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Abstract

This thesis focuses on the observational campaign for the interacting transient

AT 2016jbu, and the development and workings of a novel automated photome-

try code, AutoPhOT.

We provide an overview of the current stellar evolutionary theory and transient

astronomy, including a brief section on photometry, in Chapter 1.

Chapter 2 covers the Automated Photometry Of Transients (AutoPhOT) pho-

tometric pipeline. This software package was designed to provide a fast, precise,

and accurate means for the modern astronomer to measure the magnitude of as-

tronomical point sources. We demonstrate the modern photometric techniques im-

plemented in the code, and its capabilities to produce publication ready data with

little human interaction.

Chapters 3 and 4 cover the observational campaign for the interacting transient,

AT 2016jbu. This transient was observed almost a decade before it exploded, al-

lowing for strong constraints on the progenitor. Comparing to the current stellar

evolutionary theory, this star is not expected to explode as a core-collapse super-

nova, and one must question whether we are observing the death of a star at all. We

present the multi-chromatic dataset for AT 2016jbu in Chapter 3 and compare with

similar transients. Chapter 4 focuses on modelling the progenitor for AT 2016jbu

and using a high quality, high cadence dataset, we attempt to model the transient,

producing a self-consistent explosion model, that may be applied to similar tran-

sients.

In Chapter 5, we present observations from the Hubble Space Telescope almost

5 years after its apparent demise. The goal of these measurements was to address

whether the progenitor may have survived the 2016 events, and is now enshrouded

by massive amounts of dust formed in the ejecta of AT 2016jbu. We find a unrealistic

amount of dust (for a non-terminal explosion) is needed to hide the progenitor. We

conclude that AT 2016jbu is indeed a genuine, albeit strange, terminal explosion

and further investigate a possible explosion scenario, focusing on massive stars

within a binary system.

Chapter 6 provides a general overview of the most salient findings found during

this thesis and comments on future work.
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“ The problem isn’t the problem, the problem is your attitude towards
the problem. ”

- Captain Jack Sparrow
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Chapter 1

Introduction

“I thought of that while riding my bicycle.”

- Albert Einstein



1.1 Flux measurements of point-like sources

Measuring the brightness of a celestial body is one of the oldest ways humanity

have observed the night sky. The most basic information that we can derive from

point sources, such as stars, is their flux - that is, the amount of light (or electro-

magnetic radiation) that we receive from them.

The science of measuring this flux is known as photometry, and this can be used

help calculate the distance to an object, its temperature, size, mass, luminosity,

chemical composition, and gain an insight into the physical mechanism producing

the radiation itself.

Figure 1.1 illustrates how photometry can be used to learn about an object,

in this case a stellar spectrum. In photometry, we use filters (or bandpass), in

combination with a telescope and detector to choose ,what wavelength section of

the energy output to measure (i.e. the colored lines in Fig. 1.1). Rather than

obtaining a full spectrum (i.e. the black line in Fig. 1.1), we can obtain multi-

band photometry, which acts like low resolution spectroscopy. In other words, the

difference between photometry and spectroscopy is a matter of resolution.

1043 × 103 4 × 103 6 × 103 2 × 104

Wavelength [Å]

0.0

0.5

1.0

1.5

2.0

F
 [e

rg
s

1
cm

2
Å

1 ]

1e16

0

20

40

60

80

100

Th
ro

ug
hp

ut
 [%

]

u g r i z J H Ks

Figure 1.1: Example of photometry performed on a stellar spectrum (black line) from
the PHOENIX models (Husser et al. 2013). Colored lines represent a set of SDSS
(ugriz) and 2MASS (JHK) filter throughputs. We perform photometry on this spectrum
using each filter, and plot the resulting measurements as the coloured markers.
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If we measure the flux in small wavelength intervals, we start to see that the

flux can be irregular on these scales, as shown in Fig. 1.1. This is due to the

interaction of light with the atoms and molecules in and around the object. These

bumps and wiggles in the flux as a function of wavelength are like fingerprints, that

allow astronomers to better understand the emitting object.

While spectroscopy can provide more information on an object, we can perform

photometry on objects that very often, are too faint for spectroscopy. Photometry

allows measurements of tens to thousands of stars in a single observation, while

spectroscopy might require an exposure of a few minutes to hours simply to collect

data for one object.

The field of astronomy have seen remarkable growth in the last ∼ 200 years

(Holden 1889; Crawford 1988; Howell 2006). In fact, the art of photometry is at-

tributed the to Greek astronomer, Hipparchus of Nicaea (190-120 BC) (Miles 2007).

The earliest known surviving stellar catalogue was produced by Claudius Ptolemy

(Swerdlow 1992), who was the first to coin the term “magnitude” to describe the

brightness of celestial objects.

Our current photometric units (at least in the optical) are still based on this mag-

nitude system, introduced thousands of years ago (Miles 2007). Explicitly, the unit

magnitude relates to intensity or flux by:

m1 − m2 = −2.5 Log10

(
F1

F2

)
(1.1)

where m1 and m2 are the magnitudes of two objects with flux intensities of F1 and

F2 respectively. The main goal of a photometric measurement is measuring the

intensity of a source accurately, while accounting for observational difficulties, such

as the rotation of the Earth, and varying observing conditions due to weather and

the atmosphere.

The development of Charged-Couple Devices (CCD; Tompsett et al. 1970;

Boyle & Smith 1976) has revolutionized astronomical measurements. A CCD is

a small semi-conductor onto which the light from an object is focused, and when

attached to a telescope, can be synchronized with the Earth’s rotation, and remain

fixed on a patch of sky. The longer CCD exposure time, the more photons will land

on it, and fainter, more distant objects can be seen.

We provide an example of a CCD image from Brennan et al. (2021a) of
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AT 2016jbu (see Chapter 3 for further discussion) in Fig. 1.2. The image shows

hundreds of stars as well as the spiral host galaxy, NGC 2442. We can perform sci-

entific measurements (e.g. using Eq. 1.1) on this image using software packages

such as IRAF1 (Tody 1986, 1993), ASTROPY (Astropy Collaboration et al. 2013,

2018), and DAOPHOT (Stetson 1987).
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Figure 1.2: Example of a CCD image in the r band from Brennan et al. (2021a) with
insets highlighting a faint, bright, and saturated source.

An exciting area of astronomy is concerned with celestial objects changing their

brightness over a relatively short period of time. These are known as transient

events. For example, re-observing the field from Fig. 1.2 may reveal a Nova or

“new star” 2 that wasn’t there the last time the field was observed. With continued
1IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the As-

sociation of Universities for Research in Astronomy (AURA) under cooperative agreement with the
National Science Foundation

2Tycho Brahe observed the supernova SN 1572 in the constellation Cassiopeia and described it in his
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observation, this object may get substantially brighter or fainter, or vanish. In the

case of Fig. 1.2, this was AT 2016jbu, which we will further discuss in Chapter 3.

We will return to photometric software and calibrations in Chapter 2

1.2 Massive Stars

Massive stars live fast, yet their brief existence help to shape our Universe (Woosley

et al. 2002; Oey & Clarke 2007; Crowther 2012). These massive objects have

been described as “cosmic engines” (Bresolin et al. 2008), driving the dynamic and

chemical evolution of the Universe (Hensler et al. 2015). For example, a population

of very massive, metal-free stars likely played a dominant role in the reionization of

the Universe shortly after the big bang, and its first enrichment with metals from the

first supernovae (Johnson et al. 2008).

