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Abstract

Despite their importance, there is a lot yet to be learned regarding massive stars,

particularly those at late evolutionary stages. In the �rst of two studies presented

here, we investigate a suspected very massive star in one of the most metal-poor dwarf

galaxies, PHL 293B. Excitingly, we report the disappearance of signatures previously

associated with a massive Luminous Blue Variable (LBV) from our two 2019 spectra, in

particular, broad Balmer emission with prominent P-Cygni pro�les. Using CMFGEN, we

compute radiative transfer models to predict properties of the LBV. Our models show

that during 2001�2011 the LBV had: a luminosity of 2:5 − 3:5 × 106 L�, a mass-loss

rate of 0:005 − 0:020 M� yr−1, a wind velocity of 1000 km s−1, e�ective and stellar

temperatures of 6 − 6:8 kK and 9:5 − 15 kK, respectively. These properties indicate an

eruptive state. We consider two main hypotheses for the absence of the broad emission

components from the spectra obtained since 2011. One possibility is that we are seeing

the end of an LBV eruption of a surviving star, with a mild drop in luminosity, a shift to

hotter e�ective temperatures, and dust obscuration. Alternatively, the LBV could have

collapsed to a massive black hole without the production of a bright supernova.

The second study considers Type-Ibn supernovae (SNe). Their early-time spectra

feature narrow emission lines of mostly He, signatures of interaction between SN ejecta

and a dense, H-poor, He-rich circumstellar medium (CSM). Assuming this CSM was

expelled by the progenitor prior to explosion, these signatures allow for predictions of

progenitor properties such as mass-loss rate and surface composition. Hence, we �t

CMFGEN models to early-time spectra of Type-Ibn SNe. It is our understanding that this

will be the �rst detailed radiative transfer study for such spectra. Our best-�t models to a

spectrum of SN 2010al obtained 5.7 days post explosion predict: a SN luminosity between

5.3-10 ×1010 L�, a progenitor mass-loss rate between 0.34-0.52 M�yr−1, a wind velocity

of 1000 km s−1, an inner boundary radius to the CSM Rin of 1.2 ×1015 cm. These

properties, combined with the H-free and N-rich nature of our models are consistent

with the progenitor being H-stripped (probably of WN type), exploding as a Type-I SN

surrounded by a dense H-free, He-rich CSM as suggested by Pastorello et al. (2015). We

can also not rule out the explosion of a small-mass, stripped-envelope star surrounded by

a He-rich CSM which could have been ejected by a binary interaction.

Keywords: massive stars, CSM-interacting SNe, radiative transfer modelling
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4.19 Ṁ and LSN parameter space of best-�tting models for SN 2010al with

corresponding �t errors in He I 5876 Å and He II 4685 Å . . . . . . . . . 74

4.20 He I 5876 Å and He II 4685 Å emission - best-�t model example . . . . . 77

4.21 He I 5876 Å and He II 4685 Å emission - varying Ṁ . . . . . . . . . . . 78
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Chapter 1

Introduction

Massive stars and their end-fates

This thesis explores the spectroscopy of massive stars both during their end stages and

terminal supernovae explosions. The research within is split into two main studies: the

possible disappearance of the spectral signature of the luminous blue variable in PHL 293B

(Chapter 3) and predicting the progenitor properties of Type-Ibn supernovae through

modelling their early-time spectral observations (Chapter 4). In this chapter, the relevant

background theory is discussed.

1.1 A brief overview of massive stars

Massive stars are highly important components of our Universe, being among the most

prevalent sources of chemical elements. Compared to lower mass stars, their formation

is rare (Salpeter, 1955) and their lifetimes considerably short (Ekström et al., 2012).

Throughout their evolution, the cores of massive stars progressively produce elements up

to Fe through the process of nuclear fusion. Furthermore, at the end of their evolution,

their energetic terminal supernova (hereby SN) explosion disperse both energy and

many elements heavier than Fe throughout the Universe leading to higher metallicity

environments. Despite their importance to a number of topics in astrophysics, there is

still a lot to be learned about massive stars. One such topic which would greatly bene�t

from further study is the link between SN and the nature of the progenitor star. We

refer to massive stars as those with an initial mass >8M�. Above this mass, electron

degeneracy pressure in their core is negligible, unlike lower mass stars. Massive stars are

believed to end their lives in a multitude of ways, such as a SN or direct collapse to a

black hole (hereby BH) (Heger et al., 2003). The initial mass and composition greatly
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dictate the type of massive star produced with minor variations often resulting in vastly

di�erent stars. This is particularly the case at late evolutionary stages, when the star has

completed the main sequence phase of core H-burning, progressing on to heavier element

burning.

1.2 Winds and mass loss in massive stars

Relative to lower mass stars, massive stars undergo much stronger mass loss owing to their

much higher luminosities. This mass loss occurs for most of their evolution, including while

they are on the main sequence (hereby MS), during which nuclear fusion of H occurs in the

stellar core (Smith, 2014). mass loss a�ects many stellar properties including luminosity,

temperature, radius, element abundances, lifetime and ultimately the end-fate of the star.

Massive stars are hot for the majority of their evolution, being mostly of OB-type

during the MS. All hot stars host line-driven winds which are driven by absorption in

spectral lines (Castor, Abbott, and Klein, 1975). They emit most of their photons in

the UV where their atmospheres have a wealth of absorption lines. Ions of C, N, O and

Fe absorb and re-emit UV photons (Lamers and Cassinelli, 1999). The ability of these

species, in particular Fe, to absorb UV photons and drive the wind results in a metallicity

dependence in the resulting mass loss. The momentum h�
c

of the photon is transferred

to its absorbing ion. The photon is re-emitted in approximately an isotropic direction,

whereas the initially absorbed photon travelled from deeper in the star. Therefore there

is a net transfer of momentum from the photons to the absorbing ions (Puls, Vink, and

Najarro, 2008). The absorbing ions then share some of their gained momentum with

their non wind-driving companions via Coulomb coupling. Additionally, the larger velocity

of potential absorbers further out in the atmosphere results in photons in these regions

being increasingly red-shifted. Potential absorbers can hence absorb photons that are

not absorbed lower down in the atmosphere making the line-driven wind highly e�cient

(Sobolev, 1960; Lamers and Cassinelli, 1999).

Due to the large in�uence mass loss has on the evolution of a star, many studies

attempt to provide accurate prescriptions of wind mass loss, which are then adopted

in stellar evolution codes. However, calculating the mass loss is a highly complex task

which directly impacts the modelled evolution. Nevertheless, various prescriptions for

steady line-driven mass loss exist in the literature. Vink, de Koter, and Lamers (2001)

and de Jager, Nieuwenhuijzen, and van der Hucht (1988) (both shown in Fig. 1.1)

remain the most popular prescriptions for modelling the winds of OB-type stars. Recent
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Figure 1.1: Various predictions of mass-loss rates as a function of luminosity for a number
of di�erent types of massive stars. See the review paper by Smith (2014, from which this
�gure was obtained) as well as the references within for detailed descriptions of the various
prescriptions used in producing this �gure.
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alternative prescriptions include Björklund et al. (2021), Sundqvist et al. (2019), and

Gormaz-Matamala et al. (2019). Current prescriptions for the line-driven winds of H-

poor stars (see Sec. 1.4) include Nugis and Lamers (2000), Yoon, Langer, and Norman

(2006) and the more recent Sander and Vink (2020). The latter prescription is unique

in that it is physically motivated, based on dynamically consistent atmosphere models.

Higgins et al. (2021) provides an in-depth comparison of the three mentioned H-poor mass

loss prescriptions, �nding that only the Nugis and Lamers (2000) prescription produces

a convergence to a maximum BH mass. Hence, the Yoon, Langer, and Norman (2006)

and Sander and Vink (2020) prescriptions suggest that the initial mass of the He star is

the determining factor for the mass of the resulting BH, with pulsational pair instabilities

instead causing the convergence of a maximum BH mass for He stars. The Vink, de Koter,

and Lamers (2001) mass loss prescription for OB-stars is theoretically-based, employing a

Monte-Carlo method to calculate the radiative acceleration of wind material by tracking

the energy loss of photons through the wind. The de Jager, Nieuwenhuijzen, and van der

Hucht (1988) prescription on the other hand is empirical, based on the predicted mass-

loss rates of 271 stars. These popular prescriptions typically yield mass losses between

10−10−10−5 M�yr−1 for OB-type stars. This is considerably lower than that predicted for

luminous blue variables (Sec. 1.3) and Wolf-Rayet stars (Sec. 1.4). This is emphasised

in Figure 1.1 in which the line-driving limit is roughly two orders of magnitude below the

observationally based mass loss of LBV giant eruptions.

The physical origin of these giant eruptions remains an open question. Two popular

hypotheses are hydrodynamic explosions (Smith, 2008) and continuum-driven super-

Eddington winds (Owocki, Gayley, and Shaviv, 2004). Above the Eddington limit, stars

are no longer gravitationally stable against radiation pressure. In the case of hydrodynamic

explosions, Smith (2013) points out that CSM interaction could also prolong the eruption,

as would be necessary to explain the ∼10 year long eruption of the LBV ”-Carinae

(discussed in Sec. 1.3). Interestingly, these hypotheses do not explain the `root trigger' of

the eruption. The cause of both the explosion and the ejected CSM in the hydrodynamic

explosion hypothesis or the strong increase in luminosity necessary for the super-Eddington

wind are not yet known. Smith (2014) and Smith et al. (2011b) discuss many potential

`triggers', none of which has been distinguished as a favourite as of yet. Smith (2014),

Weis and Bomans (2020) and Davidson (2020) all o�er in-depth reviews of the various

proposed mechanisms for giant eruptions.

The incomplete understanding of the physical mechanism of eruptive mass

loss combined with a lack of observationally-based mass-loss predictions at various
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luminosities and metallicities means that mass lost through sporadic giant eruptions is

not accounted for in current stellar evolutionary modelling. Vink and de Koter (2002)

o�ers a prescription for the strong line-driven winds of luminous blue variables (Sec. 1.3).

Omitting giant eruptions in stellar evolutionary models however is an important problem

considering their ability to vastly alter the evolutionary path of the star. In extreme

cases, an eruption can expel more mass than is shed in the time that the star is on the

main sequence. Furthermore, giant eruptions are believed to occur in the very late stages

of a star's life (Ofek et al., 2014), largely impacting the resulting SN and remnant.

1.3 Luminous Blue Variables (LBVs)

As the name1 suggests, luminous blue variables (hereby LBVs) are typically bright, hot

stars with variable properties (Smith, 2017b; Vink, 2012; Humphreys and Davidson,

1994). Weis and Bomans (2020) however point out that this is a weak constraint

for LBVs. The detection of either S-Doradus variability or a giant eruption are the

only true signatures distinguishing LBVs from other massive stars. `LBV candidates'

however, are spectroscopically similar to quiescent LBVs but have yet to be observed to

undergo either a giant eruption or S-Doradus cycle (Smith, 2014). Separate from the

giant eruptions discussed in Section 1.2, S-Doradus variability refers to both photometric

and spectroscopic variations over the period of an `S-Doradus' cycle which can last years

or decades (van Genderen, de Groot, and Sterken, 1997; van Genderen, 2001). During

the S-Doradus cycle, the star can brighten by 1 to 2 magnitudes at visual wavelengths

(Humphreys, Davidson, and Smith, 1999). S-Doradus episodes are not major sources

of mass loss in comparison to giant eruptions which can cause LBVs to lose between

10−2 to 1 M�yr−1, more than that predicted for any other spectral type (see Fig. 1.1).

LBVs exhibit a line-driven wind (Vink and de Koter, 2002), however, as shown in Figure

1.1 this line-driven mass loss is of the order of 10−5 to 10−4 M�yr−1. Terminal wind

velocities of LBVs are typically between 100-250 km s−1 (Vink, 2012), below that of the

∼1000-3000 km s−1 of normal OB supergiants. The slower wind velocity, combined with

the stronger mass-loss rates of LBVs results in considerably denser winds (see Eq. 2.9),

giving LBVs their characteristic P-Cygni line pro�les (Vink, 2012).

Giant eruptions can cause LBVs to brighten by up to 5 magnitudes (Humphreys and

Davidson, 1994). The primary star of the well-known ”-Carinae system is an example of

such an LBV, which underwent a giant eruption in the 1840s, during which it became

1�rst coined by Peter Conti in a talk (Conti, 1984) at the IAU Symposium.
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the second brightest star in the sky (Humphreys, Davidson, and Smith, 1999). In this

extreme case, ”−Carinae apparently maintained an Eddington factor (ratio of Newtonian

acceleration to the radiative acceleration due to electron scattering) of ∼5 for over a

decade. This supports the hypothesis previously mentioned in Section 1.2 of Super-

Eddington winds being responsible for eruptive mass loss. Even in their quiescent state,

LBVs approach the Eddington limit owing to their high luminosity to mass ratio. Other

well-known LBVs include AG Carinae (Groh et al., 2009) and P-Cygni (de Groot, 1988).

Similar to their giant eruptions, the true physical mechanism for the S-Doradus

variability of LBVs is uncertain. Recent work by Grassitelli et al. (2021) identi�ed a wind-

envelope interaction as the cause of S-Doradus variability. Another potential explanation

is the crossing of the bi-stability limit at a critical temperature ∼21000 K when the LBV

evolves from hotter to cooler temperature resulting in recombinations of dominant line-

driving ions (Lamers, Snow, and Lindholm, 1995; Vink, de Koter, and Lamers, 1999;

Smith, Vink, and Koter, 2004). These recombinations increase the mass-loss rate and

lower the wind velocity with Vink, de Koter, and Lamers (1999) predicting a rise in mass-

loss rate of a factor of 5 and a velocity drop of a factor of 2 when Fe recombines from Fe

IV to Fe III at the critical temperature. Petrov, Vink, and Gräfener (2016) use CMFGEN

to investigate the bi-stability limit for LBV stars, �nding a second bi-stability (previously

predicted by both Lamers, Snow, and Lindholm (1995) and Vink, de Koter, and Lamers

(1999)) jump at ∼8800K at which Fe III starts to recombine to Fe II.

The LBV phase appears to occur late in the evolution of particularly massive stars

with Smith, Vink, and Koter (2004) predicting a mass >25 M� assuming a single star

evolution. In stellar timescales the LBV phase is relatively short with prediction timescales

of a few 104 years (Humphreys and Davidson, 1994; Weis and Bomans, 2020). This short

timescale is consistent with the noted rareness of LBVs. The traditional belief is that

the LBV phase occurs within the transition between O-type core H-burning to WR core

He-burning (Humphreys and Davidson, 1994). Observational and theoretical evidence

suggesting that LBVs are in SNe progenitors however seems to contradict this view. For

example, the stellar evolution models such as those of Groh, Meynet, and Ekström (2013)

and Groh et al. (2019) suggest that some of the most massive stars end their evolution

as LBVs (e.g., Humphreys and Davidson, 1994; Maeder and Meynet, 2000; Groh et al.,

2014). Consistent with this picture, progenitors of a number of SNe are predicted to

have been LBVs such as SN 2013cu (Groh, 2014), SN 2005gl (Gal-Yam and Leonard,

2009), SN 2010jl (Smith et al., 2011a), SN 2008ax (Groh, Meynet, and Ekström, 2013),

SN 2015bh (Boian and Groh, 2018), SNe 1979C, 1998bw, 2001ig and 2003bg (Kotak and
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Vink, 2006). Another problem with the traditionally believed timing of the LBV phase

includes LBVs being more isolated than WR stars as found by Smith and Tombleson (2015)

who suggest that the LBV phase may instead be reached through binary evolution. These

disagreements with the traditional belief and more are discussed thoroughly in the recent

review by Smith (2017b). For more detailed discussions on LBVs see also the following

review papers: Weis and Bomans (2020), Vink (2012) and Humphreys and Davidson

(1994).

