
light (black curve) and spectrum Keck LRIS data from 6 days after maximum light (gray
curve), both from Quimby et al. [40]. The left inset is a detail from the Keck spectra showing
three narrow absorption doublets that are identified as intervening Mg IT A2796, 2804 systems.
The upper inset shows the narrow Haand [O III] A5007 from the Keck data plotted in velocity
space.

galaxy 5 magnitudes fainter than the SN at maximum. To account for
the brightness of the event, Quimby et al. [40] discuss (for the first time
for a VLSN) the possibility that the luminosity arises in the collision of
the ejecta with a surrounding, perhaps dense, shell of circumstellar mat-
ter (with mass ~1.3 Mg ) shed by a wind or a process like an LBV mass
ejection. The hypothesis of a rapid spin-down of a magnetar [32] is also
discussed.

SN 2006tf is a IIn supernova and, like SNe 2007bt and 2007bw, it is
characterized by prominent Balmer lines on a relatively flat continuum at
~7000 K [46] (Fig.6.1). It is characterized by a slow photometric evolu-
tion, which declines by ~1 mag 100~ 'days. Narrow lines on Ha confirm
the presence of a high-velocity CSM (v ~ 190 kms~!). Trough a very
detailed analysis of line profiles Smith et al. [46] describe SN 2006tf as a
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Figure 6.3— Upper panel: Spectra of the 2005ap-like sample. From top to bottom: SN2005ap
on March 7 and again on March 16 (grey), PTF09cnd on August 25 (purple), PTF09cwl on
August 25 (blue), PTF09atu on July 20 (orange), and an average of all three SCPO6F6
spectra presented in ref. 9 (grey). Lower panel: luminosity evolution, in the rest frame u-
band of the SN2005ap-like sample. Shown are the SCPO6F6 transient (solid line), SN2005ap
(dash-dot line), PTF09atu (orange triangles), PTF09cnd (purple dots), and PTF09cwl (blue
squares) [41].
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transition supernova between two regimes: (1) a luminous Type IIn su-
pernova powered by emission directly from interaction with circumstellar
material, like SN 1994W [11] and (2) a more extreme luminous SN where
the CSM interaction is so optically thick that energy must diffuse out
from an opaque shocked shell [1, 47, 49]. With time the SN evolves from
the second to the first regime. The bulk of this luminosity is supposed
to originate from the thermalization of the ejecta impinging on a ~18
Mg shell of CSM that was emetted in the ~4-8 years before core collapse;
other 2-6 Mg are supposed to be emitted in the decade before that, and
are responsible of the presence of the narrow lines.

SN 2008es is defined a IIL SN [24, 35] because of the fast-evolving light
curves and the spectroscopic features which are common to SN 1979C
[15]. The light curve and the spectral appearance of this SN have been
discussed in the previous Chapter in terms of the similarities with SN
2008fz. Concerning the nature of this event, Miller et al. [35] favor the
hypothesis that the luminosity is powered by the interaction of the SN
blast-wave with a massive circumstellar shell (~5 Mg ) that was ejected
in an episodic eruption [49]. However on this issue Gezari et al. [24] argue
that the intermediate-width P-Cygni lines (at a few thousand kms™!)
which should be produced from the dense post-shock gas and the slow
escape of radiation due to photon diffusion of the thermal energy through
the opaque shell are not consistent with the broad, symmetric Ha line
emission, and relatively fast rise time of SN 2008es. They prefer a model
in which the large peak brightness is a consequence of the core collapse
of a progenitor star with a low-mass extended hydrogen envelope and
a stellar wind of 1073Mgyr—!, close to the upper limit of the mass-loss
rate measured from the lack of an X-ray detection by the Swift X-ray
Telescope.

for SN 2008fz a study has already been published by Drake et al. [13].
A light curve in V-magnitudes (converted from unfiltered magnitudes)
and three spectra are presented. The authors compare with the light
curve and the spectra of SN 2008fz to SN 2006gy; however, they take no
preferred position concerning the cause of the SN brightness.