Stars with an initial mass lower than ∼ 8 M� do not possess enough mass to

produce the necessary conditions to fuse elements beyond the Carbon-Nitrogen-

Oxygen ) (CNO) cycle (Eggleton 1971; Wiescher et al. 2010; Luhman 2012; Lamers

& M. Levesque 2017). Rather than end their life as supernovae (SNe), these stars

will continue evolving until their cores resemble a white dwarf (WD)3. The outer lay-

ers of the star will be blown off, into the interstellar medium (ISM), forming planetary

nebulae, with the remaining WD at its core. If matter is accreted onto the WD, the

WD may undergo runaway thermonuclear reactions and unbind the WD, producing

a Type Ia supernova (SN) (Phillips 1993; Hillebrandt & Niemeyer 2000; Nugent et al.

2011; Maoz et al. 2014).

Massive stars however, are typically defined as a star with a zero age main

sequence mass (MMS ) of ' 8 − 10 solar masses (M�) (Woosley & Weaver 1995;

Woosley et al. 2002; Vink 2015). The zero age main sequence (ZAMS) is the time

when a star begins Hydrogen (H) fusion in its core, and joins the main sequence

(MS) on the Hertzsprung-Russell (HR) diagram. All massive stars undergo nuclear

reactions in their cores (Eddington 1920; Rauscher et al. 2002; Ekström 2021), and

will spend the majority of their brief lifetime burning H in their cores.

These reactions supports the star in dynamical equilibrium, with a balance of

internal pressures and gravity (hydrostatic equilibrium). A gravitationally stable ob-

ject can be described using the Virial theorem, and is given as 2E + U = 0 with E

and U being the thermal (internal kinetic energy) and gravitational potential energy

book “De nova stella” (Brahe 1572).
3It has been suggest that stars with a mass of 8−10M�, while unable to produce an Iron (Fe) core, can

still make an electron degenerate O+Ne+Mg core which can trigger core collapse through the electron-
capture reactions (Miyaji et al. 1980; Moriya et al. 2014).
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respectively (Bromm et al. 2002; Ekström 2021).

The basic evolution of a single star is relatively well understood (see Weaver

et al. 1978; Iben & Renzini 1984; Woosley et al. 2002; Langer 2012; Groh et al.

2014; Ekström 2021, and references therein).

Massive stars are very luminous and, while on the MS, their luminosity follows

the mass-luminosity relationship given by;

L ∝ Mα (1.2)

where a star’s luminosity (L) is proportional to its mass (M) to some exponent (α).

Generally, the more massive the star, the faster it burns up its fuel supply, and

the shorter its life. Their main sequence life time is expected to follow

τMS ∝ M/L ∝
1

Mα−1
MS

× τ� (1.3)

where τMS is the approximate lifetime of a stars H-core burning phase and τ� is the

lifetime of the Sun ( τ� ≈ 10 Gyr) and α ≈ 3.5 ((For stars on the order of 10M�, for

more massive stars, α ≈ 1; Kippenhahn & Weigert 1990; Crowther 2012)) .

For example, Betelgeuse, a well known massive star (MMS ≈ 20 M�; Smith

et al. 2009b; Dolan et al. 2016) located in the shoulder of the Orion constellation,

has a luminosity output ≈ 100, 000 times that of the Sun (L�). Using the example

of Betelgeuse, we expect the star to have a main sequence lifetime of 5.6 Myr,

whereas the Sun is expected to live for 10 Gyr.

A star is not a isolated system, and will lose a significant amount of its initial

mass as it evolves (Chiosi & Maeder 1986; Puls et al. 2008; Vink 2008; Sana et al.

2012; Langer 2012; Smith 2014).

The loss of material from the outer regions of a star (i.e. the envelope), in addi-

tion to the reduction of a star’s mass, can drastically alter the size of its convective

core, core temperature, angular momentum, and luminosity as a function of time,

and hence its evolutionary track on the HR diagram and its main sequence lifetime,

see review by Smith (2014). We will return to mass loss from massive stars in

Section 1.3.

All stars will spend the majority of their lifetime on the MS burning H to Helium

(He) in their cores (see Eq. 1.3). As the star uses up its supply of H in the core, it

begins to collapse, increasing the temperature and density in a region around the
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core (i.e. a shell), eventually reaching high enough temperature to ignite H. This

causes the star to expand and leave the main sequence, rising up the Red Giant

Branch (RGB).

During this time, the He in the core is inert (i.e. not undergoing nuclear fusion

reactions). Once the star begins to exhaust its supply of H in the shell, the star again

collapses and the temperature rises rapidly. The dense core of He reaches ignition

temperature (Helium flash) and it again is stable, on a “Helium main sequence”. Its

lifetime in burning He phase is much shorter than before. During this transition the

luminosity and radius of the star will drastically change.

Assuming the stars acts as an ideal gas, using the Virial theorem for hydrostatic

equilibrium, we can equate this by:

L ∝
µ4

κ
M3 (1.4)

where κ is the average opacity in the star and µ is the atomic mass of the elements

undergoing fusion. This relationship represents a mass-luminosity relation for a

radiative, homogeneous star with constant opacity and ideal-gas pressure. For

heavier fusion elements, we expect higher luminosities which are independent of

the fusion cycle in the core. Similarly using the Virial theorem, we can equate the

stars radius and core temperature Tc (assuming the star behaves as an ideal gas)

by:

Tc ∝
µM
R

(1.5)

From Eq. 1.5, we see that as the core temperature (Tc) increases, allowing for more

later nuclear fusion phase and as µ increases, then the product TcR ∝ µ must also

increase (assuming a constant mass). As the core temperature changes, the radius

is expected to change accordingly.

Both Eq. 1.4 and 1.5 assume that the entire star behaves as an ideal gas, and

that the stars’ mass and opacity remain roughly constant. We will show in Sect. 1.3

that a star can drastically change its mass during its life through various different

pathways.

When He fusion has ceased in the core, the core contracts and begins to burn
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He in a shell around an inert Carbon (C) core. Our Sun will end its life at with an inert

carbon core, with the outer hydrogen and helium layers blown off. More massive

stars can repeat this scenario and will begin a stable C burning stage (Weaver et al.

1978; Woosley et al. 2002; Langer 2012; Ekström 2021).

This cycling of contraction, heating, and ignition continues until the stars has

an inert Fe core. Up until Fe, each nuclear fusion reaction is exothermic (gives out

energy during the reaction i.e. ∆ENET > 0, and can support the star against gravity),

whereas nuclear reactions involving Fe are endothermic (require more input energy

than is given out i.e. ∆ENET < 0). With a Fe core, massive stars can no longer

support their own gravity and collapses violently inwards. The in-falling material

collides off this inert core and is ejected outwards in an extreme explosion (Woosley

et al. 1994; Janka 2001; Janka et al. 2007; Sukhbold et al. 2016)4. This scenario

is known as a core-collapse supernova (CCSN). We will return to core-collapse

supernovae (CCSNe) in Section 1.5.