1.4 Wolf-Rayet stars

Figure 1.2: Illustration (from Crowther, 2007) depicting the extended nature of the dense
line-driven winds of WRs (left and middle) compared to Of-type supergiants (right). The
winds of LBVs follow a similar physical structure to that shown here for WRs. The
greatly extended line forming regions of WRs (and LBVs) are coloured in dark blue. The
electron density in these regions range from 1011 − 1012 cm−3. Light blue indicates even
higher density material. Red and orange regions have Rosseland optical depths of 20 and
2/3 respectively. The separation of these two regions highlights why we calculate T? in
addition to T e�, as will be further discussed in Section 3.3.

Wolf-Rayet2 (hereby WR) stars have been entirely stripped of their H envelopes

exposing a bare He core. This is evidence of either strong mass loss via winds or through

interaction with a binary companion. Candidates for the prior stage of evolution vary with

2named after their discoverers (Wolf and Rayet, 1867).
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stellar mass, with red supergiants (RSGs) predicted for masses between 25�30 M� and

LBVs above 30 M� assuming a single star evolution (Crowther, 2007). The spectra of

WR stars feature strong, broad emission lines which form far out in their strong, fast,

high-density line-driven winds. These winds can reach terminal velocities between 700-

4100 km s−1 and can produce mass losses of ∼ 10−5 M�yr−1 (Crowther, 2007). The

extended nature of the line formation region of WR (and LBV) stars is illustrated in Figure

1.2. WR stars are sub-classi�ed based on the prominent element other than He seen in

their spectra with WC, WN or WO implying strong C, N or O emission, respectively. WRs

are quite rare with estimated lifetimes of a few 105 years (Meynet and Maeder, 2005).

Their rarity seemingly increases in very metal-poor regions (Crowther and Had�eld, 2006).

However surveys have detected evolved WR stars in the Small Magellanic Cloud (SMC)

(Massey, Olsen, and Parker, 2003; Massey et al., 2014; Neugent, Massey, and Morrell,

2018; Shenar et al., 2020) and I Zw 18 galaxy (Izotov et al., 1997; Legrand et al., 1997;

Brown et al., 2002).

1.5 The end-fate of massive stars

Massive stars can end their lives in a variety of fashions. The star's �nal fate is highly

dependant on both its initial mass and the mass loss throughout its lifetime. Evolutionary

models can predict the end-fate of massive star as a function of initial mass and metallicity

as shown in Figure 1.3. In creating this �gure, Heger et al. (2003) assume single star

evolution, neglecting mass loss arising through interaction with a binary companion.

Above an initial mass of ∼10 M�, formation and collapse of an Fe core is expected.

The initial mass and metallicity dictate whether a neutron star or BH remnant remains

and whether a BH is formed through direct collapse or fallback. They also a�ect the

nature of the accompanying SN explosion. At low metallicities, the end fate depends

mostly on the initial mass as this sets the mass of the He core at the time of collapse. At

larger metallicities, mass loss becomes increasingly important leading to a smaller He core

for a given initial mass. This results in the increasingly skewed nature of the predicted

boundaries at higher metallicities in Figure 1.3. The mass and composition of the envelope

and the time of explosion dictate the classi�cation of the SN which would be produced,

with a H-free envelope resulting in a type Ib, while more (less) than 2 M� of H in the

envelope is predicted to produce a Type-IIp (Type-IIL) (Heger et al., 2003). Figure 1.3

does not include interacting SNe, which will now be discussed.
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Figure 1.3: Predicted end-fates of massive stars as a function of initial mass and
metallicity assuming a single star evolution. From Smith (2014) who adapted the �gure
from (Heger et al., 2003).



10
Chapter 1. Introduction

Massive stars and their end-fates

1.5.1 CSM-Interacting Supernovae

Figure 1.4: Various moss loss rates and luminosities predicted with CMFGEN modelling
for the interacting SNe sample of Boian and Groh (2020, from which the �gure was
obtained). The scaling of Ṁ ∝ L0:75 from Gräfener and Vink (2016) is also shown.

The previous section mentioned that the properties of a massive star determine the

nature of its end-fate. This statement holds true for the class of circumstellar medium

(hereby CSM)-interacting SNe, with the CSM and explosion energy being intricately

dependent on both the mass-loss rate and metallicity. All SNe interact with whatever

material surrounds them. Those which are classi�ed as CSM-interacting however, are

simply surrounded by material in the form of a CSM which is su�ciently dense to

produce clear spectral signatures of interaction with the SN ejecta when the star explodes.

Dependent on whether this CSM is H-rich or H-poor, the SN is classi�ed as type-IIn

(Schlegel, 1990) or type-Ibn (Sec. 1.5.2), respectively. Transitional events between these

two classi�cations in which H and He i lines have similar emission strengths have also been
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detected such as SN 2005la (Pastorello et al., 2008) and SN 2011hw (Smith et al., 2012;

Pastorello et al., 2015)

In both classi�cations, the CSM matter is likely expelled directly from the progenitor

star creating a link between its observable properties and the progenitor star. The

composition of the CSM is then representative of that of the outer regions of the progenitor

star when it exploded. The stellar wind velocity may also be approximated by the CSM

velocity in the case that the CSM was formed steadily by a line-driven wind. Figure 1.4

displays predictions of the SN luminosity and the progenitor mass-loss rate for a number of

Type-IIn SNe events. These were obtained through spectral �tting with CMFGEN which

allows for predictions of CSM and consequently progenitor properties (see Sec. 2.2).

The mass-loss rates required to produce the necessarily dense CSMs for producing the

observed spectral signatures are considerably greater than that expected for line-driven

winds. The higher rates may be more consistent with the CSM forming very soon before

explosion through unstable giant eruptions such as those exhibited by LBV stars. A direct

observation of such a pre-SN outburst was made in the case of the prototypical Type-

Ibn SN 2006jc (Foley et al., 2007; Pastorello et al., 2007). A binary interaction could

also produce the CSM, likely giving it an asymmetric nature. A number of observations

of interacting-SNe have been explained with an asymmetric CSM including SN 1998S

(Leonard et al., 2000), PTF11iqb (Smith et al., 2015) and SN 2012ab (Bilinski et al.,

2018). For simplicity however, our models (Sec. 2.2) assume a spherically symmetric

CSM. Depending on both the density and extent of the CSM, an interacting SN can

remain bright for years as opposed to months, as is usually the case for non-interacting

SNe.

Figure 1.5 illustrates the explosion process of an interacting SN assuming a spherically

symmetric CSM consistent with our models. The explosion of the progenitor propels fast

moving ejecta ( 104 km s−1) into the surrounding slower moving CSM (50-1000 km s−1).

This ejecta-CSM interaction forms both a forward- and reverse-shock. In this interaction,

kinetic energy from the SN explosion is converted into radiative energy (Chevalier and

Fransson, 2017) with as high as 50% e�ciency, meaning a lower explosion energy is

required compared to a non-interacting SN in order to achieve the same luminosity (Smith,

2017a). Hence, it is perhaps not surprising that this highly e�cient interaction is one

of the proposed powering mechanisms for producing super-luminous supernovae SLSN

(Dessart, Audit, and Hillier, 2015) (as suggested for SN 2006gy Ofek et al., 2007), with

spinning down magnetars and radioactive decay providing alternative mechanisms (Moriya,

Sorokina, and Chevalier, 2018). The forward-shock propagates through the CSM material
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Figure 1.5: Illustration from Smith (2017a) of the various zones produced in the
interaction between fast moving SN ejecta with the slow moving CSM. The zones are
indicated by number, with zone (1) being pre-shock CSM, (2) shocked CSM, (3) shocked
SN ejecta, (4) freely expanding SN ejecta. As indicated, these zones are separated by
the forward shock (FS), reverse shock (RS) and the contact discontinuity between the
shocked CSM and shocked ejecta, also known as the cold dense shell (CDS). The panel
on the right displays a close-up illustration of the CDS.

resulting in the formation of shocked and unshocked CSM zones as shown in Figure

1.5. The reverse-shock, on the other hand, travels inwards towards the expanding ejecta

leading to zones of decelerated ejecta which have encountered the reverse-shock and freely

expanding ejecta which have yet to. Signatures from material in the mentioned zones

appear during di�erent stages in spectral observations of the SNe. At the onset of the

CSM-ejecta interaction, the CSM is ionised by radiation from the shock. The photosphere

resides in the unshocked region of the CSM at this stage, temporarily obscuring the

interaction (Smith, 2017a). The early-time spectra consists of a smooth blue continuum

overlaying with narrow emission lines exhibiting broad Lorentzian wings; the wings arising

from electron scattering. It is the presence of these narrow (n) lines that distinguishes

Type-IIn/Ibn SNe from non-interacting SNe. In non-interacting SN, the picture is much
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simpler, with only spectral signatures of the freely expanding SN ejecta. For such SNe,

the spectra exhibit decreasingly broad emission and absorption lines as the velocity of the

ejecta declines.

1.5.2 Type-Ibn supernovae

We focus primarily on SN Ibn. These events are considerably rare compared to other SN

classi�cations, with less than 40 events presently reported in the literature (Hosseinzadeh

et al., 2019). These explosions are believed to originate from the collapse of their

progenitor's core. At the time of explosion, an Ibn progenitor star is surrounded by a

H-poor, He-rich CSM composed of material expelled from the progenitor at an earlier

stage. The physics of how this CSM is formed remains an open area of study, with stellar

winds and late-time explosions o�ering potential answers. As explained in Section 1.5.1,

the spectra of SN-Ibns exhibit signatures arising from the interaction between the ejecta

of the SN explosion and the surrounding CSM. These signatures are strong, narrow (a

few 103 km s−1) He emission lines at early-times (Matheson et al., 2001; Foley et al.,

2007; Pastorello et al., 2007). These narrow He lines are likely generated by photo-ionised

material in the pre-shocked region of the He-rich CSM. Hosseinzadeh et al. (2017) compare

the observed spectra of a sample of Type-Ibn SNe �nding some diversity in the spectra

at early times with some exhibiting P-Cygni lines superimposed on a blue continuum

while others exhibit broader features similar to SN-2006jc. In comparison to type-IIn SNe

however, the spectra of Type-Ibn SNe are considerably less diverse. Hosseinzadeh et al.

(2017) also �nd a surprising homogeneity in the fast-evolving light curves of Type-Ibn

SNe compared to their H-rich Type-IIn counterparts. This is possibly the result of the

higher density He-rich CSM requiring a much stronger pre-explosion eruption or wind, in

order to be expelled from the progenitor. Considering that only a su�ciently high energy

would thus be capable of producing the Ibn CSM, it makes sense that Ibn CSMs would

vary less from event to event compared to IIn CSMs which can form over a much wider

range of wind or eruption energies.

All but one of the SN Ibn events detected thus far have been found in actively star

forming spiral galaxies, indicative of a massive star origin for Type-Ibn SNe. Hence,

massive WR stars which for an unknown reason undergo a giant eruption prior to explosion

are popular progenitor candidates as a result of their H-poor nature (Smith, 2017a). In

the case of SN2006jc, a giant outburst occurred at the progenitor location just two years

before this SN explosion (Pastorello et al., 2007). Sanders et al. (2013) however revealed
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that a massive star origin is not necessarily the case with their �nding of PS1-12sk, an SN

Ibn which appeared to explode on the outskirts of the brightest elliptical galaxy in a galaxy

cluster. The very low star formation rate of such an environment makes a massive star

origin for PS1-12sk highly unlikely. This was further emphasised by Hosseinzadeh et al.,

2019 who use deep UV imaging taken with the Hubble Space Telescope to strengthen the

initial star formation limit by an order of magnitude, revealing it to be less than that of

all previous core collapse SNe. They o�er three potential explanations for the progenitor

of PS1-12sk: a massive star ejected or tidally stripped from a nearby ultra-compact dwarf

galaxy, a rare massive star in a region with a very low star formation rate or a low mass

star such as a white dwarf in a He envelope or a non-degenerate He star.

1.5.3 SN2010al: A Type-Ibn SNe with early-time spectroscopy

In this thesis, we focus on SN2010al, a type-Ibn SN which exploded in the edge-on spiral

galaxy UGC 4286 located 71.6 Mpc away (Rich, 2010). It remains one of the earliest

spectroscopically observed SN Ibn events, with the archival spectrum �tted in Section

4.3 obtained just 5.7 days post-explosion using the FAST spectrograph of the Tillinghast

Telescope (Fabricant et al., 1998). For consistency, we adopt the predicted explosion date

of JD=2455268.0 ± 1.5 based on pre-discovery non-detections by routine observations

performed with the 0.4-m MASTER telescope at Kislovodsk, Russia. In their study of

SN2010al, Pastorello et al. (2015) noted that this early specrum is dominated by a blue

continuum, with narrow P-Cygni He I lines indicating the presence of a slow- moving,

He-rich circumstellar medium. They also highlight spectral similarities at later times with

the prototypical SN Ibn 2006jc, with broader lines indicating that a signi�cant amount of

He was still present in the stellar envelope at the time of the explosion. They predict from

their detailed analysis of the photometric and spectroscopic observations that SN2010al

is a Type Ib SN that exploded in a H-poor, He-rich CSM, suggesting that the progenitor

was H-stripped and in the process of losing its He at the time of explosion. A suitable

progenitor for such evolution would be a WR star possibly of WN Type.

1.5.4 Direct core collapse to a black hole

While massive stars are typically seen to end their lives in extremely bright SNe explosions,

both observational and theoretical evidence exist which suggests that this may not always

be the case. In the case of a failed SNe, the core may collapse to a black hole (hereby

BH) without a luminous SN. For a successful core-collapse SN, either a neutron star or
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light BH is left as a remnant, whereas in a failed SN most of the stars mass collapses

into the BH producing a more massive (>20M�) BH (Mapelli, 2021). Models such as

that of O'Connor and Ott (2011), Lovegrove and Woosley (2013), and Sukhbold et al.

(2016) have predicted a non-monotonic behaviour of SN explodability with stellar mass,

suggesting the presence of �islands of explodability�.

The famous N6946-BH1 event provides the most clear-cut observational evidence for

the collapse to a BH without a bright transient (Adams et al., 2017a; Adams et al., 2017b).