SN 2007bi presents the spectroscopical features of type Ic SNe, with
an exceptional brightness at maximum and an unusual slow evolution
[21, 57] (Fig.6.4). The reason for this is still controversial; Gal Yam et
al. [21] calculate that the light curve of SN 2007bi fits well the evolution
expected for the explosion of a star with a He core mass of 100 Mg, .
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From the modeling of the nebular spectra they also show that of > 3 Mg
of radioactive **Ni was synthesized during the explosion. They argue that
the observations are well fitted by models of pair-instability supernovae,
and suggest for SN 2007bi a progenitor with a initial mass in the order
of 200 Mg, . Instead, Young et al. [57] consider both a PISN model and
an interpretation in terms of a massive (40-60 Mg ) iron-core-collapse
supernova of a C4+O star [53], slightly favoring the latter.

¢ PTF09atu, PTF09cnd, and PTF09cw are three unexplained, opti-
cal transients discovered by PTF [41], whose distance has been estimated
thanks to the narrow absorption features of the Mg IT AA2796, 2803 dou-
blet in the spectra; together with SCP 06F6 [22] they are currently the
most distant VLSNe known. They are characterized by an unprecedented
ultra-violet peak luminosity (—23) and by broad (~ 100 days), bell-like
light curves. Spectroscopically they present broad absorption dips toward
the blue end of the spectra, which are tentatively identified as O II, Mg II
and C II lines. Such absorptions had been found also in SN 2005ap. Lack-
ing any explanation for their exceptional brightness, Quimby et al. [41]
argue that both SN 2005ap and the four peculiar transients (i.e., the three
PTF transients and SCP 06F6 reveal the death throes of the most massive
stars, likely pulsational pair-instability outbursts.

In general, though some evident analogies exist, a unifying scenario which
can explain the observational diversity of all VLLSNe seems unlikely.

An appealing, simplifying hypothesis is that all VLSNe are linked to the
explosion of PISNe (cf. Chapter 3) and that the peak luminosity is mainly
sustained by %9Ni. This is also the most natural way to explain the remarkable
Co-like luminosity decay found for both the type Ic and IIn SNe, as well as
the lack of evidence of CSM in some cases (e.g. SN 2008es). However, the
explosion via pair-production is difficult to reconcile with the observed high-
velocities spectroscopic lines, which are not expected for extremely massive SN
ejecta, and are instead observed in the VLSNe sample, including SN 2007bi.
Furthermore, the broad peak which is expected in the light curves of PISNe [44]
is not observed for the *°Co-like-decaying VLSNe. This could be due to the
late observation of these targets, with respect to their explosion. However
the relatively high number of the objects with this features (i.e. 3) make this
assumption less likely. On the other hand, the VLSNe which do show a peak
in the light curve do not fade consistently with the decay of *®Co.
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Figure 6.4— Top: Comparison of the observations of SN 2007bi with models calculated by
Heger & Woosley [26] and Kasen et al. (2008) [30] before the SN discovery. The curves
presented are for various helium cores exploding as PISNs. The data are well fitted by 100—110
Mg models. Bottom: Spectral sequence of SN 2007bi, with some elements identified [57].
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Another argument against the PISN hypothesis concerns metallicity: the
models calculation of Langer et al. [31] allow slowly rotating, H-rich, massive
(120-140 M, ) yellow supergiants with massive He cores to produce PISNe if
the metallicity is low enough, i.e. about Z~Zg/3. For most of the VLSNe
in Table 6.1 no information is available in literature about the environment
and the hosts. I have mentioned above that the low-luminosity of the hosts-
galaxies can be treated as an indicator of low-metallicity. However, there is
at least one exception. Among the three VLSNe which have been discussed
in Chapter 5, an example of an high luminosity /metallicity galaxy is the host
of SN 2007bt. In fact, a rough estimate on the metallicity of the environment
can be obtained through the B luminosity, using the relation of Garnett [23]
log[O/H] = —0.16Mp — 6.4, where O and H respectively denote the number
densities of atomic O and H. Measuring the B magnitude in a deep image with
the SN subtracted provides the lower limit 12 + log% ~ 8.37, which is ~97% of
the Solar metallicity [5], clearly too high to maintain an intact H envelope atop
of extremely massive stars as the precursors of PISNe. Note also that Young et
al. [57] argue that even for SN 2007bi the metallicity 12 + log% ~ 8.25 deduced
from the host-galaxy absolute luminosity is low, but not exceptionally low (such
as Z ~ Zx/1000), as it is predicted for fast-rotating, H-depleted massive star
(~80 Mg, ) which should end their life as PISNe, according to Langer et al. [31].