1.3 Mass Loss from Massive Stars

Massive stars lose a significant portion of their mass during the post main se-

quence. Assuming the classical, single star model, this may occur during the Red

Super Giant (RSG) phase (/ 35 M�; Woosley et al. 2002; Mauron & Josselin 2011;

Humphreys & Jones 2022), or during the Luminous Blue Variable (LBV) phase for

higher masses (Puls et al. 2008; Vink 2008; Smith 2017b).

High mass loss rates during the stars life, as well later stages, can remove a

significant portion of the H-rich envelope (see review by Vink 2008) for stars with

MMS ' 20 M�. As these stars finishing H-core burning, they become so luminous

and have such a low surface gravity that the convective envelope is almost com-

pletely stripped by mass loss. After a substantial part of the envelope has been

removed, the stars contract and moves to the left on the HRD (towards hotter tem-

peratures, see Fig. 1.3) where they appear as Wolf Rayet (WR) stars with metal

enriched atmospheres (Wolf & Rayet 1867; Crowther 2007).

MMS (15M�)→ BS G → YHG → RS G → Type II S N

MMS (60M�)→ BS G → LBV → WR→ Type Ib/c S N
(1.6)

4Astronomers are still unsure of how exactly a star is unbound at the end of its life (see review by
Burrows & Vartanyan 2021), although growing consensus is found in a shock revival via a neutrino
heating mechanism (Bethe & Wilson 1985; Janka et al. 2007)
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Figure 1.3: HRD diagram showing evolutionary tracks for non-rotating single 15, 30,
and 60 M� stars at solar metallicity from the BPASS database (Eldridge et al. 2017;
Stanway & Eldridge 2018). We highlight the main sequence (black dashed line) when
the stars are undergoing H-core burning. The color of each track represents the per-
centage of the H in the surface of each star. Red markers denote the end of the stars life
where. We expect to find the progenitor of CCSNe here.

Equation 1.6 shows a simplified evolution of a 15 and 60 M� single star. Addi-

tionally, we plot the post-MS luminosity and temperature evolution of a 15, 30, and

60 M� star from the Binary Population and Spectral Synthesis (BPASS) models

(Eldridge et al. 2017; Stanway & Eldridge 2018), including the various stages each

star transitions through, as mentioned above, in Fig. 1.3 . For a 15 M� star, after it

leaves the MS, its appearance will change as the star begins to contract in order to

begin He-core burning. It will expand to a Blue Super Giant (BSG) before cooling

to a Yellow Hyper Giant (YHG) and beginning initiating He-core burning as a cool

RSG. It then remains in the red-giant phase burning He in the core. As shown in

Fig. 1.3, the 15 M� star will brighten as another nuclear-energy source (carbon- or

oxygen- burning) is ignited at the core, after which it will rapidly form an Fe core.

We expect a 15 M� star to end its life as a H-rich Type IIP/L SN (Smartt 2009). We

will return to SN progenitors in Sect. 1.5.

We can better understand the interior evolution of the 15 M� star by looking at

its Kippenhahn diagram (Kippenhahn & Weigert 1990). Kippenhahn diagrams are

two-dimensional plots that show how the boundaries between distinct parts of the
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Figure 1.4: Kippenhahn diagram for a 15 M� star taken from Maeder & Meynet (1987).
Crescent shapes represent convective zones with blank areas being radiative. Heavy
diagram lines show the sites of nuclear reactions, vertical lines given regions of H and
He abundance, and the horizontal lines show O, C, and Ne abundance.

star evolve. The x-axis is the age of the star and the y-axis the mass co-ordinate.

Fig. 1.4 shows a convective H-core for the majority of the star’s life. After ∼

12.1 Myr, He-core burning begins and the star appears as a RSG, see Fig. 1.3,

with a H burning shell. In the final ∼10,000 yrs, the star is fully convective with He-

and H- shell burning. We also highlight the relatively low mass loss from the 15 M�

star, ending its life with ∼12 M�.

For a 60 M� star, we see quantitative similarities to the 15 M�. However, we

expect the star to bypass the RSG phase and become a LBV (Groh et al. 2014;

Smith 2017b).

As the stars reaches its coolest effective temperature, it has the conditions nec-

essary to initiate He-core burning (Spruit 2015). At this phase, a significant amount

of H is still present on top of the core, see Fig. 1.3. Unlike for a 15 M� star, a more

massive single star will rapidly evolve towards hotter temperatures. This is caused

by the decrease in opacity as the chemical composition changes in the stellar at-

mosphere, and by the reduction of the envelope H-surface fraction, see Fig. 1.3.

The star will continue shedding the majority of its H-rich envelope, and become a

WR star (Stothers & Chin 1996; Smith 2017b)..

We plot the interior evolution of a 60M� star in Fig. 1.5, adapted from Maeder

& Meynet (1987). Initially, the internal structure is similar to the 15 M� model from

Fig. 1.4 (albeit with the appearance of an OB star and larger He core), however the
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Figure 1.5: Same as Fig. 1.4 but for a 60 M� star, adapted from Maeder & Meynet
(1987).

convective zone extends much further into the stellar envelope. After ∼3.8 Myr, the

star has exited the LBV stage (not shown in Fig. 1.5), and has lost a considerable

amount of its initial mass, roughly ∼ 1/3. The star is almost fully convective with

concentric shells of H- and He- burning, and is expected to have the appearance of

a WR star. The star will continue to loss mass through its stellar winds over the next

500,000 yrs (Nugis & Lamers 2000; Crowther 2007; Puls et al. 2008). In the final

∼ year, the star has lost more than half its original mass and resembles a exposed

core, which will subsequently explode as a Type Ib/c SN (Woosley & Eastman 1997;

Georgy et al. 2009).

Massive stars spend the majority of their lives as hot stars. The atmospheres of

these stars are not in hydrodynamic equilibrium and the expected dominant mode

of mass loss is through their fast stellar winds (Lucy & Solomon 1970; Chiosi &

Maeder 1986; Vink et al. 2000; Vink 2008; Puls et al. 2008). The star will lose mass

from their least gravitationally-bound outermost layers in the envelope. An isolated,

hot star emits the bulk of their radiation in the Ultra-Violet (UV) (Lamers & Cassinelli

1999; Vink et al. 2001). UV photons are absorbed and scattered by the metal

rich outer layers. Momentum transfer then unbinds loosely bound material (Lucy

& Solomon 1970; Puls et al. 2008), and is ejected into the circumstellar medium

(CSM) and ISM.

There likely exists multiple pathways to remove significant portions of a stars

mass, such as binary interaction and centrifugal mass loss (Puls et al. 2008; Vink
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2008).

In a multiple-star system, the tidal attraction of the material near the centre of

mass are sufficient to pull gas from one star onto the companion. This is known

as Roche-lobe overflow. When a star fills its Roche-lobe, any material that passes

beyond the Roche-lobe of the star will flow onto the binary companion, often by way

of an accretion disk, or be lost to the system. This is expected as stars evolve and

expand, for example during the RSG phase (Hurley et al. 2002; Sana et al. 2012;

Chevalier 2012). Furthermore, unstable mass transfer/loss (and possible merging

of a binary system) can drastically alter the evolution of a star (discussed further in

Sect. 1.4).