This is an exciting result considering the observational di�culties associated with detecting

events which by de�nition do not produce an easily observed bright transient. In this

interesting case, a Red Super Giant (RSG) seemingly disappeared in optical wavelengths

after undergoing an outburst in 2009. Continued follow-up observations as described in

Basinger et al. (2020) �nd no evidence for a re-brightening of the star, with the candidate

failed SN remaining 1% as luminous as its progenitor RSG. They also rule out obscuration

by either dust or an ongoing wind due to the absence of a counterpart in the IR and the

fact that the star has yet to reappear. In addition to this event, thus far there have been

only two other photometric detections suggestive of the direct collapse to a BH without

a bright transient, namely a ∼25-30 M�YSG in NGC 3021-candidate (Reynolds, Fraser,

and Gilmore, 2015) and a ∼12 M�BSG in M101-0C1 (Neustadt et al., 2021). In Allan

et al. (2020), we propose the possible spectral disappearance of a massive LBV star. The

collapse of the star's core to a BH without the production of a bright transient is one of

the three scenarios we propose to explain this disappearance, as will be discussed. This

hypothesis separates PHL 293B from the previous possible detections of direct BH collapse

mentioned above as they were photometrically- rather than spectroscopically-based.

1.6 An LBV in the low metallicity dwarf galaxy

PHL 293B

As discussed in Section 1.3, the LBV phase is currently a poorly understood late stage

in the evolution of massive stars. Owing mainly to a scarcity of observations, our

understanding of LBVs is even less complete in low metallicity (Z) environments. In

an e�ort to improve upon this, in Allan et al. (2020) we monitored the blue compact

dwarf (hereby BCD) galaxy PHL 293B which previous studies indicated hosted an LBV

star. Allan et al. (2020) accordingly forms the basis for much of this thesis.
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Figure 1.6: Archival redshift-corrected spectrum of PHL 293B taken with the UVES
instrument of the Very Large Telescope in 2002 (Izotov and Thuan, 2009). The locations
of blue-shifted absorption in lines with P-Cygni pro�les are shown by arrows.

PHL 293B resides at a large distance of 23.1 Mpc (Mould et al., 2000), and has

a metallicity of Z ' 0:1Z� (Izotov, Thuan, and Stasi«ska, 2007). Spectroscopic

observations of the compact galaxy obtained between 2001�2011 consistently featured

broad, strong emission components in the H Balmer lines. These spectral features are

seen in Figure 1.6 and have been interpreted to originate in the out�ow of an LBV star

(Izotov and Thuan, 2009; Izotov et al., 2011), since together with the presence of Fe II

and weak He I lines, only LBVs show these types of signatures (see discussion in Sects.

2.4 and 3 of Groh et al., 2014). The broad wings on the Balmer recombination lines arise

due to electron scattering and consequently scale with the electron density. The earlier

spectra of PHL 293B were remarkably similar, with the Balmer lines di�ering mainly in

the strength of their narrow components, likely due to the di�erent aperture size used in

each observation. This narrow component is not believed to originate from the LBV, but



1.6. An LBV in the low metallicity dwarf galaxy PHL 293B 17

rather from a region of H ii ionised by many O-type stars (Izotov et al., 2011).

Photometric analysis of PHL 293B revealed no optical photometric variability at the

level of 0.1 magnitudes between 1988 and 2013 (Terlevich et al., 2014). Based on this,

(Terlevich et al., 2014) suggested that the blue-shifted absorptions of H I and Fe II

were not caused by an LBV, but instead by an expanding super-shell generated by the

cluster wind of PHL 293B. The substantial spectral variation we report disfavours such

a hypothesis. Burke et al. (2020) also report the weakening of the broad H Balmer

components based on 2019 Gemini data. In addition, they report photometric variability

of 0.12 magnitudes in the g band between 1998 and 2018, using images from the Sloan

Digital Sky Survey (SDSS) and the Dark Energy Survey (DES). They suggest a SN IIn

or an unusual outburst as the source of the broad components in the 2001�2011 spectra.

While we do not rule out this hypothesis, in Section 3.5, two alternative scenarios for the

apparent disappearance of the LBV are discussed.
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Chapter 2

Spectral modelling with CMFGEN

This chapter presents the general techniques of our modelling. Section 2.1 �rst covers

relevant theory prerequisites. We utilise the publicly available radiative transfer code

CMFGEN (Co-Moving Frame GENeral, Hillier and Miller, 1998), as discussed in Section

2.2. More speci�c modelling descriptions for PHL 293B and Type-Ibn SNe are saved for

the subsequent chapters in Sections 3.3 and 4.1, respectively.

2.1 Prerequisites from radiative transfer theory

Radiative transfer (hereby RT) refers to the study of the propagation of radiative

energy through a medium. The study of RT is essential to our understanding of various

astrophysical environments. This section brie�y covers some of the theories of RT

relevant to our modelling. For more detailed descriptions of RT theory, Rutten (2003),

Crivellari, Simón-Díaz, and Arévalo (2019) and Rybicki and Lightman (1986) are all

excellent resources and were instrumental in forming this chapter.

2.1.1 Mathematically describing the radiation �eld

The study of RT allows astronomers to gain an understanding of the microscopic

properties of astronomical objects through spectral-based predictions of macroscopic

properties such as the stellar temperature and luminosity. To achieve this, a mathematical

description for the transfer of radiative energy is required. The speci�c intensity I�(r; t;n)

is a macroscopic property used in describing energy transport in the radiation �eld.

Consider an area dA at location r with normal direction n. Photons with frequencies

between � and �+d� travelling within a solid angle dΩ from the normal n, transport the

energy dE� through the area dA in the time dt. That is to say:
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dE� = I�(r; t;n) dA dt d� dΩ: (2.1)

As radiation propagates through a material, some of the radiation will interact

with the matter altering the properties of the radiation �eld. This process is described

mathematically by the RT equation. Assuming azimuthal symmetry and adopting a

spherical geometry with radial coordinate r , angular coordinate — = cos„ where „ is the

polar angle, the RT equation is expressed as:

@
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where ffl�(r) is the extinction (absorption and scattering) coe�cient while ”�(r) is the

emission coe�cient. ”�(r) gives the fraction of energy emitted by a volume dV into a solid

angle dΩ in time dt per frequency band d� while ffl�(r) gives the fraction of I� absorbed

per unit length. Their ratio forms the source function S� = ”�
ffl�
, a function commonly

used in RT theory. These coe�cients allow for the e�ects of radiation-matter interactions,

such as spontaneous or stimulated emission and absorption, to be accounted for in our

models1. These extinction and emission processes can be accurately calculated granted

that the atomic level populations are known. The RT equation (Eq. 2.2) simply states

that the radiation �eld varies only if photons are lost (extinction) or gained (emission).

2.1.2 Thermodynamic Equilibrium

The properties of an object in a state of thermodynamic equilibrium (hereby TE) are

both isotropic and homogeneous. In TE, the source function describing the radiation �eld

is given directly by the Plank function while the atomic level populations are given by

the Saha-Boltzmann equations. Accordingly, both the radiation �eld and atomic levels

can be de�ned using a single global temperature. The deep interior of a star is a close

approximation to a state of TE. If in TE, a body behaves as an ideal blackbody. This

allows it to be described by the Stefan Boltzmann Law which states that the �ux emergent

from a blackbody is proportional to the fourth power of its temperature:

FBB =
LBB

4ıR2
= ffT 4

e� (2.3)

1Sec. 2.9 of Crivellari, Simón-Díaz, and Arévalo (2019) gives detailed descriptions of such transitions.
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where FBB, LBB, RBB and Te� are the �ux, luminosity, radius and temperature of the

blackbody while ff = 5:67× 10−5 erg cm−2 s−1 K−4 is the Stefan Boltzmann constant.

2.1.3 Non-Local Thermodynamic Equilibrium

Local thermodynamic equilibrium (LTE) holds in environments less extreme than the

deep stellar interior such as the photosphere of some stars. In LTE, a local region

with temperature Tlocal is essentially in TE, with its radiative and atomic properties now

functions of Tlocal. However, in environments such as the outer region of the CSMs

modelled in Chapter 4, even LTE is not satis�ed. The radiation and matter are then in

a state of Non-Local Thermodynamic Equilibrium (hereby NLTE). Fortunately, CMFGEN

(described in Sec. 2.2) is capable of modelling NLTE environments. It achieves this

through the non trivial task of simultaneously solving the RT (Eq. 2.2) and statistical

equilibrium (Eq. 2.4) equations as will be explained in Section 2.2.1. The assumption of

statistical equilibrium (SE) states that atomic level populations do not vary with time.

That is:

nj
X
i 6=j

Pj i = ni
X
i 6=j

Pi j (2.4)

where ni is the occupation number of state i while Pi j is the probability of transitioning

from state i to state j , and vice versa. CMFGEN also assumes radiative equilibrium in

which the radiative energy absorbed by a medium equals that leaving the medium. This

is expressed mathematically with the radiative equilibrium equation:Z ∞
0

»�(J� − S�) d� = 0 (2.5)

where »� is the frequency dependent opacity and J� is the mean intensity obtained

by averaging the speci�c intensity over all directions J� = 1
4ı

R
I�dΩ. CMFGEN uses

radiative equilibrium to obtain a temperature structure as follows. An initial temperature

structure estimation T (fiRoss(R)) is �rst made with:

T 4(fiRoss(R)) =
3

4
T 4
e�(fiRoss + q(fiRoss)) (2.6)

where Te� is the e�ective temperature, calculated using the Stefan Boltzmann law, (Eq.

2.3), fiRoss(R) is the mean Rosseland optical depth obtained by fiRoss =
R s

0
»Ross(s)(s) ds

where (s) is the density pro�le and the integral is over the optical path ds. q(fiRoss(R))
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is the Hopf function which varies from 0.57 to 0.71 going from fiRoss(R) = 0 to ∞.

The Rosseland mean opacity »Ross is a weighted average in which frequencies where the

opacity is small or the temperature gradient is large tend to dominate:

»Ross =

R∞
0

@B�(T )
@T

d�R∞
0

1
»�

@B�(T )
@T

d�
(2.7)

where B�(T ) is the Planck function. To obtain the temperature structure the RT

equation is �rst solved in LTE for J� using the Planck function with the initial temperature

estimate as the Source function: S� = B�(T (fiRoss(R))). If radiative equilibrium does not

hold when substituting the resulting J� into Equation 2.5 then T (fiRoss(R)) is adjusted

and the process is repeated.

2.2 CMFGEN - A radiative transfer model

Our modelling makes use of the publicly available one-dimensional RT code CMFGEN (Co-

Moving Frame GENeral, Hillier and Miller, 1998) developed by Professor D. John Hillier.

We use this code to compute both continuum and line formation in both the spectra of

CSM-interacting SNe and dense out�ows of massive stars. In our modelling the spectra

of Type-Ibn SNe, we adopt H-free variations of the CSM-interacting CMFGEN models of

Groh (2014) and Boian and Groh (2020). In our spectral modelling of the out�ow of the

LBV in PHL 293B, we adopt a similar approach to that taken by Boian and Groh (2019)

for the LBV progenitor of SN 2015bh.

CMFGEN requires the following inputs to model the spectrum arising from a dense

stellar out�ow: the steady stellar mass-loss rate Ṁ, the bolometric luminosity L?, the

stellar radius R?, the surface abundances and the wind velocity pro�le v(r) (Eq. 2.8).

When modelling CSM-interacting SNe, the mass-loss rate is that of the progenitor star

which we assume expelled the CSM. Additionally, the inner boundary radius of the CSM

(hereby Rin) is used in lieu of R?. CMFGEN does not specify the inner radiative energy

source. However, we can predict that this energy originates from the e�cient conversion

of kinetic to radiative energy when fast-moving, recently-ejected material interacts with

previously-ejected, slow-moving material. An LBV-like giant eruption occurring after a

period of considerable mass loss could produce this. It could also be provided by fast-

moving SN ejecta being propelled into a slow dense CSM, as described previously in

Section 1.5.1. In Section 2.1, it was mentioned that our CMFGEN models assume NLTE,
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radiative equilibrium and statistical equilibrium. Additionally, a ˛-type velocity pro�le is

assumed for the stellar out�ow or CSM. This is given by:

v(r) =
v0 + (v∞ − v0)(1− R∗=r)˛

1 + v0=vcoree([R?−r ]=he�)
: (2.8)

We use the following properties suitable for the velocity of the out�ow of the LBV

in PHL 293B: v0 = 10 km s−1 for the velocity at a reference radius close to R∗, v∞ =

1000 km s−1 for the terminal velocity of the wind, vcore = 0:85km s−1 for the velocity at

R∗ and he� = 0:002 R∗ for the scale height and a ˛-parameter determining the steepness

of the wind of 2.5. For the CSM velocity pro�le of Ibn SNe, we use v0 = 900 km s−1,

v∞ = 1000 km s−1, vcore = 0:02km s−1 and he� = 0:008 Rin and ˛ = 0:2. CMFGEN

joins smoothly the density pro�le of the non-shocked out�ow or CSM (Eq. 2.9) to a

steeper pro�le with a scale height of he� at the very innermost region, simulating the

shock layer. The density pro�le of sub-samples of our Type-Ibn models are shown later in

Chapter 4. The assumed velocity pro�le v(r) and mass-loss rate Ṁ combined with the

mass continuity equation allows the density pro�le of the modelled out�ow or CSM to be

given as:

CSM(r) =
Ṁ

4ır 2v(r)
: (2.9)

We also assume a spherically symmetric geometry. We further assume that the dense

out�ow or CSM is in a steady-state, simplifying the RT equation (Eq. 2.2) by removing

the time dependent derivative ‹I�=‹t = 0. Gräfener and Vink (2016) warn however

that light-travel-time e�ects may substantially e�ect the modelling, predicting a larger

luminosity and mass loss and a lower wind velocity for SN 2013cu, compared to time-

independent CMFGEN modelling by Groh (2014).

CMFGEN adopts atomic data from publicly available databases such as Opal

(Iglesias and Rogers, 1996). These data includes lab-based measurements on various

atomic properties such as collisional cross-sections and ionisation energies for each

included species. CMFGEN groups together energetically close transitions into a single

representative �super level� (Anderson, 1989), ultimately allowing for the inclusion of a

large number of transitions at a reduced computational cost (Hillier and Miller, 1998).

The high number of levels and transitions possible allows for accurate modelling of the

line-blanketing e�ect in which a high number of absorption lines (usually belonging to

metals) are too close together in wavelength space to be individually resolved resulting

in an apparent reduction in intensity. Accurate modelling of the line-blanketing e�ect is
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important as it can lead to back-warming as will be shown in Section 4.2. Tables 3.2

and 4.1 display the number of super- and atomic-levels used for each species included in

our PHL 293B and Type-Ibn progenitor models, respectively.

2.2.1 A brief overview of the inner workings of CMFGEN

This section aims to brie�y explain the complex inner workings of the CMFGEN code. It

is heavily reliant on Hillier and Miller (1998), which provides considerably more in-depth

explanations of CMFGEN's many procedures.