It should be also stressed that the PISN scenario which is claimed by Gal-
Yam et al. [21] for SN 2007bi presents other inconsistencies. First, in the
abundances derived from the modeling of the ejecta, the mass of the light
elements (Ca, O, Mg) seems to be over-estimated. By adopting the theoretical
model output for elements that do not have strong nebular emission in the
optical (mostly Si and S, and some Ne and Ar), Gal-Yam et al. [21] calculate
an ejected mass of >50 M, , which is far too low for an exploding star of with
an He-core of 100 My , as derived from the light curve. Also, the estimate
of the explosion date is done by fitting the early photometric data, but the
uncertainty associated to this estimate is fairly large, in the order of ~30 days.
As a consequence, the late-times luminosity and the °Ni mass, which is claimed
to be even >7 Mg , could be lower.

Alternatively, a simple Fe-collapse of a massive star could be invoked to
produce large quantities of 55Ni, for very energetic explosions. Umeda &
Nomoto [53] have calculated the evolution of several very massive stars with the
initial masses of M<100 Mg, , Z ~ Z /200 from the main sequence to just before
the Fe core collapse. They have found that the >80 Mg stars pulsate during
the central Si-burning stages. The existence of this stage makes the lifetime
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of the stars longer and makes the Fe core grow; this result in a larger ejected
56Ni mass. This effect is highly dependent on the mass and it is larger for the
most massive stars, because the density profile of the progenitor is steeper; de-
spite being very high, the explosion energy is instead only a secondary factor.
They calculate that for an explosion energy of E~ 30 x 10°!, M(°Ni )~2.2, 2.3,
5.0, and 6.6 Mg can be produced for M~ 30, 50, 80, and 100 Mg, stars with a
C+0O core of 11.4, 19.3, 34.0 and 42.6 M . Therefore, as a byproduct, a large
O and C mass is expected in the SN ejecta. Indeed, very intense C and O lines
are detected in the spectra of SN 2007bi. This is not true for the IIn and IIL
VLSNe, whose emission is dominated by Balmer lines at late epochs. There-
fore, this model could not explain the spectra of SNe 2006gy, 200bt, 2007bw
and 2008fz (for which we have observed their late-times spectra), unless we
require an extremely opaque medium, which prevents the formation of O lines.
This is less likely for the most massive C-O cores stars.

Another valid model to explain the luminosity of the VLSNe is the one pro-
posed by Blinnikov & Bartunov [8] for IIL supernovae. The model predicts that
a RSG star with an extended structure (~ 6000 Rg), a small H mass and a dense
superwind (up to 1073Mg yr~!) can reproduce a linearly decaying light curve
with a peak up to —22 (Fig. 6.5). The unusual brightness is naturally explained
as the reradiation of ultraviolet photons, created at the shock breakout, in the
superwind shell surrouding the exploding star; no large ejected *°Ni quantity is
required. The model predicts a steep drop in the luminosity after day 50, when
the recombination reaches the Si core. After that the light curve is powered by
radioactive decay or eventually by CSM interaction.

This scenario explains the absence of the absorption component in Hea ,
which is due to the fact that at late stages the temperature inside the dense
envelope is lower than the shock wave temperature. However, as mentioned
in Chapter 4, the model fails to explain the expansion of the radius which is
measured for the SNe 2008fz and 2008es. It also predicts a rapid rise prior to
maximum, which depends on the central condensation of the supernova enve-
lope; it may be as short as 5 days for centrally condensed models and about
20-30 days for more uniform supergiant envelopes. Such time-scales are shorter
than what was estimated for SN 2008fz and than what was observed for SN
2006gy.

For the SNe 2006tf, 2007bt and 2007bw no peak was detected. Even if
the rise to maximum was extremely short as predicted by the Blinnikov &
Bartunov [8] model, we must account for another energy source to explain the
slow-luminosity decay of their light curves.
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Young et al. find the values for the radius and superwind of the Blinnikov
& Bartunov [8] model unrealistic, and prefer for SN 1979C a scenario in which
a hydrogen-rich massive star core collapses, via jet explosion that punctures
through the star and initiates a shock that ejects the hydrogen-rich envelope.
The jet is supposed to be responsible for a low-density high-energy ejecta; it
contains enough energy to create an asymmetric shock wave that ejects the He
core and the overlying H envelope. The authors also suggest that the energy
of the jet could be dissipated by the hydrogen envelope and thus not cause the
ejecta to expand with the high velocities typically seen in Type Ic supernovae
associated with GRBs.