An interesting case is that of SN 1987A, where anomalies in the reported pro-

genitor, chemical signatures, and remnant morphology, disagree with single star

evolutionary tracks (see review by Podsiadlowski 1992). The progenitor detected

for SN 1987A resembled a compact ∼ 20 M� BSG, which is not expected to end

its life as a CCSN (Weiss 1989; Gilmozzi et al. 1987; Podsiadlowski 1992). Cur-

rent consensus is that the progenitor underwent a unstable mass transfer with a

binary companion, eventually leading to a merger event, and a hot compact merger

product. (see Fig. 4 from Podsiadlowski 1992).

Stars are not stationary objects, but rather rotate (Maeder & Meynet 2000, 2010;

Choi et al. 2017). Rotation is a crucial ingredient in the evolution of massive stars,

greatly affecting the appearance, evolution, and mass-loss rates (Choi et al. 2017;

Higgins & Vink 2019). Rotating stars can experience centrifugal enhancement of

the line-driven mass flux from the equator of a rotating star, producing highly asym-

metric winds /CSM (E.g. for Be stars; Owocki 2008).

Stars rotating near their break-up limit shed mass centrifugally, such as Be stars

with circumstellar disks and possibly driving outbursts (Puls et al. 2008; Owocki

2008; Maeder & Meynet 2003, 2010). In addition, the inclusion of rotation in stellar

models can drastically alter how a massive stars evolves (Groh et al. 2013; Higgins

& Vink 2019).

While a star will continually loose mass through its winds, however there is grow-

ing evidence of massive stars undergoing large scale eruptions, possible shedding

up to a few M� of material (For example, Eta Carinae Smith & Owocki 2006; Smith

& Tombleson 2015; Davidson 2016). This eruptive mass loss may be necessary

to remove the majority of the H-rich envelope before core-collapse for the most

massive stars (Smith & Owocki 2006; Ofek et al. 2014a).

Direct evidence of these eruptions has been seen in the years prior to core-
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collapse (e.g. Fraser et al. 2013a; Ofek et al. 2014a; Yaron et al. 2017; Jacobson-

Galán et al. 2022).

Although the mechanism to produce these eruptions so close to core-collapse is

currently unclear, an interesting scenario is found in gravity-driven mass loss during

the final nuclear burning stages (Quataert & Shiode 2012; Shiode & Quataert 2012;

Fuller et al. 2014; Fuller 2017; Fuller & Ro 2018; Leung et al. 2021).

During the final stages of evolution, the luminosities in the core can significantly

exceed the Eddington luminosity for C fusion and later, and become particularly

large during the last ∼year (Woosley et al. 2002). We further discuss the Eddington

luminosity in Sect. 1.4. Rapid fusion in the core accelerates nuclear burning. The

characteristic nuclear time-scale (analogous to the main sequence time-scale for H

burning, see Eq. 1.3) decreases to ∼1 yr for Neon (Ne) and Oxygen (O) fusion and

∼1 day for Silicon (Si) fusion.

Gravity waves, excited by strong convective cells powered by the super-

Eddington core, can tunnel out to the stellar envelope, and deposit enough energy

to drive the pre-supernova mass-loss (Quataert & Shiode 2012; Fuller et al. 2014;

Leung et al. 2021). The total energy released during Ne and O fusion in the last

∼year of massive stellar evolution is ∼ 1051erg, with a fraction (a few %) of this

energy being converted to internal gravity waves (Quataert & Shiode 2012). The

resulting energy can hypothetically unbind several M� of material shortly before

core-collapse.

This is an appealing mechanism to produce a high mass-loss rate shortly before

the end of a stars life, and can theoretically eject 10−2 − 10 M� of material at 100 −
1000 km s−1 (Quataert & Shiode 2012). This may be a explanation as to the extreme

mass loss rates seen in Type IIn SNe (Kiewe et al. 2012; Nyholm et al. 2017). For

example, SN 2006gy, whose light curve is consistent with ∼10 M� of ejecta in the

8 yr prior to core collapse, may be consistent with gravity wave driven mass loss

(Ofek et al. 2007; Smith et al. 2010a).

However, this mass loss is heavily dependant on the progenitor. Fuller (2017)

report that for a 15 M� RSG, these gravity excited sound waves can remove ∼1 M�

at only ∼50 km s−1 which will be quickly swept up by the SN explosion. While this

may explain some Type IIP/L SNe (e.g. Khazov et al. 2016; Moriya et al. 2018;

Morozova et al. 2020; Hosseinzadeh et al. 2022b), it is unlikely to produce the

conditions needed for Type IIn SNe, see Sect. 1.5.2.
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1.4 LBVs and Eruptive Mass Loss

The term Luminous Blue Variable, or LBV, was originally introduced by Conti (1984),

and defined by moderate, irregular eruptive events with bolometric brightness vari-

ations of around 1–2 magnitudes (typically referred to “S Dor” cycles; Wesselink

1956; Groh et al. 2008), with an associated spectral change (Hubble & Sandage

1953; Humphreys & Davidson 1994; Bohannan 1997). These eruptive mass loss

events may explain the lack of yellow and red supergiants with L ' 106 L�
(Humphreys & Davidson 1979), as a star cannot become this luminous without

blowing off its outer layers, and in doing so, change its apparent colour.

Observations of LBV stars are intrinsically rare, as they are a brief transitional

phase (see Eq. 1.6). For a typical LBV lifetime of a few 104 − 105 yrs (Bohannan

1997; Groh et al. 2014) and for a typical Ṁ of ∼ 10−4 M� yr−1, this amounts to a

few M� of material lost by steady state winds during the stars’ life (i.e. Eq. 1.3).

However, we expect a significant percentage of a massive star’s mass to be lost

during the LBV phase, and a likely pathway may include some form of eruptive

mass loss.

Eruptions in LBV stars are not common; only two have been seen in our galaxy

in the past 400 years (P-Cygni and Eta Carinae; Davidson & Humphreys 1997), with

only a handful of other extragalactic LBVs for comparison (e.g. Wesselink 1956;

Smith et al. 2011). Although the physical mechanism of these LBV eruptions re-

mains elusive (Weis 2001; Smith et al. 2011; Smith 2017b), direct evidence of the

mass loss in an LBV has been directly observed in one such object, Eta Carinae.

Eta Carinae, or η Car, is one of the best studied stars in the Milky Way (MW)

(e.g. Feast et al. 1960; Humphreys & Davidson 1994; Davidson & Humphreys 1997;

Hillier et al. 2001; Smith et al. 2003; Smith & Owocki 2006). This ∼100 M� star,

found in a binary system (Gull 2007; Bednarek & Pabich 2011), clearly demon-

strates that a star can erupt massive amounts of material and increase substantially

in brightness, without the need for core-collapse (Humphreys & Davidson 1994;

Davidson & Humphreys 1997; Smith 2008)5. During the 19th century, η Car un-

derwent a violent explosion dubbed, the “Great Eruption” (GE), ejecting ≈10 M�

of material, forming the Homunculus nebula (Smith et al. 2011). The GE released

energy (∼ 1050 erg; Smith 2008) on par with a CCSN and in the present day, the

Homunculus nebula is one of the brightest objects in the sky in the IR (Mehner et al.