Provided with the inputs mentioned in Section 2.2, CMFGEN attempts to

simultaneously solve the RT (Eq. 2.2) and SE (Eq. 2.4) equations. This is complicated

by the coupling of these equations in NLTE. Therefore, CMFGEN utilises a partial

linearisation technique in which the coupling only needs to be considered locally and

at adjacent grid points (Hillier and Miller, 1998). The constraint equations (statistical

equilibrium, charge conservation, number conservation, radiative equilibrium) can be

written as:

S(Ne ; Te ; n1d ; n2d ; ::::; J1d ; J2d ::::; Z1d ; Z2d ; ::::) = 0; (2.10)

in which all of the quantities are at depth d , Ne and Te are the electron density and

temperature, nid is the population of level i , Jmd is the mean intensity of the radiation

�eld at frequency �m and Zld = (1− Jl=Sl) is the net radiative bracket for line l given in

terms of the mean intensity in the line Jl and the line source function Sl . Linearisation

of the constraint equations produces a system of equations for each depth:

@Sd · ‹Nd = −∆Sd (2.11)

where @S represents the linearised constraint equations and is in the form of a

Nc × NT matrix, Nc and NT being the numbers of constraint equations and variables,

respectively. The error in the constraint equations evaluated with the current

populations and radiation �eld is contained in the vector ∆S while the unknown

correction to the populations is contained in ‹N which is a vector of the form

(‹Ne ; ‹Te ; ‹n1d ; ‹n2d ; ::::; ‹J1d ; ‹J2d ::::; ‹Z1d ; ‹Z2d ; ::::). The ‹Jmd and ‹Zld terms can

be eliminated by replacement with ‹Ne , ‹Te , ‹nid using the linearised transfer equation.

In performing this elimination, it is assumed that only local and adjacent coupling terms

are important. This leads to a block-tridiagonal system of simultaneous equations for the

corrections to the populations ‹n. Each block of equations is coupled over ND depths
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and has dimension NC × NC. CMFGEN employs Fortran's LAPACK routines in order to

solve these simultaneous equations. Once the corrections to ‹n are su�ciently small, the

model is considered to have converged. CMF_FLUX (Busche and Hillier, 2005) then

converts the output spectrum from the co-moving frame adopted by the modelling to

the observer's frame.

2.2.2 Fitting continuum-normalised spectra

One of the bene�ts of CMFGEN is that it outputs separate continuum and line �ux arrays.

This allows for an easy comparison of line formation with an observed spectrum granted

that the continuum present in the observation can be easily distinguished. If this is the

case, we can manually normalise the observed spectrum with respect to its continuum. We

achieve this by �tting a polynomial function to the continuum and dividing the spectrum

by this function, as done previously by Boian and Groh (2020). We predict that this is

accurate to within 5%, with di�culties such as galactic contamination, line-blanketing

disguising continuum �ux and human error in distinguishing between highly broadened

emission lines and the continuum, all potentially leading to inaccuracies. Simultaneous

good �ts to the absolute and normalised spectra, as will be shown for SN 2010al in Figure

??, imply that both line and continuum �uxes are being reproduced accurately.

2.2.3 Accounting for the observing resolution

When comparing a modelled spectrum to an observed spectrum, it is important to account

for the resolution of the observation. We do this by convolving our model spectra with

a Gaussian kernel with a full width at half maximum (FWHM) corresponding to the

resolution in velocity space of the observation, allowing for a more realistic comparison.

The observing resolution a�ects the spectral line widths and strengths, and if su�ciently

low, it can can hide key spectral features such as P-Cygni pro�les as shown by Figure 2.1.

2.2.4 Fitting absolute �ux spectra and accounting for

reddening

Often a model provides a good �t to a continuum-normalised spectrum but could require

a scaling of the absolute �ux in order to reproduce the continuum. This could indicate an

error in the assumed distance or luminosity, while the predictions for the temperature and

optical depth pro�les are accurate. In such a scenario, we manually scale the luminosity
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Figure 2.1: Modelled spectra of SN2010al convolved with Gaussian kernels of various
resolving powers (hereby Pres) as indicated by colour. Pres is connected to the resolution
∆– through the relation Pres = –

∆–
.

as required, applying scaling relations in order to retain the temperature and optical

depth pro�les, consistent with Boian and Groh, 2020. In order to retain the temperature

structure, the radius (R? or Rin) is scaled in proportion to the square root of the luminosity

in accordance with the Stefan Boltzmann Law (Eq. 2.3). A mass loss - luminosity scaling

in which Ṁ ∝ L0:75 is also used based on the scaling by Gräfener and Vink (2016). We

then run a new CMFGEN model using the scaled luminosity, radius and mass-loss rate

as inputs. This scaled model o�ers a much improved �t to the absolute spectrum, while

mostly retaining the original good �t to the normalised spectrum.

We also attempt to account for the intrinsic e�ect of reddening in the observed

spectrum, caused by the intervening interstellar medium preferentially preventing higher

energy photons from reaching the observing spectrograph. For this, we use the R-

dependent Galactic extinction curve of Fitzpatrick (1999) to apply arti�cial reddening

to our models. R in this context refers to the relative visibility and is set by the ratio of

total to selective extinction at V :
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R = A(V ) = E(B − V ) (2.12)

where E(B− V ) is the colour excess due to extinction. We assume a relative visibility of

R = 3:1 which is its mean value for the di�use interstellar medium (Fitzpatrick, 1999).

As demonstrated in Figure 2.2, we test various colour excesses until the modelled slope

of the continuum matches that of the observation.

Figure 2.2: Applying di�erent values of E(B − V ) (coloured spectra) to the same model
spectrum in an attempt to determine the degree of reddening present in an observation
of the SN-Ibn event SN2010al (black spectrum).

2.2.5 Computing synthetic photometry

Hitherto, the focus has been entirely on reproducing spectral observations of considered

events to gain insight into their properties. However, these events often have a wealth of

photometric observations probing wavelengths far beyond those covered spectroscopically.

Photometry hence contains valuable information on the system. To avail of this, we

generate synthetic photometry from our spectroscopically best-�tting models to a

particular spectral observation. We can then compare this synthetic photometry to

actual photometric observations of the same event. Depending on the instrument and

the speci�c �lter or band in which the photometric observation was made, there is a

unique pass-band function (see top panel of Fig. 2.3) through which only a speci�c band
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of radiation passes. Knowledge of this function combined with a relative comparison to

Vega allows us to predict photometric properties such as apparent magnitudes in various

�lters which can be directly compared to observed light curves.

An obvious bene�t of computing synthetic photometry is it can be used to study events

with poor spectral coverage. This is particularly useful in our modelling of type-Ibn SNe

due to the limited number of con�rmed events in comparison to other SNe classi�cations.

A good �t to photometric observations alone cannot directly tell us about the progenitor

composition and mass-loss rate. However, it implies a satisfactory �t to the spectral

continuum over the considered wavelength range and allows us to make predictions for

the luminosity and temperature. Alternatively, if we can obtain a good spectral �t to an

event in a particular wavelength region, we can then generate arti�cial photometry in a

wavelength region in which there was only photometric coverage. Comparing the synthetic

photometry with the observation in this additional wavelength region allows for a deeper

analysis, ultimately strengthening or discrediting the predicted properties obtained with

the spectral �t alone.
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Figure 2.3: Upper panel: pass-band functions corresponding to the photometric
observations of SN 2010al shown later in Figure ??. The UW2, UM2, UW1 as well
as the more jagged of the U, B and V pro�les belong to the Swift UltraViolet and Optical
Telescope (hereby UVOT). Lower panel: Optical spectrum of SN2010al taken 5.7 days
post-explosion (grey) compared to our models which achieve a �t error <40% (green)
which are described in Section 4.3.
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Chapter 3

The possible disappearance of a

massive star in the low-metallicity

galaxy PHL 293B

This chapter is based on `The possible disappearance of a massive star in the low-

metallicity galaxy PHL 293B' (Allan et al., 2020), which was accepted in The Monthly

Notices of the Royal Astronomical Society in June 2020. The co-Authors of this work are

José H. Groh, Andrea Mehner, Nathan Smith, Ioana Boian, Eoin J. Farrell and Jennifer

E. Andrews. Previous spectral studies of PHL 293B, �rst introduced in Section 1.6, have

inferred the presence of an LBV star in outburst. This chapter begins with Section

3.1 discussing our two spectral observations of PHL 293B, in addition to previously

unpublished Hubble Space Telescope imaging. Section 3.2 exhibits the surprising absence

of the LBV signatures in these two latest spectra. Section 3.3 describes the speci�cs of

our spectral models for PHL 293B and the properties which they predict. Our photometric

analysis of PHL 293B is discussed in Section 3.4. Finally, in Section 3.5, three potential

hypotheses for the disappearance of the LBV spectral signatures are explored.

3.1 New spectral observations and unpublished

HST imaging

We obtained two new spectra of PHL 293B in 2019, the �rst of which was obtained

on August 28 using the Echelle SPectrograph for Rocky Exoplanets and Stable

Spectroscopic Observations (hereby ESPRESSO, Pepe et al., 2021) of the European

Southern Observatory's Very Large Telescope (hereby VLT) in Chile's Atacama Desert.

ESPRESSO was used in the four-unit telescope mode, combining the light from four 8 m
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telescopes. The data was reduced with the ESO pipeline version espdr/1.3.0. As will be

explained more in Section 3.2, this observation excitingly suggested the disappearance

of a spectral signature previously believed to originate from the out�ow of a massive

LBV star. As a result of this, we were fortunate to secure a follow-up spectrum with the

X-shooter spectrograph (Vernet et al., 2011) on December 17, 2019, obtained through a

director's discretionary time (DDT) proposal (2104.D-5015A; PI Allan). The X-shooter

data was reduced with the ESO pipeline version xshoo/3.3.5.

We also obtained an archival image of PHL 293B taken with the Hubble Space

Telescope (hereby HST) on October 31, 2010 (GO-12018; PI Prestwich). This observation

was made using HST's wide-�eld camera 3, in the �lters F336W, F438W, F606W, and

F814W. With this observation, we performed photometry of the brightest region of the

galaxy, where the LBV was believed to reside, being where the previous spectroscopic

observations centred their slit. In doing this, we used Dolphot (Dolphin, 2000; Dolphin,

2016) on the standard STScI pipeline pre-processed, charge-transfer e�ciency corrected

images. These photometric observations were obtained before the LBV signature

disappeared, and give the following apparent magnitudes: mF336W,pre = 19:70 ± 0:01,

mF438W,pre = 20:82±0:01, mF606W,pre = 20:31±0:01, and mF814W,pre = 20:03±0:01 mag

in the F336W, F438W, F606W, and F814W �lters, respectively.

3.2 The disappearance of the stellar signature

Section 1.6 mentioned that the presence of a massive LBV star in the galaxy PHL 293B

was inferred from spectral observations of the galaxy taken between 2001 and 2011 (Izotov

and Thuan, 2009; Izotov et al., 2011). Consistently strong, broad emission components

in the H Balmer lines were inferred to originate from the out�ow of the LBV. This is

strengthened by the presence of Fe II and weak He I lines unique to LBVs (Groh et al.,

2014).
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Figure 3.1: Spectroscopic evolution of PHL 293B between 2001 (lowest spectrum) and
2019 (highest). The 2009 X-shooter spectrum (dashed grey) is over-plotted to all spectra,
which are also shifted for clarity. Table 3.1 summarises the observing setup used in
obtaining each of the included observations.
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The original aim of our ESPRESSO observation was simply to obtain a high resolution

spectrum which we could apply our models to in order to constrain the properties of the

LBV. Figure 3.1 however reveals that this spectrum, as well as our follow-up X-shooter

spectrum, exhibit important variations from all prior spectra of PHL 293B, namely the

absence of the LBV signatures. The broad wings of the H-¸ and H-˛ emission lines

are signi�cantly reduced in these later spectra. It is also apparent that the signatures

were in fact absent from an earlier archival observation obtained using the Intermediate

Dispersion Spectrograph on the Isaac Newton Telescope (Smith and Dudley, 1982) in

2016. In addition, Fe II and weak He I lines believed to originate from the LBV are

also absent in these more recent observations. Table 3.1 gives the observing set-up for

each of the spectral observations. We interpret the initial lack of spectral variability

shown in Figure 3.1 as evidence for the LBVs presence between 2001 and 2011, in

agreement with Izotov and Thuan (2009) and Izotov et al. (2011). The LBV signature

then disappeared sometime between 2011 and 2016. A number of scenarios could result

in this disappearance, as Section 3.5 will explore.

3.3 Spectral modelling with CMFGEN

In order to constrain the properties of the LBV in PHL 293B, we compute new radiative

transfer models using CMFGEN, described previously in Section 2.2. We �t these models

to the high-resolution 2002 spectrum (presented in Izotov and Thuan, 2009) obtained

with the Ultraviolet and Visual Echelle Spectrograph (hereby UVES, Dekker et al., 2000)

instrument of the VLT. The models make similar physical assumptions to those of the

LBV progenitor of the SN candidate SN 2015bh (Boian and Groh, 2018). Each of the

CMFGEN models in our library has a di�ering combination of Ṁ and L. We also test

variations in the stellar radius, �nding however that this only has a minor e�ect on the

key spectral features, as will be discussed. Table 3.2 displays the atomic model used in

our modelling of the LBV. We assume an Fe mass fraction of 1.7 ×10−4, ∼ 0:1 of the

solar value, as expected for PHL 293B. We also assume a He mass fraction of 0.5 (∼ 1:8

of the solar value), which is typical of LBVs (Groh et al., 2009). Since only a handful

of diagnostic lines are present, both the He and Fe abundances are assumed rather than

derived values. In this temperature regime, the He and Fe lines are a�ected by a small

change in stellar or wind parameters (Boian and Groh, 2018). This is especially relevant

for Fe, since we assume a solar-scaled Fe/O ratio, and this may not hold depending on

the chemical evolution history of the galaxy. Since the derived metallicity of PHL 293B is
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based on nebular O lines (Izotov and Thuan, 2009), a change in Fe abundance by a factor

of 2, for instance, would still be consistent with our models. For simplicity our models

are unclumped, and indeed they match the strength of the observed electron-scattering

wings of the H lines, which is a key clumping diagnostic (Hillier, 1991). We degraded

the CMFGEN high-resolution synthetic spectra by convolving with a Gaussian kernel of

33.3 km s−1 (resolving power Pres ∼9000) as to match the UVES spectral resolution (see

Sec. 2.2.3). Because of the high wind density, we compute both a �ux temperature T?

at a large optical depth (fiRoss=10), as well Teff at the photosphere (where fiRoss=2/3).