This scenario could link the VLSNe to the hypernovae without any associ-
ated GRB, and thus explain the common environment in which both energetic
transients are mostly found. Note that the association of luminous IIn SNe to
GRBs is not unprecented (cf. SNe 1997cy and 1999E, [42, 51]). However, the
56Ni quantities that are inferred to VLSNe 2006tf, 2007bt, 2007bw are sensibly
higher than the highest quantities that were measured in hypernovae [34].

Gezari et al. [24] also argue that, in this scenario, the optical afterglow
emission produced from the external shocks created by the interaction of the
relativistic jet with the H envelope will emit non-thermal synchotron radiation,
which is in contraddiction with the cooling blackbody spectral energy distri-
bution measured for SN 2008es. However, this is not true if we let the jet
interact with an extremely opaque, H-rich CSM, rather than a H envelope, as
supposed for the IIn VLSNe in Chapter 5. In that case we do expect that the
thermalization of the jet produces a black-body emission.

Another reasonable way to produce a luminous burst occurs via pulsational
pair instability inside the core, as suggested by Woosley, Blinnikov and Heger
[55]. As already explained in Chapter 4, the collision between shells produced
during different outbursts can energize a variety of explosive phenomena with
a SN display (of the type I or II, but also SN impostors) with characteristic
timescales ranging from days to centuries. Contrary to PISNe, for such stars
the low metallicity environment is not a tight requirement, which turns out to
be consistent with the values found for some of the VLSNe.

In general, the heavy ejections of matter via pair-instability could explain
the brightness of the H-rich VLSNe. An eventual detection of a past or future
heavy outburst in one VLSN could likely prove this scenario. The photomet-
ric and spectroscopic analogies that we have highlighted in this thesis would
favor the existence of a limited range of parameters (CSM mass, distance and
configuration) to produce the observed data.
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Figure 6.5— Modeling for the light curve resulting from the explosion of a star with radius
Ro ~ 6000 R, explosion energy 2 x 10°'erg, Mg ~ 6 Mg, My ~ 3.1 Mg and My ~ 0.2 Mg [8].
Also plotted is the light curve from SN 1979C.

Finally, Kasen et al. [29] and Woosley et al. [54] find an excellent agreement
(Fig.6.6) between the light curves of SNe 2008es and 2007bi and the modeled
light curve which would be produced by the energy deposited into an expanding
supernova remnant by a highly magnetic (B ~ 5 x 10'G), rapidly rotating (i.e.
magnetar spin < 5 ms) neutron star (or rapidly rotating magnetar). Through
numerical radiation hydrodynamical calculations they show that the magnetar
input also produces a central bubble which sweeps the ejecta into an internal
dense shell, resulting in a prolonged period of nearly constant photospheric
velocity in the observed spectra. This is indeed consistent with the nearly
constant velocities detected for the VLSNe sample. Kasen et al. [29] also claims
that the predicted statistics of magnetars, i.e. a few percent of all core collapse
supernovae, is in agreement with the statistics of the brightest events with
L ~ 10*ergs™!. But in this thesis we have enlarged the sample of VLSNe and
listed the new recent discoveries (Table 6.1), showing that such brightest events
are more frequent than what was thought, apparently more than the predicted
frequency of magnetars.
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6.4 Final remarks

In this thesis I have tried to explain the evolution of the light curve and spectra
of a sample of 4 VLSNe through a similar star+CSM configuration, mainly
varying the H mass, and possibly, the clumpiness in the CSM. Combining the
energy of an energetic SN to that produced by the impact with a CSM has
the advantage of not requiring any exotic explosion mechanism, a supermassive
star (M >>100 M, ) nor an extremely large quantity of *Ni .