2019).

This brightness in the IR is likely due to the large dust mass found in the nebula

5And eject material at velocities typically seen in supernovae (Smith et al. 2018).
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(Chesneau et al. 2005; Sarangi et al. 2018). In the traditional view of LBV outbursts,

a massive star increases its bolometric luminosity output and briefly exceeds the

classical Eddington limit, resulting in sporadic mass-loss. As this ejecta expands

and cool, dust condensation in the ejected shell eventually obscures the star and

causes the object to fade at visual wavelengths. Shorter wavelengths are absorbed

by the dust grains, causing the dust to heat up, radiating thermal emission at longer

wavelengths.

Multi-wavelength observations allow astronomers to understand the geometry

and kinematics of η Car (e.g. Smith et al. 2018; Hirai et al. 2021), see Fig. 1.6,

and provides a nearby laboratory to gain insight into stellar evolution and eruptive

mass loss. Why or how η Car exploded, but didn’t die, is major challenge in modern

theoretical astrophysics. Invoking a steady state line-driven mass loss is inconsis-

tent with light echo observations of η Car during the GE (Prieto et al. 2014; Smith

et al. 2018). SN-like velocities seen in these light echoes show fast moving ejecta,

∼ 15, 000 km s−1 (Smith et al. 2018), which is the fastest confirmed material in a

non-terminal eruption.

Figure 1.6: Image composed of optical data from HST (appearing as white), ultravi-
olet (cyan) from HST, and X-rays from Chandra (appearing as purple emission) Im-
age credit: X-ray: NASA/CXC; Ultraviolet/Optical: NASA/STScI; Combined Image:
NASA/ESA/N. Smith, J. Morse, and A. Pagan.
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The luminosity of η Car was clearly super-Eddington during its 20 yr long gi-

ant eruption ((L/M)∗ > 0.4 (L/M)Edd; Humphreys & Davidson 1979; Humphreys

& Davidson 1994; Davidson & Humphreys 1997). The Eddington limit is the maxi-

mum luminosity (Ledd) a (spherically symmetrical) star can achieve, while maintain-

ing equilibrium between the outward force of radiation and the inward gravitational

force. In other terms, this is how luminous a star can become without blowing itself

apart.

A stellar “giant eruption” is a super-Eddington mass outflow6, that may briefly

exceed Ledd. Stellar eruptions in massive stars have been observed expelling up to

∼ 10−2 M� yr−1 through continuum driven winds, compared to the ∼ 10−4 M� yr−1

for the typical line driven winds.

Perhaps the best explanation of η Car involves the interaction, and eventual

merger, within a triple star system (Smith et al. 2018; Hirai et al. 2021). Modelling by

Hirai et al. (2021) can reproduce the overall shape and kinematics of Homunculus

Nebula, as well as the present day binary system (Gull 2007).

This “merger-in-a triple” scenario involves (unstable) binary mass transfer, illus-

trated in Fig. 1.7, taken from Hirai et al. (2021). A massive star ends its MS phase

and the envelope expands. This star begins transferring matter to its companion

via Roche-lobe overflow, as well as ejecting material along the orbital plane. The

change in mass distribution will invoke instabilities in the orbits of the triple star sys-

tems. In the scenario by Hirai et al. (2021), two stars will settle into a tight binary

and interact. With the change in masses, and therefore angular momentum, the

orbital separation decreases.

When the two stars approach at close distances, their envelopes will crash into

each other, and rapidly dissipate their orbital energies. A common-envelope phase

occurs where the cores of each stars orbit inside the H-rich envelope of the primary,

and in this scenario (Smith et al. 2018; Hirai et al. 2021) a tertiary star orbits around

the envelope on a stable orbit.

Due to frictional forces within the common envelope, the distance between the

two stellar cores will decrease and eventually merge. This releases a substantial

amount of energy and forms into an outward moving shock, eventually reaching the

surface and resulting in an explosion that is observed as the “Great Eruption”. An

important outcome of this scenario is a resultant binary system with a asymmetri-

cally distributed CSM , which will become important in Sect. 4.

6For correctness, any mass loss from a star is super-Eddington, as the material is out of hydrostatic
equilibrium (having overcome the gravitational potential) and is ejected from the star.
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Figure 1.7: Diagram of “merger-in-a triple” adapted from Hirai et al. (2021)

The influence of a binary companion on a massive stars evolution is likely a

frequent occurrence, as the majority of massive stars are expected to form in binary

systems (∼ 1/3; Sana et al. 2012), and may provide an effective pathway for mass

loss via mass transfer onto the companion (de Mink et al. 2013).

Evidence of these giant eruptions are often imprinted in the circumstellar envi-

ronment of the star, and direct evidence can be seen when a star goes supernova

and explosive ejecta collides with this material (Smith et al. 2011; Nyholm et al.

2017; Tartaglia et al. 2016b; Fraser 2020). However the question remains: how

and why have these giant eruptions occurred? We will further discuss this in Sect.

1.5.3.

1.5 Core-Collapse Supernovae

All stars will eventually die, and in doing so, they act as the seeds for further stel-

lar and planet growth. The death of massive stars is one of the most phenomenal

events in the Universe, but understanding how stars explode has been a long stand-
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ing issue in astrophysics (see reviews by Burrows et al. 1995; Janka 2012).

At the lower mass range, stars below ∼8 M� will not undergo core-collapse, as

they cannot form an inert Fe core (Eggleton 1971; Luhman 2012). Rather, most low

mass stars will continue to shed their outer layers, leaving behind a WD star, which

may explode as a thermonuclear supernova (see review by Jha et al. 2019).

At the end of a massive stars life, the core consists of the final products of

the stars nuclear burning history, surrounded by concentric shells containing the

“ashes” of previous nuclear stages. Shell burning will lead to a dense core, and

during the last moments before core-collapse, the core is made of Fe.

The sequence of events leading to powerful SN explosion take place within a

few seconds in a region of a few hundred kilometers at the center of a massive star

(Couch 2017; Foglizzo et al. 2015; Burrows & Vartanyan 2021). Once a massive

star reaches an Fe core, it can no longer support itself against its own gravitational

potential. The star begins to collapse until the core reaches nuclear densities. After

the stellar core approaches the Chandrasekhar mass (MCH ≈ 1.44 M�; Chan-

drasekhar 1931), and collapses into a proto-neutron star, a shock wave is propa-

gated into the stellar envelope.

The passage of this shock wave compresses the material to such a degree that

a wave of explosive nucleosynthesis occurs. This can produce heavy elements,

including those heavier than Fe, which the star was unable to produce in its lifetime

(Truran et al. 1967; Arnett 1969). This explosively synthesised material is a defini-

tive signature of core-collapse7 and whose presences can typically be seen a few

months after core-collapse.

This is a simplified model as expounded by, for example, Brown & Bethe (1985),

however for modern progress on explosion mechanisms see Foglizzo et al. (2015);

Burrows & Vartanyan (2021) and references therein.