Due to its distance of 23.1 Mpc, the LBV is spatially unresolved from the underlying

stellar population of PHL 293B in seeing-limited ground-based data. Therefore, we add

an additional parameter to the outputted total �ux of the models, a �at background

galaxy component. We vary this parameter for each LBV model in our library, noting the

stellar and galactic contribution parameters necessary to simultaneously achieve a good

�t to both the continuum and key spectral lines. To do so, we match simultaneously

the continuum and H-¸, H-˛, and Fe II 5169 Å lines. A simultaneous match is needed

because all the diagnostics above depend on multiple model parameters, such as the

luminosity, mass-loss rate, and e�ective temperature. For �tting the absolute level of the

continuum, we use a conservative criterion and compare the mean absolute �ux of our

models in the region 6470− 6520 Å to the observations, and only retain models that are

within ±5% of the observed value. We then compare the equivalent width of the H-¸,

H-˛, and Fe II 5169 Å emission lines to the 2002 observation, giving equal weights to each

line when computing the �t error. We chose these lines as they are the only ones where

the broad component is visible with a su�ciently high signal-to-noise ratio. The white

regions in Figure 3.2 show the wavelength range considered in this calculation for the

H-¸, H-˛ (upper panels) and Fe II 5169 Å lines (lower left panel). We neglect the narrow

component of the Balmer lines as this is strongly a�ected by the background galaxy and

likely originates from a region of H ii ionised by many O-type stars (Izotov et al., 2011).

We de�ne our best-�t models as those which produce a �t error of < 25%. The range of

input parameters and background galaxy contributions of these best-�t models allow us

to estimate the properties of the LBV.
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Figure 3.2: Comparison of the 2002 UVES spectrum of PHL 293B (black) to our best-
�tting CMFGEN models. Blue region corresponds to models with a �t error ≤ 25%.
White regions show the wavelength ranges considered in the �t. The upper left and
right panels display the H-¸ and H-˛ emission lines respectively. The lower left panel
includes the tested Fe ii 5169 Å emission line in addition to weaker Fe ii 5159 Å and N i
5198 Å emission and Fe iii 5156 Å absorption. Some best-�t models also feature weak
Mg i 5173 Å and 5184 Å and Tk ii 5186 Å and 5189 Å. The lower right panel includes
the He i 5786 Å line as well as Na i 5890 Å and 5896 Å emission.
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Table 3.2: CMFGEN atomic model used in our analysis of PHL 293B.
Species No. of super-levels No. of atomic levels
H i 20 30
He i 40 45
He ii 22 30
C i 38 80
C ii 39 88
C iii 32 59
N i 44 104
N ii 157 442
N iii 42 158
O i 69 161
O ii 26 80
O iii 33 92
Na i 18 44
Mg i 37 57
Mg ii 18 45
Al ii 38 58
Al iii 17 45
Si ii 22 43
Si iii 20 34
Si iv 22 33
Ca i 23 39
Ca ii 17 46
Ti ii 33 314
Ti iii 33 380
Fe i 69 214
Fe ii 67 403
Fe iii 48 346
Ni ii 29 204
Ni iii 28 220
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Figure 3.3: CMFGEN radiative transfer models for di�erent stellar radii. The solid-blue
spectrum belongs to one of our best-�t models with the following parameters: R?=100R�,
L∗ = 2:52×106 L� and Ṁ = 0:008 M� yr−1. We compare this to two otherwise identical
models but with R? = 10 R� (dashed red line) and R? = 200 R� (dotted green line).
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3.3.1 Inferred properties of the missing star

Our best-�tting CMFGEN models to 2002 UVES spectrum encompass the blue region

of Figure 3.2, providing good �ts to the inferred LBV signatures, producing similar P-

Cygni emission and absorption components. Their ranging inputs indicate that before its

disappearance, the LBV had L∗ = 2:5− 3:5× 106 L�, Ṁ = 0:005− 0:020 M� yr−1, an

e�ective temperature Teff = 6000 − 6800 K, and T∗ = 9500 − 15000 K. While models

with L∗ = 3:5 − 5:0 × 106 L� are consistent with the ground-based data (Fig. 3.4),

they are too bright compared to the HST observations, as will be discussed in Section

3.4. A stellar wind velocity of 1000 km s−1 is required by our models to reproduce the

broad emission and P-Cygni absorption component of the H and Fe lines. This velocity is

much faster than the 40 km s−1 out�ow observed for the extreme Red Supergiant (RSG)

VY CMa (Smith, Hinkle, and Ryde, 2009) or the typical velocities of 50 − 300 km s−1

observed in S Doradus outbursts of LBVs (van Genderen, 2001). The predicted properties

strongly suggest that the LBV was in an eruptive state. Based on our best-�t models,

we estimate that the LBV contributes 20 − 47% of the total �ux collected in the 1�

aperture used in the ground-based spectroscopic observations, with the rest coming from

the underlying stellar population. It is important to note that the contribution of the LBV

to the total �ux would be much smaller for larger apertures, for example those used in

the ground-based photometry presented in Burke et al. (2020).

Our best-�t models for the 2002�2011 spectra place the LBV in PHL 293B at the

higher luminosity end of the HR diagram (Fig. 3.5), in proximity to very massive LBVs

such as ”-Carinae, and in a temperature range characteristic of LBVs. It should be noted

that the wind properties are stronger than those of ”-Carinae, with Ṁ∗ being 5�20 times

larger for PHL 293B. It is, however, remarkably similar to the quiescent LBV progenitor of

SN 2015bh, in L, T, Ṁ∗ , and v∞, with SN 2015bh being only slightly hotter (Fig. 3.5).

SN 2015bh (Boian and Groh, 2018) is a SN candidate with a rare pre-explosion spectrum.

SN 2009ip (Smith et al., 2010; Foley et al., 2011) is part of the same category of events,

and its progenitor also resides in a similar region of the HR diagram, however, slightly

dimmer than PHL 293B, and with relatively poor T? constraints. Other LBV progenitors

of luminous transients, such as SN 2010jl (Stoll et al., 2011) and Gaia16cfr (Kilpatrick

et al., 2018), which have been identi�ed in pre-explosion photometry, show much lower

luminosities but consistent temperatures. An obvious di�erence between all mentioned

transients and the PHL 293B case is the detection of a SN explosion rather than simply

the fading of the star.

As the out�ow of the LBV is very dense, its hydrostatic radius R? is di�cult to



3.3. Spectral modelling with CMFGEN 41

Figure 3.4: Grid of best-�tting CMFGEN models of varying mass-loss rates and
luminosities to the 2002 UVES spectrum of PHL 293B. The colour denotes the calculated
�t-error of the models.

constrain. Figure 3.3 shows that over a large range of radii, the spectral morphology

shows little variation. This is similar to what has been found for ”-Carinae, which also

possesses a high-density wind (Hillier et al., 2001; Hillier et al., 2006; Groh et al., 2012b).

Hillier et al. (2001) �nd that the dense wind of ”-Carinae prevents the temperature of

the underlying star from being well determined. Minor variations in line strength due to

largely di�ering choices of hydrostatic radius and consequently temperature could instead

be caused by a relatively small change (30-50%) in the mass-loss rate or luminosity. A

di�erent He fraction could also alter emission line strengths in this manner. In the case

of PHL 293B, large changes from our reference value of 100 R� would require greater

mass-loss rates to �t the observations, as shown by Figure 3.3. In this sense, our quoted

values of Ṁ are lower limits. We also omit the narrow region of the Balmer lines in our

analysis due to its galactic origin in the observations. This further softens the importance

of the chosen radius as the majority of variation resulting from changing the radius is

within this component. In summary, our conclusion that the LBV possessed an extremely

dense wind is not a�ected by the choice of R?.
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Figure 3.5: HR diagram showing the location of the LBV in PHL 293B during 2002�2011.
We also include ”-Carinae (Groh et al., 2012a) and the progenitors of SN 2015bh (Boian
and Groh, 2018), SN 2009ip (Smith et al., 2010; Foley et al., 2011), UGC2773-OT (Smith
et al., 2010), SN 2010jl (Smith et al., 2011a), and Gaia16cfr (Kilpatrick et al., 2018).
Evolutionary tracks for rotating stars with initial masses in the range 9 − 120 M� at
Z = 0:0004 (Groh et al., 2019) are shown in grey.

We also investigate the maximum values of the luminosity (Lsurv) and mass-loss rate

(Ṁsurv) that a surviving star concealed within the noise of our 2019 X-shooter spectrum

could have. Assuming no dust formation and no change in temperature, we �nd Lsurv =

3:8× 105 L� and Ṁsurv = 2:8× 10−3 M� yr−1 (Fig. 3.6). This would require minimum

reductions in L∗ and Ṁ of 85�92% and 44�86%, respectively. However, the underlying

star could be much more luminous when taking circumstellar dust into account. With the

end of the eruption, the star could have become hotter and with a lower mass-loss rate.

In this case, the upper limit on Lsurv would be higher than that quoted here.
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Figure 3.6: CMFGEN models compared to the 2019 X-shooter spectrum (blue). The
models correspond to upper limits of Lsurv and Ṁsurv with 1 (dashed green), 2 (solid
pink), 3 (dotted black) ff con�dence. The 2002 UVES spectrum (yellow) is included to
highlight the signi�cant reduction in the broad H-¸ emission.
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3.4 Photometric analysis

Section 3.1 explained that we obtained an archival HST observation of PHL 293B taken

before the spectral disappearance, on which we performed photometric analysis, obtaining

apparent magnitudes in each of the observing �lters. In addition to this photometry, we

compare our models to observations obtained with SDSS and DES, presented in Burke

et al. (2020). Using our procedure for computing synthetic photometry from our best-�t

spectral models described in Section 2.2.5, we now investigate the photometric changes

that would be expected in the scenario of a disappearing star. We �nd that our LBV

models have apparent magnitudes of mLBV,g = 20:20− 21:05 mag and mLBV,r = 19:79−
20:56 mag in the SDSS g and r �lters, respectively. In the HST F336W, F438W, F606W,

and F814W �lters, we obtain mLBV,F336W = 19:52 − 20:20 mag, mLBV,F438W = 20:27 −
21:13 mag, mLBV,F606W = 19:92− 20:72 mag, and mLBV,F814W = 19:79− 20:72 mag.

We determine the following relation for the expected change in apparent magnitude

taken pre- and post-LBV disappearance:

∆m = mpost −mpre = −2:5 log
“

1− 10
mpre−mLBV

2:5

”
; (3.1)

where mpre and mpost are the apparent magnitudes of the galaxy captured within a

given �lter before and after the LBV disappeared, respectively, and mLBV is the apparent

magnitude of the LBV alone.

We use the photometry from Burke et al. (2020) to estimate mpre in the SDSS g

and r bands. We interpolate the SDSS 2005 and 2013 observations and �nd mpre,g '
mpre,r ' 17:83 mag. Using Equation 3.1, we obtain ∆m of about 0:06 − 0:13 mag and

0:09−0:19 mag in the g and r bands, respectively, if the LBV was to completely disappear.

These variations are broadly consistent with the light curve of Burke et al. (2020). This

SDSS and DES ground-based photometry uses a large aperture of 5� diameter, hence a

large fraction of the underlying galaxy �ux is included in the aperture (see Fig. 1 of

Burke et al., 2020). The galactic component also captured within the aperture will have

the e�ect of diluting the variation in the measured apparent magnitude if the LBV was

to disappear.

Figure 3.7 shows a high spatial resolution image of PHL 293B obtained with HST (left

panel) compared to an SDSS image of lower spatial resolution (right panel). Because of

the high spatial resolution of the HST observations, we were able to extract photometry

using a much smaller aperture than those of SDSS and DES. For that reason, the LBV

contributes to a much higher fraction of the �ux in the HST observations. Some of our
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Figure 3.7: Left: High-spatial resolution colour-composite image of PHL obtained with
HST WFC3 on 2010-10-31 (GO-12018; PI Prestwich). Right: SDSS g -band image of
PHL 293B taken on 2003-10-24. The spatial scales are indicated by the horizontal bar.

best-�tting CMFGEN models are consistent with the magnitude and colours observed with

HST, implying that the object for which we extracted 2010 HST photometry may actually

be the LBV itself. Fainter LBV models are also consistent with the data. Because of the

smaller aperture, if the LBV disappeared we predict much higher magnitude changes in

future HST data, even for the faint models. We �nd lower limits for the ∆m in each �lter,

obtaining ∆mF336W = 1:07, ∆mF438W = 1:54, ∆mF606W = 1:26, ∆mF814W = 0:81 mags.

High resolution spatial observations are therefore warranted to constrain the photometric

variability of the LBV and potentially verify its complete disappearance.

3.5 The fate of the missing star

We infer that PHL 293B hosted an LBV undergoing an eruption that ended sometime

between 2011 and 2016. We now explore three potential scenarios which could explain

the disappearance of the LBV signature.

3.5.1 A dust obscured surviving star

One possibility is that we are seeing the end of an LBV eruption of a surviving star,

with a mild drop in luminosity, a shift to higher e�ective temperatures, and some dust
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obscuration. The lack of variation in the broad emission of H-¸ and H-˛ lines in all spectra

from 2001 to 2011 would require such an eruption to have persisted for a minimum of 8.5

years. Considering the high mass-loss rate and relatively low temperatures for the outer

wind from our model predictions, the dust obscuration scenario does not necessarily require

a sudden end of the eruption between the 2011 and 2016 observations. A combination of

a slightly reduced luminosity and a thick dusty shell could result in the star being obscured.

While the lack of variability between the 2009 and 2019 near-infrared continuum from

the two X-shooter spectra eliminates the possibility of formation of hot dust (’ 1500 K),

mid-infrared observations are necessary to rule out a slowly expanding cooler dust shell.

Smith and Owocki (2006) show that optically thick, continuum-driven outbursts

could play a greater role in the mass loss of massive stars than steady, line-driven winds.

Importantly, they suggest that such outbursts should be largely metallicity insensitive

in comparison to line-driven winds. Our potential �nding of such an outburst at a

low metallicity could help con�rm their hypothesis, implying that mass loss at low

metallicities could be dominated by continuum-driven outbursts. This conclusion would

carry important implications for stellar mass loss in the early Universe.

3.5.2 Direct collapse to a black hole

Instead of surviving the eruption, the LBV in PHL 293B could have collapsed to a BH,

with perhaps the LBV eruption signalling the end of the stellar life. Assuming that a

BH has been formed, we utilise low initial metallicity (Z=0.002 and Z=0.0004) stellar

evolutionary models (Georgy et al., 2013; Groh et al., 2019) to estimate the BH mass.

We �nd that an initial mass between 85�120 M� best suits our determined parameters

for the LBV, assuming a single star evolution. Based on this initial mass range, a BH

could acquire a mass of between 40 and 90 M� through fallback, assuming no mass loss

at that stage. The �nal BH mass depends on the rotation of the progenitor. Fast-rotating

models within this initial mass range may produce a pair-instability SN rather than a core

collapse to a BH. The non-detection of such a bright event, however, suggests that this

was unlikely to be the case for the LBV in PHL 293B. Evolutionary models predict that the

lifetime of a star with initial mass of 120 M� is between 2:88−3:90 Myr, depending on the

metallicity and rotation (Georgy et al., 2013; Groh et al., 2019). The initial mass of the

star could, however, have been signi�cantly lower if the star was a mass gainer in a binary

system. This would result in a drastically longer lifetime and lower BH mass. Determining
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the age of the stellar population surrounding the LBV could possibly discriminate between

single and binary star evolutionary scenarios, see Smith and Tombleson (2015).