Concerning the SN progenitor, only in the case of SN 2006gy the early
photometric evolution could be explained with the expansion of a compact
star, whose radius and mass have been derived through the modeling. For SNe
2007bt and 2007bw the remarkable emission profile of the Ha line has been
interpreted with an asymmetric configuration of the CSM, i.e. a massive clump
lying in the direction of the observer. This is also in agreement with what was
derived by the semi-analytical code for the impact energy in SN 2006gy: the
results have shown that the clumps likely do not cover the whole solid angle
around the SN, but only a limited fraction of it. Indeed the role of winds around
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massive stars in the local universe are poorly known. The wind velocity that we
have measured for SN 200bt is -as in SNe 2006gy and 2006tf- consistent with
the wind velocities of Lumimous Blue Variable stars like nCarinae. Multiband
observations of nCarinae have proved that the distribution of the mass ejected
in the star’s frequent outbursts is all but homogeneous [?]. Though stellar
evolution theory do not allow the explosion of massive stars with the H envelope
intact, recent observations seem to favor the contrary [20, 27]. Recently, the
progenitor of IIn SN 2005¢gl has been serendipitously identified for the first time
by Gal-Yam et al. [19].

Regarding the energy powering the ejecta, more than one among the afore-
discussed hypothesis is possible (i.e., pulsation via pair production, GRB jet,
magnetar, simple core-collapse etc.). Given the theoretical uncertainties on
the evolutionary paths of massive stars and the practical difficulties in the
reproducing a SN display dominated by a CSM with an unknown geometry
and complex physical configuration, a deeper study and much more time would
be required to clarify these issues.

Anyway, it is interesting to note that an energetic SN like SN 2007bi would
perfecty match the progenitor of SN 2006gy, acting like the ”engine” of lumi-
nosity which powers the event.

In general, what is common to the H-dominated VLSNe sample is that a
strong mass-loss rate, and a short time between last outburst and explosion are
crucial requirements to explain their brightness and spectral features.

Instead, for SN 2007bi and the transients detected by Quimby et al. [41] the
lack of evidence of CSM in the spectra forces to consider an energetic SN, and
this leads to look for non-ordinary explosion mechanisms. This field has been
explored only very recently, and we are still far from finding a unique solution
which is able to explain the diversity of the considered cases. Nevertheless,
determining the main observational properties of these peculiar transients rep-
resents an important step in the right direction.

Neglecting for a moment the issues of the explosion mechanism and of the
source of the peak brightness, we can try to build subgroups of VLSNe with sim-
ilar observational properties, using the H mass of the CSM as a discriminating
parameter:

A The slow evolution found for the group composed by SNe 2006gy, 2006tf,
2007bt and 2007bw points towards a massive H-rich medium (in the order
of ~10 Mg, ), that could be either fragmented into big, massive clumps
covering a limited angle around the star (cf. SN 2006gy [1]), or homoge-
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neously distributed in a shell all around the star (cf. SN 2006tf [46]). For
a sufficiently large mass and photon diffusion time, the dense H-rich CSM
would enable a slow luminosity decline at late times. For these events the
velocities extend in the range 7500-12000 km s~ ;

The fast evolving spectra and the steep light curves of SNe 2008es and
2008fz favor a progenitor which has ejected a lower amount of H (in
the order of ~1 Mg ) and -though lower limits are uncertain- a modest
amount of °Ni. Also in this case the H could be uniformly distributed
in a dense clumpy medium even obscuring the SN behind;

Both the VLSN 2007bi, 2005ap and the group of transients detected by
Quimby et al. (2009) [41] are evidently associated with a progenitor that
was depleted by its H envelope long before the explosion. The spectra of
SN 2007bi show high velocities (12000 km s~! ) [21] which, however, are
not as fast as hypernovae. For the PTF transients the highest velocities
are ~7000 kms=% [41].

Currently, radioactive decay of Niseems to be the most plausible hy-
pothesis for both kind of events.

In general, the number of VL.SNe is rapidly growing at low and intermediate

redshift, which may indicate that we are not dealing with extremely exotic
events. Moreover, the evident analogies that I have emphasized in this work
are encouraging. These extreme transients represent a precious opportunity to
understand the final evolutionary stages of very massive stars, which are still
poorly known. Despite the theoretical uncertainties, tight constraints can be
derived through the observations. Understanding the role of interaction and
how it makes itself visible on the light curves and spectra will be a primary
concern.
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