1.5.1 Powering the light curve The death of a star can release an enormous

amount of energy8. The majority of this energy (≈ 1053 erg) is carried away by

neutrinos formed during the initial collapse, whereas 1049 − 1050 erg is measured

as electromagnetic radiation, with the inferred kinetic energy can be as high as

1052 erg, depending on the progenitor configuration (Ofek et al. 2007; Smartt 2009;

Smith et al. 2010a; Janka 2012; Burrows & Vartanyan 2021). Additional energy

7Explosively synthesised material is also seen in thermonuclear explosions involving a white dwarf,
see review by Seitenzahl & Townsley (2017)

8Although some massive stars can apparently die without a large explosion e.g. Gerke et al. (2015)
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sources become apparent at later times, and we will discuss these below, as well

in Sect. 1.5.3

The electromagnetic flux received by an observer (i.e. the light curve) will vary

depending upon the mass and composition of the envelope, radius of the pre-

supernova star, energy of the explosion, degree of mixing, mass of 56Ni produced,

as well as the configuration of the environment surrounding the SN explosion.

During core-collapse, infalling material collides with the dense Fe core resulting

in an initially outward moving shock wave9. The shock propagates outwards into

the stellar envelope and continues accelerating as it moves outwards through lower

density regions. The forward shock continues moving through the envelope and

eventually reaches the point at which the optical depth (τ) for photons to escape

the envelope becomes comparable to c/vshock. At this point, the photons created

due to shock interaction “break-out” of the star, and first radiation is emitted. After

shock breakout, the envelope keeps radiating as it expands (Colgate 1971; Matzner

& McKee 1999; Garnavich et al. 2016; Waxman & Katz 2017). Immediately behind

the shock wave will be the heated ejecta.

The mass of the ejecta will essentially be the mass of the original star minus

the mass of the compact remnant left behind. This ejecta is moving at speeds of

' 10, 000 km s−1, measured from the Doppler shift of absorption lines (Pastorello

et al. 2013; Walch & Naab 2015). Shortly after shock breakout, the ejecta will be

optically thick and will radiate as a black body (given in Eq. 1.5.1). As this “fireball”

expands, it will remain optically thick for ∼weeks (Garg et al. 2007; Fowler 2013).

Since its surface area will increase with time, the luminosity of the supernova will

initially increase rapidly with time, naively following a L ∝ t2 power law (labelled A

in Fig. 1.8).

A common method used to understand the early kinematics and temperature

evolution of SNe is to fit a blackbody function to the spectral energy distribution

(SED) to the UV, optical, and IR (UVOIR) bands (Valenti et al. 2016; Faran et al.

2018). This is given by:

B(λ,T,R) =
2πhc2

λ5

1

(e
hc

λkBT − 1)
4πR2 (1.7)

9Modelling the first few moments of core-collapse is non-trivial, and to successfully unbind the star
likely requires shocking revival due to neutrino heating (Colgate 1971; Nagakura et al. 2013)
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Figure 1.8: Light curve of a typical H-rich core-collapse supernova. Initially, the ejecta
will be opaque, and hence radiate like a black body. As the ejecta expands, its lumi-
nosity will increase because of the increase in the surface area at a roughly constant
temperature (A). The luminosity will start to decline when the ejecta becomes transpar-
ent, and cools (B). As the ejected envelope expands and cools, ionised Hydrogen begins
to recombine, around a temperature of 4000–6000 K. This wave of recombination can
be seen as a plateau in the light curve (C). If there is no other source of energy, the
radioactive decay of cobalt in the ejecta into iron can power the light curve for many
years, and responsible for the long tail (D).

where B is the luminosity emitted from a spherical blackbody of radius R and tem-

perature T over a wavelength λ. Fitting for T and R allows insight into how the pho-

tosphere evolves with time, giving an apparent temperature (and therefore colour)

and (approximate) radial extent of a given transient. Additionally, blackbody fitting

can highlight any additional emitted components, such as emission lines, infrared

excess due to dust, line blanketing due to absorption from metal lines, and can

indicate when the transient transitions to the nebular phase.

Although the mechanism of H-rich core-collapse supernova explosions is com-

plicated (Arnett 1980; Popov 1993; Shussman et al. 2016), the end result is the

deposition of order E ∼ 1051 ergs at the center of the SN. This then powers the

propagation of a blast wave that heats and ejects the stellar envelope. We can
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estimate the expansion velocity of the ejected material by;

ve j ≈

√
2E/Me j (1.8)

where Me j is the ejecta mass (Kasen & Woosley 2009).

In the H-rich envelope, radiation energy dominates over the thermal energy of

ions and electrons by several orders of magnitude. Photon must then scatter and

diffuse through the expanding ejecta before being able to escape as visible wave-

length photons (i.e. a random walk). The overall shape of the early light curve is

influenced by the diffusion timescale (τd) and can be approximated to:

τd =

√
3κMe j

4πvph
(1.9)

where κ is the opacity of the ejecta, which is typically assumed to be constant

(Arnett 1980; Kasen & Woosley 2009) and vph is the velocity of the photosphere,

which at early times can be approximated to ve j. Arnett & Chevalier (1996) provides

a analytical model for the early type II SN light curve and is given as:

L(t) = Lmaxe(τexp t+ t2
2 )/τexp τd (1.10)

where Lmax is the maximum brightness, τexp is the expansion timescale given as

τexp = R0/ve j, where R0 is the radius at shock breakout (approximately the radius of

the progenitor). Equation 1.10 assumes that there is no additional energy sources,

and that the thermal energy of the shock is the dominate energy source in the early

light curve.

Opacity is an evolving parameter which has complicated time and spacial de-

pendencies. The inclusion of a time-varying opacity may compromise the light curve

rise time and width (e.g. Dessart et al. 2016). Moreover, the assumptions of homol-

ogous symmetric evolution, is not always the case, with many transients displaying

signs of asymmetry in their ejecta (for example; Wheeler et al. 2000; Janka 2006;

Andrews et al. 2019, ).
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Although Eq. 1.10 is a simplified model, its application to the early light curve

can provide insight into the CSM and progenitor. For example Smith & McCray

(2007) fit Eq. 1.10 to the early light curve of SN 2006gy and find good matches

for a progenitor enshrouded by a large mass of CSM (∼10 M�) ejected shortly

before core collapse. The dense material increases the diffusion time, causing a

very broad light curve. This is encouraging for a large mass loss event shortly

before core-collapse, as discussed in Sect. 1.3. Although currently there is no clear

consensus on the explosion mechanism for SN 2006gy (for example; Woosley et al.

2007a; Quataert & Shiode 2012; Moriya et al. 2013).

During the expansion the envelope cools down rapidly because of adiabatic and

radiation losses. For H-rich SNe, ionised H begins to recombine around a temper-

ature of 4000–6000 K, and in doing so will release a photon. The recombination

occurs gradually within a wave that propagates inwards in mass space but initially

outwards in radius. Since the temperature remains constant during this stage and

the ejecta continues to expand, a plateau in luminosity is observed, labelled C in

Fig. 1.8.

During core-collapse, many radioactive elements will be produced and then af-

ter, begin to decay. The dominant radioactive decay chain for the first several hun-

dred days of SN evolution is 56Ni → 56Co → 56Fe. This phase is labelled D in Fig.