A spectroscopic observation of a star immediately preceding the collapse to a BH

without a bright SN would be unprecedented. LBVs span a wide range of luminosities

(Smith et al., 2019) and it would not be impossible for a low-luminosity, dust-reddened

LBV to show eruptive behaviour and perhaps collapse to a BH. This could have important

consequences for N6946-BH1 (Adams et al., 2017a) and the other failed-SNe candidates

discussed in Section 1.5.4.

3.5.3 An undetected supernova

An alternative explanation for the disappearance for the LBV in PHL 293B is an

undetected SN explosion. Burke et al. (2020) favour this hypothesis, suggesting that an

SN IIn event occurred between 1995 and 1998, during which no photometry is available.

In this case, the broad components seen in the Balmer lines between 2001�2011 would

instead come from interaction between the SN ejecta and a dense circumstellar medium.

This scenario requires that a potentially prolonged SN interaction went undetected at

early-times, and our data cannot rule this out.

Both pre- and post-explosion spectra have been reported for only one SN (SN 1987a;

Walborn et al., 1989) and two SN candidates (SN 2009ip, e.g. Smith et al., 2010; Smith,

Mauerhan, and Prieto, 2014); and (SN 2015bh, e.g. Thöne et al., 2017; Boian and Groh,

2018). Analysis of the pre-explosion spectra has revealed that the progenitor of SN 2015bh

was an LBV star (Boian and Groh, 2018). Interestingly, the spectra and consequently

the predicted parameters of its progenitor do not greatly di�er from that of the LBV in

PHL 293B.
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Chapter 4

Using CMFGEN to investigate the

properties of SN Ibn

The following chapter is based on `Type-Ibn Supernovae - A detailed spectroscopic study

using radiative transfer modelling with CMFGEN' (Allan and Groh, 2021, in preparation

for submission). Section 4.1 begins by outlining the speci�c modelling techniques used

to study the spectra of Ibn, including our automated routine for quickly �tting their

normalised, early-time optical spectra. Section 4.2 explores the spectral dependencies on

key parameters. This chapter culminates in Section 4.3, in which we apply our techniques

speci�cally to one of the earliest spectroscopically observed Type-Ibn SNe SN 2010al, in

order to predict its properties.

4.1 Predicting the properties of Ibn SNe progenitors

To model the spectrum produced in the interaction of SN ejecta with a dense H-free

CSM, we use the publicly available radiative-transfer code CMFGEN (Hillier and Miller,

1998) described previously in Chapter 2. Once accepted, our library of models will be

made readily available online. It is our understanding that this will be the �rst study

which utilises detailed radiative transfer calculations for spectroscopic modelling of Type-

Ibn events. Boian and Groh (2020) present a similar study of early-time spectra for the

CSM-interacting, H-rich Type-IIn classi�cation of SNe, also using CMFGEN.

For consistency with our models, an observed spectrum must have been obtained

<15 days after explosion. This is for a number of reasons. At earlier times, the CSM is

more representative of the progenitor star. With time, the properties of the CSM can vary

greatly as a result of the shock travelling through it. The assumption of a stationary CSM

holds well at early-times given that the CSM has a negligible velocity (10-1000 km s−1)
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compared to the much faster ejecta (104 km s−1). The SN luminosity may also accelerate

the CSM, making predicting the progenitor wind velocity in the case that the CSM was

formed by a steady line-driven wind less accurate. Gräfener and Vink (2016) compute the

radiative acceleration due to the SN explosion of SN 2013cu, �nding a substantial increase

in velocity near Rin, declining to a negligible acceleration at greater depths. They also

consider ion decoupling, in which a greater number of absorbing spectral lines of more

complex ions results in these ions experiencing a stronger radiative acceleration than those

of H and He. For this to occur, the radiative acceleration must be su�cient to overcome

Coulomb coupling. They point out however, that ion decoupling would not be expected

for SN 2013cu, according to the following condition from Lamers and Cassinelli (1999)

for the e�ciency of Coulomb coupling:

LSN(L�)v(km=s)

Ṁ(M�yr−1)
. 5:9× 1016 (4.1)

The predicted properties of SN 2013cu by Gräfener and Vink (2016) return a value of

1.5 ×1014 for the left-hand side of Equation 4.1, suggesting that ion-decoupling does not

occur. Interestingly, our predicted properties for SN 2010al (which will be presented in

Section 4.3) return a similar value ranging from 1 ×1014 to 3 ×1014. Another important

e�ect which is not currently accounted for in our models is light-travel time (hereby LTT),

as will be discussed in Section 4.3 for SN 2010al.

4.1.1 Library of models

For our automated routine for predicting the properties of Type-Ibn progenitors (described

in Section 4.1.2), we have created a library of CMFGEN models. This library, displayed

in Figure 4.1.1, spans over a wide range of Ṁ, 0:1 − 8 × 10−1 M�yr−1and LSN , 1 −
12 × 109 L�. Each model in our library has Rin = 1014 cm, consistent with a time

of observation post-explosion of 4.6 days assuming an ejecta velocity of 104 km s−1.

However, once the automated check of the normalised spectrum returns a satisfactory

prediction for the temperature and opacity structures, this initial assumption for Rin
can be modi�ed manually to better match the post-explosion time of the observation.

Applying the scaling relations for Ṁ and LSN with Rin mentioned in Section 2.2.4, we

can retain the temperature and opacity structures while making improved predictions for

the progenitor's properties.

Table 4.1 displays the number of super- and atomic-levels for the transitions included

in our library of SN Ibn models while Table 4.2 displays their mass fractions of key
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Table 4.1: CMFGEN atomic model used in our analysis of SNe Ibn.
Species No. of super-levels No. of atomic levels
He i 69 69
He ii 30 30
C ii 80 238
C iii 51 84
C iv 64 64
N ii 120 194
N iii 41 82
N iv 44 76
O ii 54 123
O iii 88 170
O iv 78 154
Mg ii 42 80
Al ii 41 109
Al iii 27 60
Si iii 70 118
Si iv 22 33
S iv 51 142
Sv 31 98
Cr iii 23 112
Mn iii 33 333
Fe iii 104 1433
Fe iv 74 540
Fev 50 220
Co iii 28 174
Ni iii 28 220

elements. A caveat with the predictions of our models is the degeneracy between these

assumed mass fractions and the predicted progenitor properties. For example, the Ṁ may

be overestimated if the prediction was based primarily on �tting He emission and the

assumed He abundance is higher than the true value.

In order to improve the parameter-space resolution of the library of models, we have

linearly interpolated between the spectra of any two CMFGEN models which di�er in either

LSN or Ṁ by < 50%. From comparisons of interpolated model spectra with spectra

computed with a genuine CMFGEN model with identical input properties, we predict

that these interpolated models introduce a maximum error of 5% within the modelled

parameter space granted the variation in LSN or Ṁ is < 50% as enforced. To predict the

T? and Teff of an interpolated model, the L ∝ T 4 relation of the Stefan Boltzmann Law

(Eq. 2.3) was used. A comparison of two interpolated and genuine CMFGEN models with



52 Chapter 4. Using CMFGEN to investigate the properties of SN Ibn

Table 4.2: Mass fractions of key elements adopted by our Type-Ibn models.
Element Mass fraction Z=Z�

H 0 0
He 9.864E-01 3.52E+00
C 5.583E-05 1.83E-02
N 8.172E-03 7.42E+00
O 1.319E-04 1.38E-02

LSN=4.1×1010 and 5.5 ×1010L� satis�ed this luminosity-temperature relation to within

0.14% and 2.3% for T? and Teff , respectively.

4.1.2 An automated routine for �tting SN Ibn spectra

We have created an automated approach to quickly compare each model in our library to a

given early-time SN Ibn spectral observation. This is aided by the apparent lack of diversity

amongst Ibn events compared to IIns (Hosseinzadeh et al., 2017) with many Ibn events

exhibiting strong emission over the same emission lines. We select �ve commonly observed

emission lines for an automatic comparison between a spectral observation and model.

Table 4.3 displays the wavelength range over which the equivalent width is calculated, in

addition to the chosen allowed threshold for each line. Models whose equivalent widths

in any of the selected lines di�er from that of the observation by more than their allowed

threshold are ruled out. Successful models are then manually compared to the observed

spectrum in absolute �ux units, accounting also for the reddening e�ect on the observation

(see Sec. 2.2.4). Models which provide good �ts in both normalised and absolute �ux

units are compared to any available photometric observations for that event (see Sec.

2.2.5). Section 4.3 will describe in detail each of these steps necessary for our modelling

of the event SN 2010al.

4.2 Spectral dependencies on LSN, Rin and Ṁ

In this section, we explore how the emergent spectrum depends on the model input

parameters of LSN , Rin and Ṁ. We vary each of these input parameters individually to

isolate their spectral e�ects. To better simulate real observations, we convolve each of

these spectra with a Gaussian kernel of 500 km s−1 (resolving power Pres ∼600). This

provides an obtainable resolution for observations. For the extended spectra shown in

Figures 4.4, 4.9 and 4.16, we instead convolve with a Gaussian kernel of 5000 km s−1
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Figure 4.1: Library of our CMFGEN Type-Ibn progenitor models used in our automated
routine for predicting properties from a given early-time, continuum-normalised spectral
observation. Filled grey points indicate genuine CMFGEN models while un�lled indicate
interpolated models. The colour gradient displays the T? of the models. Rin = 1014cm
has been initially assumed for each model, as discussed in the text.

Table 4.3: Selected key emission lines which are prominent in early-Type-Ibn spectra. We
perform an automatic integration for the equivalent width over the given wavelength range
for each continuum normalised observation. Models which achieve an error below the
chosen error-threshold in every line are considered good �ts to the normalised spectrum.

Identi�cation – – range Max error
(Å) (Å) threshold (%)

He i 4471 4300 - 4800 80
He ii 4685.70 4450 - 5000 60
He i 5876 5750 - 6000 80
He i 6678 6350 - 6800 80
He i 7065 6865 - 7365 80
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(resolving power Pres ∼60), as to better display the continuum. For this investigation

we assume a distance of 100 Mpc, which is representative of the currently detected SN

Ibn sample. For the LSN-varying models (Sec. 4.2.1), the following inputs were held

constant: Ṁ= 0.25 M�yr−1, Rin = 4 × 1014 cm while the Rin-varying models (Sec.

4.2.2) have Ṁ= 0.25 M�yr−1and LSN = 9 × 109 L�. For the Ṁ-varying models (Sec.

4.2.3); LSN = 9 × 109 L�, Rin = 4 × 1014 cm. The LSN-varying models o�er a great

opportunity to isolate the e�ects of LSN and the consequent variations in the temperature

pro�le alone, hence we begin our discussion here. Both the Ṁ- and Rin-varying models

are more complex in that both the density pro�le and temperature pro�le are dependent

on these properties.

4.2.1 Spectral dependency on LSN

HeII

HeII

HeI

HeII

HeI

NIII

NIII
SiIV

FeIIIFeIII

NII

HeII
HeI

FeIII

Figure 4.2: Continuum-normalised spectra of CMFGEN models with inputs di�ering only
in LSN . Di�erent colours correspond to di�erent values of LSN as indicated by the legend.
Vertical lines identify prominent spectral lines.

Figures 4.2 to 4.4 display the spectra of the LSN-varying models. A larger LSN causes

stronger He II 4685 Å emission and weaker He I 5876 Å. This is due to di�ering ionisation
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Figure 4.3: Spectra of CMFGEN models in absolute �ux units, with inputs di�ering only
in LSN . Di�erent colours correspond to di�erent values of LSN as indicated by the legend.
Vertical lines identify prominent spectral lines.
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Figure 4.4: Identical to Figure 4.3, now showing the spectra over an extended wavelength
range. The spectra have also been convolved with a Gaussian kernel of velocity 5000
rather than 500km s−1 to better show the continuum.

fractions of He arising from LSN-dependent temperature pro�les as will be shown. Across

UV, optical and IR wavelengths, the continuum �ux is greater for more luminous models.

The peak of the continuum spectrum (which is in the UV for the parameters of our

models) shifts to a lower wavelength for a hotter, more luminous model, consistent with

Wien's Displacement Law, as shown in Figure 4.4.

Figures 4.5 and 4.6 delve deeper into the LSN-varying models, showing their CSM

pro�les of density, opacity and optical depth, temperature, ionisation fractions of He and

line formation of He I 5876 Å and He II 4685 Å. The central panel of Figure 4.5 shows that

the Rosseland mean opacity (Eq. 2.7) pro�le of the CSM closely follows the pro�le for

the density of ions. It exhibits both a steady decline as well as a bump in the inner-most

CSM resulting from the greater ionisation of elements, which increases the number density

of free electrons and hence the electron-scattering opacity. The Rosseland mean optical

depth fiRoss, accordingly falls o� with increasing depth into the CSM. Over the broad

range of LSN considered in this parameter study, there is little variation in the resulting

optical depth pro�les (lower panel of Fig. 4.5). A more luminous model results in a slight

extension of the enhanced opacity region due to the ionisation of more atoms. However,

the variation in optical depth arising from varying the LSN is negligible compared to that
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Figure 4.5: CSM pro�les of density (upper), opacity (central) and optical depth (lower).
The colour corresponds to the LSN of the model which is the only di�erence in the input
of the models. The line-style corresponds to the text on the relevant y-axis. The diamond
symbols indicate the depth at which the CSM is no longer optically thick.
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Figure 4.6: CSM pro�les of temperature (upper), ionisation fraction of He (central), line
formation regions (lower) of He I 5876 Å (left) and He II 4685 Å (right). The colour
corresponds to the LSN of the model which is the only di�erence in the input of the
models. ‰(R) relates to the equivalent width of the line as: EW=

R Rin
∞ ‰(R) d(log(R))

and highlights the formation region of the line.
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from varying Rin or Ṁ which will be studied in the subsequent sections.

As shown in the upper panel of Figure 4.6, temperature decreases with increasing

depth into the CSM. The large opacity in the optically-thick inner region leads to strong

absorption and hence high temperatures. Consequently, following the opacity pro�le, the

temperature falls o� steeply with increasing depths into the CSM until the edge of the

optically thick region is reached (Rfi=2=3), as marked by the diamonds in all CSM pro�le

�gures. The high temperature in this inner region is due mostly to line-blanketing by

numerous close-together Fe absorption lines, predominantly Fe III/Fe IV for the LSN =

1:5×109 L� model while the hotter temperature of the LSN = 9:1×109 L� model results

in FeV being the primary source of line-blanketing. These closely spaced UV absorption

lines warm the CSM either through absorption or back-scattering of photons in a process

known as back-warming. Conservation of energy implies that where the CSM becomes

optically thin coincides with a strong drop in temperature as the photons can escape into

the emergent spectrum without being absorbed. The dependence of the temperature

within the optically thick CSM on LSN (Fig. 4.6) and Rin (Fig. 4.12 and 4.13) follows

the Stefan Boltzmann Law (Eq. 2.3), as this region is in a state of LTE. This states that

a slightly more luminous model will exhibit a signi�cantly hotter temperature pro�le, if

Rin is not varied. Similarly, if two models with identical LSN di�er only in Rin, the larger

Rin will produce a cooler temperature pro�le.