1.8 (Arnett 1982; Arnett & Chevalier 1996; Nadyozhin 2003).

In Type I (H-poor) SNe, radioactive decay dominates the light curve for the first

few days, as more radioactive Nickel is produced, and the initial ejecta radius is

much smaller (Arnett 1979; Childress et al. 2015). Typical Type II (H-rich) SNe do

not show the effects of radioactive energy input until a few months post-explosion,

where thereafter, they will relax onto a characteristic decay tail.

All core-collapse supernova light curves will eventually follow this decay tail,

which is typically observed after the SN has entered the nebular phase. The amount

of 56Ni produced in Type II SNe is typically on the order of a few 10−2 − 10−1 M�

(Smartt 2009; Anderson 2019). After a few months the light curve is expected to

follow an exponential decay given by:

LNi (texp,MNi) ≈ 1.43 × 1043 e
texp
τCo MNi [erg s−1] (1.11)

where MNi is the mass of radioactive nickel produced during the core-collapse in

units of M�, texp is the time since core-collapse, and τCo is the half life of cobalt
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decay, take as 111.3 days (Nadyozhin 2003; Hamuy 2003).

Equation 1.11 assumes full gamma ray trapping (i.e. gamma rays produced dur-

ing radioactive decay cannot escape freely into the ISM, τγ >> 1), and no additional

power sources. The latter is sometimes not the case. For example, additional en-

ergy from the spin-down of strongly magnetized, rapidly rotating neutron stars (i.e.

magnetars; Kasen & Bildsten 2010; Kaspi & Beloborodov 2017) or additional inter-

action due to slow moving CSM. We will further discuss interaction driven transients

in Sect. 1.5.3.

1.5.2 Classification of Supernovae The light curve and spectral evolution of SNe

will display fingerprints than allow astronomers to classify them into distinct groups.

This classification scheme has been adjusted and appended since its introduc-

tion. Minkowski (1941) originally introduced a supernova classification scheme

based on the absence or presence of H in spectra into Type I and II. In the late

nineties, as SN observations began to increase in frequency, these sub types were

extended. Type I supernovae were sub-divided based on the presence or absence

of Si and He in their spectra. Type Ia supernovae contain strong Si features, Type

Ib have weak Si but strong He, and Type Ic display weak signatures of Si and He

(Filippenko 1997; Valenti et al. 2016).

Type II supernova are classified as Type IIP, IIL, IIb or IIn, and we include a

sample of spectra in Fig. 1.9. Type IIP and IIL are classified photometrically, based

on the presence of a long plateau, or a linear decay phase (Barbon et al. 1979).

There is controversy as to whether there are two distinct groups, Type IIP and IIL,

or a continuum, based on the amount of H envelope present at core-collapse, see

discussion by Valenti et al. (2016). Type IIb SNe show weak H emission at early

times, but quickly vanishes, and strong He features emerge (Claeys et al. 2011),

reflecting the majority of the H envelope has been removed.

Finally, some spectra show narrow emission lines atop a blue continuum at early

times (see SN 2009kn in Fig. 1.9). These SNe are likely surrounded by slowly

moving, dense material that was ejected from the progenitor star shortly (∼years -

decades) before core-collapse.

Today, H-rich SNe displaying narrow emission lines are classified as Type IIn10,

and cover a broad range of observational properties (Schlegel 1990; Smith 2017;

10For Type IIn SNe, “n” stands for the narrow emission features, which are a typical signature of
interaction.
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Figure 1.9: Spectra of Type I and II Supernovae including SNe 2011fe (Patat et al.
2013), 2007gr (Valenti et al. 2008), 2009jf (Valenti et al. 2011), 1999em (Elmhamdi
et al. 2003), 2013ej (Valenti et al. 2014), and 2009kn (Kankare et al. 2012). Vertical
lines indicate expected rest wavelength of known absorption/emission features. Spectra
have been scaled arbitrarily and smoothed.

Tartaglia et al. 2016a). The most prevalent emission lines in the optical (3000 –

8000 Å) are the Balmer series of Hydrogen (given as green bands in Fig. 1.9), with

the strongest line being Hydrogen Alpha (Hα), the n = 3S →2 S transition line. We
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will return to Type IIn SNe in Section. 1.5.3.

It is often the case that a transient does not conform to a single SN type due to

SNe displaying multiple ( or not fitting certain ) criterium. The best known example

is of the Type II-pec SN 1987A in the Large Magalanic Cloud (LMC). SN 1987A is

usually referred to as a plateau-type event but was clearly peculiar i.e. Type II-pec

(see review by Podsiadlowski 1992, for further details). As another example, the

SN 2011ht shows a plateau light curve with narrow emission lines in its spectra,

and fits into the class of Type IIn-P SNe (Mauerhan et al. 2013a).

1.5.3 Type IIn Supernovae The first association with massive stars and super-

novae was made by Baade & Zwicky (1934), and it has only been ∼30 years since

ejecta-CSM interaction was first noted in CCSNe (Schlegel 1990).

Hα emission typically exhibit several distinct velocity components, which con-

sist of narrow cores (FWHM of hundreds of km s−1) that are superimposed on

top of intermediate-velocity components (∼ 1000 km s−1) and broad bases (>>

1000s km s−1) (Filippenko 1997; Taddia et al. 2013; Kurfürst et al. 2020; Nyholm

et al. 2020). The appearance of these lines bring insightful information on the ge-

ometry, physical conditions, and composition of the ejected matter, as well as the

previously ejected CSM. Fig. 1.10 illustrates a simplified explosion of a star sur-

rounded by dense material and a later supernova explosion.

As demonstrated in Fig. 1.10, a supernova explosion surrounded by dense,

slowly moving material will produce an emission line with a blue-shifted absorption

trough. This general feature is known as a P-Cygni absorption profile (Humphreys

& Davidson 1994; Filippenko 1997; Dessart & Hillier 2005) and we provide a simple

illustrated of the formation of the profile in Fig. 1.11.

By measuring the offset of the blue-shifted absorption line, labelled as A in Fig.

1.11, we can measure the expansion velocity of the ejecta (e.g. Taddia et al. 2013).

While not all Type IIn SNe display strong P-cygni lines, the appearance of evolution

of the profile can shed insight in the explosion mechanism and geometry. This will

become important for the case of AT 2016jbu in Chapter. 4.

While recombination and radioactive decay mainly power the optical light curves

in typical core-collapse SNe (see Fig. 1.8), the evolution of the light curve may have

a significant contribution from the SN ejecta interacting with the dense CSM, and

may dominate the light curve for many years, inhibiting the emergence of a nebular
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Figure 1.10: Diagram of Type IIn CCSN and its progenitor. We include typical emis-
sion/absorption lines profile expected around the SN, as well as the expected profile
seen by an observer.

phase. Assuming this material is symmetrically distributed (typically assumed to

have a r−2 density distribution) around the star when it explodes, the fast SN ejecta

will crash into this previously ejected slow material, illustrated in Fig. 1.10 and 1.11.