The central panel of Figure 4.6 displays the ionisation fraction of He throughout the

CSM for various luminosities. Within the temperature regime covered by these models,

the hotter temperatures of the inner region of the CSM are better suited to the excitement

of He to the He2+ rather than the He+ state. As the temperature drops going further

into the CSM, at some depth it approaches the excitation temperature needed for He+,

leading to the respective rise and fall of the He+ and He2+ states. A hotter temperature

pro�le results in this depth being reached further into the CSM, once the temperature

reaches ∼20000 K according to our models.

The lower panel of Figure 4.6 displays the line formation regions of He I 5876 Å (left)

and He II 4685 Å (right). The exact region in which the lines are formed depends on a

number of factors, such as the density, optical depth and temperature pro�les of the CSM.

In order for a particular recombination line to be observable in the emergent spectrum, it

must be produced readily in a region where there is a high number of free electrons and the

ion required for the particular transition, He2+ for He II 4685 Å and He+ for He I 5876 Å.

Hence, the line strength of such recombination lines are typically proportional to the

density squared. However, while a higher density raises the number of available emitters
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and hence the probability of a line photon being emitted, it also raises the optical thickness

at that radius. This greater optical thickness raises the probability that an emitted line

photon is absorbed rather than allowed to escape out to the emergent spectrum. Instead,

the line photon likely thermalises, eventually contributing to the continuum spectrum.

This competing emission and absorption of line photons results in a radius at which the

line formation peaks1. It was mentioned that hotter temperatures in the optically-thick,

inner region of the CSM, due to a higher input LSN for example, leads to the switch

between a He2+- to a He+-dominant ionisation fraction occurring further into the CSM.

Ultimately, this causes the formation of He I lines to occur further into the CSM than

He II lines. Pushing the formation of He I lines out to a greater CSM depth where the

density is lower raises the ratio of He II/He I in the emergent spectrum, as previously

noted in Figure 4.2.

4.2.2 Spectral dependency on Rin

Figures 4.7 to 4.9 displays the spectral e�ects of varying Rin. A smaller Rin strengthens

individual emission lines relative to the continuum as shown in Figure 4.7. Considering

the spectra in absolute �ux units as in Figure 4.8, it becomes clear that this is due to

both a weaker continuum �ux in the optical, and generally stronger line emission for a

smaller Rin. The weaker continuum �ux at optical wavelengths for a smaller Rin results

from Wien's Displacement Law. The hotter temperature (explained below) arising from a

smaller Rin results in the continuum emission peaking at a lower wavelength, as shown in

Figure 4.9. This shifts the continuum �ux of lower Rin models blue-ward, redistributing

continuum �ux from the optical into the UV region.

Figures 4.10 to 4.13 compare pro�les of various properties of the CSM for varying Rin
models. Figures 4.10 and 4.12 give the depth into the CSM in units of 1010 cm, whereas

Figures 4.11 and 4.13 normalise the depth with each model's speci�c Rin. Density pro�les

are shown in the upper panels of Figures 4.10 and 4.11. The assumed density pro�le of

the CSM given by Equation 2.9 dictates that CSM(R) ∝ R−2. Hence, a smaller Rin
strengthens the emission lines (noted for Figs. 4.7 and 4.8) through raising the number

of their available emitters. While a higher CSM density favours stronger line-emission, the

density pro�le cannot be altered without a�ecting the temperature pro�le (upper panels

1Due to the steepness of the assumed density pro�le for the shock layer at the innermost depths near
Rin, some models exhibit a sharp, narrow spike in line formation (emission) very close to Rin with a
subsequent drop of equal intensity (absorption) at a slightly larger depth into the CSM. However, as the
emitted photons are subsequently absorbed, these photons do not reach the emergent spectrum. The
observed emission lines are instead produced further into the CSM, in the broader ‰ component.
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Figure 4.7: Continuum-normalised spectra of CMFGEN models with inputs di�ering only
in Rin. Di�erent colours correspond to di�erent values of Rin as indicated by the legend.
Vertical lines identify prominent spectral lines.
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Figure 4.8: Spectra of CMFGEN models in absolute �ux units, with inputs di�ering only
in Rin. Di�erent colours correspond to di�erent values of Rin as indicated by the legend.
Vertical lines identify prominent spectral lines.
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Figure 4.9: Identical to Figure 4.8, now showing the spectra over an extended wavelength
range. The spectra have also been convolved with a Gaussian kernel of velocity 5000
rather than 500km s−1 to better show the continuum.

of Figs. 4.12 and 4.13), due to the coupling between the RT (Eq. 2.2) and SE equations

(Eq. 2.4). A lower Rin yields hotter temperatures in the optically thick region of the CSM

in accordance with the Stefan Boltzmann Law (Eq. 2.3). This unavoidable temperature

variation could potentially lower the fraction of available ions in the required state for

the formation of a particular line, resulting in weaker spectral emission despite a greater

overall density for the CSM. In summary, raising the density from either decreasing Rin (or

increasing Ṁ) acts to strengthen all line-emission, however, consequential temperature

e�ects may cause certain lines to weaken or strengthen beyond this.

The central panels of Figures 4.12 and 4.13 display the e�ect of Rin on the ionisation

fraction of He. As seen for the LSN-varying models, hotter CSM temperature pro�les due

to a smaller Rin result in the switch from a He2+ to He+-dominated ionisation fraction

occurring further into the CSM. Again, this pushes the formation of He I 5876 Å and

He II 4685 Å to greater CSM depths, shown in the lower panels of Figures 4.12 and 4.13.

While Rfi=2=3 shows little variation for di�erent LSN , it is highly dependent on the

density pro�le and hence variations in Rin, as seen in the optical depth pro�les in Figures

4.10 and 4.11. The upper panels of these �gures also reveal that lower Rin models exhibit

an enhanced density of ions and free electrons in the innermost region of the CSM, above
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Figure 4.10: CSM pro�les of density (upper), opacity (central) and optical depth (lower).
The colour corresponds to the Rin of the model which is the only di�erence in the input
of the models. The line-style corresponds to the text on the relevant y-axis. The diamond
symbols indicate the depth at which the CSM is no longer optically thick.
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Figure 4.11: Identical to Figure 4.10 but the depth into the CSM, R, is now displayed in
units of Rin.
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Figure 4.12: CSM pro�les of temperature (upper), ionisation fraction of He (central),
line formation regions (lower) of He I 5876 Å (left) and He II 4685 Å (right). The colour
corresponds to the Rin of the model which is the only di�erence in the input of the
models. ‰(R) relates to the equivalent width of the line as: EW=

R Rin
∞ ‰(R) d(log(R))

and highlights the formation region of the line.
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Figure 4.13: Identical to Figure 4.12 but the depth into the CSM, R, is now displayed in
units of Rin.



68 Chapter 4. Using CMFGEN to investigate the properties of SN Ibn

the assumed CSM(R) ∝ R−2 dependence. This is owed to the hotter temperatures of

this region. The enhanced density region extends further into the CSM for hotter, lower

Rin models, similar to that seen for more luminous models. The greater general density

as well as the enhanced densities of ions and free electrons in the inner CSM for lower Rin
models lead to greater opacities, shown in the central panels of Figures 4.10 and 4.11.

4.2.3 Spectral dependency on Ṁ
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Figure 4.14: Continuum-normalised spectra of CMFGEN models with inputs di�ering only
in Ṁ. Di�erent colours correspond to di�erent values of Ṁ as indicated by the legend.
Vertical lines identify prominent spectral lines.

Many of the e�ects discussed in the previous two sections also apply in variations of Ṁ.

The upper panel of Figure 4.17 clearly shows the CSM(R) ∝ Ṁ dependency, in accordance

with Equation 2.9. This causes a larger Ṁ to produce many e�ects similar to those seen

for a smaller Rin. This includes greater opacities and optical depths throughout the CSM,

as shown in the central and lower panels of Figure 4.17, respectively. As mentioned, a

larger optical depth leads to further back-warming, producing hotter temperatures in the

optically thick region of the CSM (see upper panel of Fig. 4.18).
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Figure 4.15: Spectra of CMFGEN models in absolute �ux units, with inputs di�ering only
in Ṁ. Di�erent colours correspond to di�erent values of Ṁ as indicated by the legend.
Vertical lines identify prominent spectral lines.
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Figure 4.16: Identical to Figure 4.15, now showing the spectra over an extended
wavelength range. The spectra have also been convolved with a Gaussian kernel of
velocity 5000 rather than 500km s−1 to better show the continuum.

Figures 4.14 to 4.16 display the emergent spectra of the Ṁ-varying models. The

larger Ṁ models exhibit stronger line-emission due to the greater density of their CSM.

As noted in Section 4.2.2, this increase is not necessarily uniform across all line-emission,

due to indirect temperature e�ects. Compared to variations in LSN and Rin, a change

in Ṁ has a negligible e�ect on the continuum at optical wavelengths (Fig. 4.15). The

continuum �ux over a more extended wavelength range such as in Figure 4.16 however

does reveal dependencies with Ṁ. Firstly, the two highest Ṁ models feature an excess of

continuum emission compared to the lower Ṁ models, growing steadily with increasing

wavelength. This is caused by free-free emission, which scales with the square of the CSM

density. This free-free emission leads to a notable IR excess for the highest Ṁ models.

Secondly, the continuum �ux of the higher Ṁ models peak at slightly larger wavelengths.

This is the result of Wien's Displacement Law. Unlike the denser, lower-Rin models which

(for the most part) exhibit hotter temperatures thorough-out the entirety of the CSM,

the higher Ṁ models generally show higher temperatures in the optically thick CSM,

and lower temperatures in the optically thin CSM. The slight decrease in temperature in

the optically thin region where the continuum radiation originates, shifts the peak of the

continuum to slightly larger wavelengths.
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Figure 4.17: CSM pro�les of density (upper), opacity (central) and optical depth (lower).
The colour corresponds to the Ṁ of the model which is the only di�erence in the input of
the models. The line-style corresponds to the text on the relevant y-axis. The diamond
symbols indicate the depth at which the CSM is no longer optically thick.
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Figure 4.18: CSM pro�les of temperature (upper), ionisation fraction of He (central),
line formation regions (lower) of He I 5876 Å (left) and He II 4685 Å (right). The colour
corresponds to the Ṁ of the model which is the only di�erence in the input of the
models. ‰(R) relates to the equivalent width of the line as: EW=

R Rin
∞ ‰(R) d(log(R))

and highlights the formation region of the line.
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The central and lower panels of Figure 4.18 display the ionisation fraction of He and

formation regions of He I 5876 Å and He II 4685 Å respectively. A larger Ṁ is seen

to extend the He2+ region further into the CSM due to the larger temperatures in the

optically thick region. However, as the variation in this temperature is mild in comparison

to that from LSN- and Rin-variations, there is less variation in the ionisation fractions

of elements and the resulting formation region of their lines. Accordingly, a change in

the spectrum's He I/He II ratio is less drastic for a variation in Ṁ, compared to the ratio

change resulting from variations in LSN or Rin.

4.3 Properties of SN 2010al from CMFGEN

modelling

In Section 4.2, we showed how properties of the progenitor and SN a�ect the resulting

spectra. We now focus on �tting an early-time spectrum of a particular SN Ibn event,

SN 2010al. SN 2010al remains one of the earliest spectroscopically observed Type-

Ibn SNe, with the spectrum we �t our models to being obtained just 5.7 days post-

explosion with the FAST spectrograph of the Tillinghast Telescope (Fabricant et al.,

1998). We obtained this publicly available spectrum through the Open Supernovae

catalogue (Guillochon et al., 2017). Fabricant et al. (1998) report a spectral resolution of

∆– = 3Å, corresponding to a resolving power between 1133-2433 over the ∼3400-7300 Å
spectral coverage for this observation. After normalising this spectrum with respect to

the continuum, our automated spectral �tting routine outlined in Section 4.1.2 returned

best-�t models. Here, we describe how we improve upon these preliminary models.

We begin by ensuring our models provide adequate �ts to the observed spectrum

in absolute �ux units as opposed to the continuum-normalised spectrum alone. Section

2.2.4 describes this process in detail. For SN 2010al, the preliminary best-�t models from

our automated �t to the normalised spectrum underestimates the absolute �ux of the

observation, suggesting accurate temperature and opacity structures, while LSN is being

underestimated. Therefore, we scale LSN to the value required to match the observed

continuum �ux, applying the mentioned scaling relations for retaining the temperature and

opacity pro�les. These scalings result in a predicted Rin of 1.2 ×1015 cm for SN 2010al.

We also �nd that E(B − V ) = −0:4 is required to reproduce the slope of the spectral

continuum of SN 2010al, hence we arti�cially redden each of our SN 2010al models by

this colour excess.
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Figure 4.19: Parameter space explored by best-�tting models to the SN 2010al early
spectrum. The overlapping colour gradients highlight where the modelled parameter
space best reproduces the equivalent widths of He I 5876 Å and He II 4685 Å emission as
indicated by the colour bars. Overestimating the line equivalent width results in a positive
error, while an underestimation leads to a negative value as indicated by the arrows. The
LSN and Ṁ of the six models displayed in Figures 4.20-4.23 are indicated by the circles
matching the colour of their spectra. The grid space corresponding to the upper error
thresholds of <24% and <40% adopted in Figure 4.24 are also displayed by the blue and
green dashed lines, respectively.
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Having scaled our preliminary best-�t models to reproduce the absolute �ux spectrum,

we are able to constrain the range of LSN and Ṁ which best reproduce the observation. To

achieve this, we slightly vary either the LSN or Ṁ of the models which best �t the absolute

�ux spectrum, creating a sub-library of models. To quantify the suitability of each of these

models, we utilise the prominent He I 5876 Å and He II 4685 Å emission lines, calculating

their equivalent widths in both the modelled spectra and observed spectrum. This allows

us to calculate a percentage error for each model's ability to �t these strong lines in

the observation. The sub-library of SN 2010al models and their respective �t-errors are

displayed in Figure 4.19.

Our CMFGEN models show that variations in both Ṁ and LSN strongly a�ect the

He I 5876 Å and He II 4685 Å lines. The combination of spectral e�ects that Ṁ and

LSN have result in an optimal region within Figure 4.19 for simultaneously reproducing

the observed lines. The model shown in Figure 4.20 and represented by the orange circle

in Figure 4.19 resides within this region, having Ṁ=0.43 M�yr−1and LSN=7.1 ×1010L�.

We can see that this model simultaneously �ts the EWs of both lines to a satisfactory

degree, illustrating that it has the appropriate ionisation and density structure for the

CSM. Large variations in either LSN or Ṁ from these values clearly lower the �t quality

as shown in Figures 4.21-4.23, as is now discussed.

Figure 4.21 shows that a variation in Ṁ a�ects both the He II 4685 Å (left) and He I

5876 Å (right) lines, with higher values of Ṁ increasing their EWs, and vice versa. As

explained in Section 4.2.3, this is caused by the change in density of the CSM through

the mass continuity equation ( ∝ Ṁ), and the fact that both lines are recombination

lines and thus have emissivities approximately proportional to 2
CSM.

Our models have also indicated that an increase in LSN raises He II 4685 Å and

weakens the He I emission, as seen in the purple model in Figure 4.22. This is a result

of the changing ionisation fraction of He. A higher temperature pro�le due to a larger

LSN also strengthens the N III emission seen blue-ward of He II 4685 Å. Raising LSN to

1.3 ×1011L� is seen to produce broad emission blue-ward of He I 5876 Å. This broad

emission is due to C IV 5801 and 5812 Å, and is absent from the observations.

Figure 4.23 shows an example of a model that �ts the EW He II 4685 Å well, but does

not reproduce He I 5876 Å. If only He II 4685 Å is observed, then the derived Ṁ and LSN
will be highly degenerate, with large errors up to a factor of 2. This illustrates that it is

crucial to observe both lines for determining realistic properties of SN Ibn progenitors at

early-times.

We �nd that setting an allowed upper error threshold of <24% in the equivalent
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widths of He I 5876 Å and He II 4685 Å yields a satisfactory �t to the observed spectrum

of SN 2010al. Figure 4.24 displays our �nal best-�t models (within the shaded blue region)

which satisfy this, with the absolute and normalised spectra given in the upper and lower

panels, respectively. Also shown are models which satisfy a more forgiven threshold of

<40% (green shaded region). This �gure shows that our best-�t models simultaneously

provide satisfactory �ts to the observed continuum in addition to the strong emission

lines. The displayed line identi�cations of prominent lines in our models are mostly in

agreement with the predicted identi�cations o�ered in Pastorello et al. (2015).

We mention above that we predict the colour excess due to the reddening e�ect to

be E(B-V)=0.4 mag for SN 2010al. The best-�t models which satisfy the upper error

threshold of <24% (<40%) in the equivalent widths of He I 5876 Å and He II 4685 Å

shown in Figure 4.24 predict the following progenitor and SNe properties for SN 2010al:

a SN luminosity between 6.2-8.2 (5.3-10) ×1010 L�, a progenitor mass-loss rate between

0.39-0.52 (0.34-0.52) M�yr−1, a wind velocity of 1000 km s−1 and an inner boundary

radius to the CSM Rin of 1.2 ×1015 cm. This Rin corresponds to an explosion time of

14 days assuming a typical ejecta velocity for normal SNe of 104km s−1. To achieve a

modelled time of 5.7 days post-explosion more consistent with the observed spectrum, an

ejecta velocity of 2.5 ×104 km s−1 is required. However, it may be the case that Type-Ibn

SNe have higher ejecta velocities compared to non-interacting normal SNe.

In terms of the surface abundances, we obtain a composition of 99% He and ∼ 1% N

by mass. The N abundance is determined from the N III and N IV lines in the optical

spectrum. Our models also allow us to determine the nature of the double-peaked emission

component seen at ∼ 4660 Å. Pastorello et al. (2015) suggest that the redder peak is

He II 4686 Å while the bluer peak likely results from a blend of C III 4648 Å and N III

4640 Å. Our best �t models instead predict the blue peak to result predominantly from

a blend of N III 4634, 4641 and 4642 Å. The respective equivalent widths our models

predict for these N III lines are factors of 65, 111 and 15 larger than that predicted for

C III 4648 Å. We do not see evidence of high C abundance.

The component which appears to be underestimated in the models further blue-ward

of the previously discussed blue N III peak likely originates from a blend of He I 4472 Å

and He II 4542 Å, both of which are present in the model, albeit insu�ciently. Our best

�t model also suggests that He II strongly contributes to the emission at 6560 Å o�ering

an alternative to the H-¸ identi�cation inferred by Pastorello et al. (2015). This would

be consistent with the lack of H lines observed and the consequent Ibn classi�cation of

SN 2010al.



4.3. Properties of SN 2010al from CMFGEN modelling 77

Wavelength (Å)

HeI
HeII

NIII

Figure 4.20: A model �t (orange) to the observed spectrum of SN 2010al at 5.7 days
post-explosion (grey). The left and right panels display the He II 4685 Å and He I 5876 Å
lines, respectively. The shaded areas display the regions from which the equivalent widths
were calculated. The error of the model in matching the observation are stated, along
with the LSN and Ṁ of the model. The chosen values of LSN and Ṁ result in a good �t to
these lines. The remaining modelled parameters are as follows: T?=22.7 kK, Teff=13.7kK
and Rin=1:2× 1015 cm.

From analysing the He I line formation region of the SN 2010al best-�t models (in a

similar manner to that undertaken in the parameter study of Section 4.2), we �nd that the

formation occurs predominantly at depths between ∼2-3 Rin into the CSM. Similar to that

done by Gräfener and Vink (2016) for SN 2013cu, we can assume this peak He i formation

region to be representative of the outer region of the CSM, allowing us to predict both the

time and mass required in forming the CSM. Our models predict a faster wind velocity of

1000 km s−1 for SN 2010al compared to the 130 km s−1 used for SN 2013cu. This faster

wind drastically reduces the time required to expel CSM material out to the ∼2.5 Rin
radius adopted for the outer region of the CSM, requiring only 0.95 years. Multiplying

this time duration by our models' mass-loss rates of 0.39-0.52 M�yr−1suggests a total

mass of 0.37-0.49 M� for the CSM. As mentioned by Gräfener and Vink (2016), it is

important to note that such predictions o�er lower limits for the true mass of the CSM,

as it may extend beyond the formation region of He i. Additionally, our models include

He i emission, albeit weaker, at distances well beyond the peak region.

Gräfener and Vink (2016) discuss two main e�ects of LTT for the case of Type-IIb

SN 2013cu. Firstly, LTT results in an overall dimmer spectrum, as light received by an

observer consists of light which left the nearest point of the CSM to the observer at a

given time, combined with light which left more distant regions of the system at earlier

(and dimmer) times. This is true so long as the spectrum was taken at a time in which the
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HeIHeII
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Figure 4.21: Similar to Figure 4.20, only now the models were chosen to demonstrate
the e�ect a variation in Ṁ has on the line �ts. Remaining modelled parameters are as
follows for the upper green (lower red) model: Teff=17.6 (12.5) kK, matching T? and Rin

of 22.7 kK and 1:2× 1015 cm, respectively.
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Figure 4.22: Similar to Figure 4.20, only now the models were chosen to demonstrate
the e�ect a variation in LSN has on the line �ts. Remaining modelled parameters are as
follows for the upper cyan (lower purple) model: T?=21.0 (26.3) kK, Teff=12.6 (13.3) kK
and matching Rin of 1:2× 1015 cm.

Wavelength (Å)

HeIHeII

NIII

Importance of observing both HeI and HeII emission

Figure 4.23: Similar to Figure 4.20, only now the model was chosen to demonstrate the
importance of simultaneously observing both He i and He ii emission in order to constrain
LSN and Ṁ. Remaining modelled parameters are as follows: T?=24.8 kK, Teff=15.1 kK
and Rin=1:2× 1015 cm.
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Figure 4.24: Best-�tting models to a spectrum of SN 2010al observed 5.7 days post-
explosion (grey). The green (blue) shaded region contains the spectra of all models
which achieved an error of <40% (<24%) in the equivalent width of both He I 5876 Å
and He II 4685 Å compared to the observation. Upper and lower panels show the spectra
in absolute and normalised �ux units, respectively. Prominent emission lines in the model
are identi�ed by vertical lines in the normalised �ux spectrum. Predicted properties of the
progenitor and the colour excess are also stated.
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light curve was rising, as was the case for the SN 2010al spectrum �tted here. Hence, had

our modelling accounted for LTT, it likely would have required slightly greater luminosities

in order to reproduce the observed absolute spectrum.

Secondly, the depth at which the formation of a particular spectral line occurs decides

the extent at which LTT a�ects the resulting line pro�le. LTT weakens the red wing of

a spectral line, as this wing is produced by material travelling away from the observer.

This light has a greater distance to travel to reach the observer, and accordingly, light

reaching the observer and forming the red wing must have left at an earlier (and dimmer)

time than that which forms the blue wing. Figure 4.20 reveals that a slight weakening

of the red wing of both He I 5876Å and He II 4685Å would indeed aid the �t of our

best �t models. Spectral lines which form further into the CSM at cooler temperatures,

typically lower ionisation He lines such as He I 5786Å, are more a�ected by LTT than

those which form at shorter depths into the CSM. Utilising Equation 6 of Gräfener and

Vink (2016), we demonstrate this by calculating the time delay relative to the closest

point to the observer, for light to travel from various points along the formation regions

of the He I 5876Å and He II 4685Å lines. The resulting time delays are displayed in Figure

4.25. It was mentioned previously that He I 5786Å formation peaks at ∼2.5 Rin into the

CSM of our SN 2010al models. As would be expected, He II 4685Å peaks at a shorter

depth of ∼1.6Rin. As highlighted by Figure 4.25, the greater formation depth of He I

renders such lines more susceptible to LTT e�ects. A relative time delay exceeding 2 days

for the more distant He I formation regions emphasises the importance of including LTT

e�ects in future modelling.

Figure 4.26 compares synthetic photometry computed using our <40% spectral

�t-error models to a wealth of photometric observations. The photometric observing

instruments include the space-based Swift satellite and its UltraViolet and Optical

Telescope (hereby UVOT, Roming et al., 2005). Impressively, the early 5.7 day spectral

observation was obtained before photometric observations began in most of the displayed

pass-bands. The earlier light-curves of the I, R, V and non-UVOT B bands suggest that

our synthetic photometry is up to a half magnitude lower (brighter) than the observed

photometry. As the models provide a good �t to the observed optical spectrum, the

slight disagreement between observed and synthetic optical photometry likely originates

from the observations rather than the models. A slight over-prediction of the �ux

in the observed spectrum, perhaps originating from instrumental or data reduction

errors, could cause this. These errors could alternatively result in the photometric �ux

appearing lower than its true value. Of course, for wavelengths beyond the narrow
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Figure 4.25: The time delay in days relating to where in the CSM of SN 2010al light
travels from, relative to the region nearest to the observer. The delays were calculated
using Equation 6 of Gräfener and Vink (2016). Distances of 2.5 Rin and 1.6 Rin were
chosen to be representative of the radii at which He I and He II line formation peak,
respectively. These radii are based on an analysis of He I 5876Å and He II 4685Å
formation in the SN 2010al best-�t models (not shown, but similar to that presented in
the parametric study of Section 4.2).
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region covered spectroscopically, the modelled spectrum may be a poor representation of

the true spectrum, resulting in very large discrepancies between synthetic and observed

photometry. Fortunately, this does not seem to be the case in both UV and IR bands,

although the earlier observing time of the spectrum and the large magnitude ranges of

the synthetic photometry complicate this.

It is particularly clear from the R-band light curve that the spectral observation our

models �t was obtained while the light-curve of SN 2010al was still rising. Hence our

modelling of SN 2010al may be of particular use to those aiming to observe SN Ibn at

early-times, observations which are currently lacking.

Our predicted properties, in particular the H-free and N-rich nature of our models

are consistent with the progenitor being H-stripped (probably of WN type), exploding

as a Type-I SN surrounded by a dense H-free, He-rich CSM as previously suggested by

Pastorello et al. (2015). The mass-loss rates our models need to produce the required

CSM density are considerably higher than that of a radiative driven wind which suggests

that this CSM was ejected in a major eruption, or perhaps a binary interaction. We can

also not rule out the explosion of a small-mass, stripped-envelope star surrounded by a

He-rich CSM which could have been ejected by a binary interaction. SN 2010al's location

of 9.5� West and 8.1� South from the centre of its host spiral galaxy UGC 4286 (Rich,

2010; Pastorello et al., 2015) favours the higher mass WR scenario, however, such an

analysis is complicated by the edge-on orientation of UGC 4286.
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Figure 4.26: Synthetic photometry of SN 2010al compared to observational data obtained
from Pastorello et al. (2015). Coloured bars at 5.7 days span the range of magnitudes
predicted by our <40% �t-error models to the optical spectrum of SN 2010al. Their
capsize distinguishes between modelled �ts to standard and Swift UVOT bands. Colour
corresponds to the pass-bands displayed previously in Figure 2.3. Remaining symbols
indicate the instrument used to obtain the observation or whether it is a lower limit of
apparent magnitude due to a non-detection. An arbitrarily o�set quoted in the legend has
been applied to the apparent magnitude of each pass-band to separate overlapping light-
curves and ease visualisation. The full list of instruments which obtained the observational
data is given in Tables A3 and A5 of Pastorello et al. (2015).
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Chapter 5

A brief outlook into future works

This �nal chapter o�ers a brief outlook into the future work of the two studies presented

in this thesis. Sections 5.1 and 5.2 cover our studies of PHL 293B and Type-Ibn SNe,

respectively.

5.1 Outlook for PHL 293B

The case of PHL 293B is unique in the sense that several spectra were obtained shortly

before its disappearance, which show spectral features that are consistent with stellar

properties of an LBV in eruption. The low metallicity (∼ 0:1 solar) of PHL 293B further

ampli�es its importance. It will be highly bene�cial to search for similar events in large

scale surveys such as the Zwicky Transient Factory (ZTF; Bellm et al., 2019) and the

Large Synoptic Survey Telescope (LSST; Ivezic et al., 2008). Given that the majority of

such events in deep surveys will be much fainter than PHL 293B and located much farther,

a detailed analysis of this object in the local Universe provides an important benchmark

for understanding the late-time evolution of massive stars in low metallicity environments

and their remnants. Deep high spatial resolution imaging is needed to further discriminate

between the di�erent scenarios that have been proposed. Fortunately, our team will get

the chance to do so with the Hubble Space Telescope as will be presented in a future

paper led by Nathan Smith.

5.2 Outlook for early-time spectra of SNe Ibn

A lack of detailed spectral modelling for Type-Ibns prevents a comparison of the predicted

properties with that for other Type-Ibn events. However, numerous studies have predicted

progenitor properties for the more common H-rich interacting Type-IIn SNe, with Boian



86 Chapter 5. A brief outlook into future works

and Groh (2020) also employing CMFGEN to model their early-time spectroscopy. The

LSN and Ṁ we predict for SN 2010al are within the range of 108-1012 L� and a few 10−4

up to 1.0 M�yr−1 that Boian and Groh (2020) predict for the 17 Type-IIn events that

they study. In the future however, early-time detailed spectroscopic modelling of more

interacting events, particularly Ibns, will greatly bene�t such a comparison.

A similar procedure to that followed in Section 4.3 for SN2010 al could also be applied

to early-time observations of more Type-Ibn SNe. With SNe classi�cation techniques

constantly improving, more and more spectra of Type-Ibn SNe should be obtained at

su�cient time post-explosion and resolution for performing such an analysis. As it stands,

SN 2010al remains the best-suited event to our modelling.
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