If CSM densities are high enough, the SN ejecta will be decelerated. The kinetic

energy of the SN ejecta is converted into radiation, which can then ionises the

surrounding dense CSM (Smith 2017a; Chandra 2018; Fraser 2020). This emission

is seen as narrow emission lines, as seen in SN 2009kn in Fig. 1.12.

A crude approximation for the luminosity released during ejecta-CSM interaction

is to use the energy released from a radiative shock. This can be given by:

LS H = 2πR2
shρcsmv3

sh, (1.12)

and can be used to determine the CSM density (ρcsm) and the energy radiated away,

where LS H, RS H, and vS H are the shock’s luminosity, radius, and velocity (Tsuna

et al. 2019). Assuming that the shock is interacting with a smooth steady-state

wind, we can estimate the mass loss rate using

Ṁ = 4πRvcsmρcsm
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to give

LS H = ε
1
2

Ṁ
vcsm

v3
sh, (1.13)

where we include the ε term as a conversion efficiency from kinetic energy of

the shock to radiation, which can be as high as 50% (Smith et al. 2016a). This ad-

ditional source of energy can power the light curve for many years (e.g. SN 1996al;

Benetti et al. 2016) or until the shock reaches the extent of the CSM.

Steady state winds are unlikely to be the main cause of CSM for Type IIn SNe,

as measured mass loss rates are orders of magnitudes higher than those expected

for such winds (' 10−4; Kiewe et al. 2012; Ofek et al. 2007; Nyholm et al. 2017).

28



Interaction is typically seen in early spectra and are quickly classified as some

form of interacting transient (see review by Fraser 2020, for further details). We

highlight the obvious narrow emission lines and blue continuum (fitted using Eq.

1.5.1) for the typical Type IIn SN 2009kn, in Fig. 1.12.
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Figure 1.12: Classification spectrum of the Type IIn SN 2009kn (Kankare et al.
2012). The red dashed line represents a blackbody function using Eq. 1.5.1 with
TBB = 8750 K.

A major issue in our current understanding of interacting SNe is how material

can be ejected so close to core-collapse (e.g. Fraser et al. 2013a; Yaron et al. 2017).

A sample of Type IIn SNe are found to have steep circumstellar density profiles at

the time of core-collapse, requiring high mass loss rates (10−4 − 10−2 M� yr−1) in

the decades prior (Taddia et al. 2013; Moriya et al. 2014). These parameters in-

dicate a currently unknown mechanism(s) for Type IIn SN progenitors to sustain

their high mass loss rates shortly before core-collapse. There is likely several path-

ways available to create such a dense environment, which is then dependant on

the progenitor and/or presence of a companion.

Moving away from the assumption of state-state CSM density, inhomogeneous

or clumpy CSM interaction may been seen in the light curve evolution as bumps in

the light curve, and the shock/ejecta collides with the pre-shock material (Nyholm

et al. 2017; Arcavi et al. 2017; Nyholm et al. 2020; Hosseinzadeh et al. 2022a).
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This sheds insight into the ∼century prior to SN explosion, as to be seen in the

light curve, this material must be quite close into the progenitor before it exploded.

How this material is ejected so close to core-collapse is currently unclear, although

recent work on gravity-driven mass loss may help explain such material ejected

from the star in its final years (see Sect. 1.3 for discussion).

1.5.4 Progenitors of Type IIn SNe There is much debate as to the progenitors of

Type IIn SNe (see Smartt et al. 2009; Stritzinger et al. 2012a; Taddia et al. 2013;

Moriya et al. 2014; Bilinski et al. 2015; Chandra 2018). These stars require high

mass loss rates shortly before core-collapse of greater than 10−4 M� yr−1 (Chugai

et al. 2004; Moriya et al. 2014), but may be much higher e.g. 10−1 − 10−2 M� yr−1

for SN 2010jl (Smith et al. 2010a; Chandra et al. 2015).

To supply the circumstellar (CS) medium, the progenitor star likely undergoes

some form of short lived, eruptive mass loss. From the velocities seen in early

spectra (a few 100s km s−1), eruptive mass loss must happen shortly before core-

collapse e.g. Chugai & Danziger (2003), but also see Foley et al. (2007) for a Type

Ibn SN. It has been shown that RSG have been observed as the progenitors to Type

II SNe (Van Dyk et al. 2003; Smartt 2009). However mounting evidence suggest

some Type II SNe may explode during the BSG or even LBV stars (Trundle et al.

2008; Smith & Mauerhan 2012; Thöne et al. 2017; Dessart & Hillier 2018), although

the explosion mechanism is not currently well understood.

A star will typically leave the MS and quickly become a BSG, see Eq.1.6, before

evolving further. It is unexpected for a star to undergo core-collapse while in the

BSG phase, although ironically, our best studied and closest CCSNe did so, SN

1987A (Tuchman & Wheeler 1989; Weiss 1989; Podsiadlowski 2017). Although SN

1987A’s light curve was a Type IIL-pec (Arnett 1989), there is striking evidence of

circumstellar interaction, revealed by HST images of the “Ring Nebula” (Burrows

et al. 1995; Sonneborn et al. 1997; Morris & Podsiadlowski 2007). Several pecu-

liarities found with the progenitor, and the evolution of SN 1987A itself, suggest that

the late-time stellar evolution was heavily influenced by a binary companion. This

may explain surface chemical anomalies, an asymmetrical CS environment, and a

compact BSG progenitor (Podsiadlowski 1992).

Recently, massive LBV stars have been suggested as progenitors for Type IIn

SNe (Gal-Yam et al. 2007; Foley et al. 2011; Smith 2017b). A LBV star as the

progenitor of Type IIn is an appealing concept. LBV stars have been observed

in eruptive mass loss events (Humphreys et al. 1999; Weis 2001; Smith 2017b),

although the underlying mechanism for this enhanced mass loss is currently un-
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clear (Dwarkadas 2011). SN 2005gl is one (perhaps the only) Type IIn SN with a

convincing LBV-like progenitor (Gal-Yam et al. 2007; Pastorello et al. 2018). The

classification spectrum has a very blue continuum and narrow H-alpha emission

(See Fig. 2 of Gal-Yam et al. 2007), and therefore suggest that it is possible for a

LBV exploding as CCSNe, in contrast to Eq. 1.6.

Under our current stellar evolutionary understanding, LBV stars are not sup-

posed to explode as CCSNe, as they are a transitional phase between OB- and

WR- type stars (i.e. Eq. 1.6) (Heger et al. 2003). Gal-Yam et al. (2007) propose

that for very massive stars (> 80 M�) during the LBV stage, the core may quickly

progress through nuclear fusion stages. This could allow for a core-collapse to oc-

cur for a very massive star during the LBV stage, while it still retains a relatively

large H-rich envelope. Alternatively, Justham et al. (2014) suggest that a binary

merger in the recent past may give rise to a LBV-like appearance at core-collapse.

On the lower end of the mass scale, Groh et al. (2013) demonstrate that rel-

atively low mass stars can exhibit an LBV-like appearance at core-collapse, when

stellar rotation is included in modelling. These models show a ∼25 M� star, when

stellar rotation in included, has enhanced mass loss and explodes with a LBV-like

appearance (i.e. a B-V = -0.14 and MV ≈ −7 − −10 mag). While models by Groh

et al. (2013) show that relatively low mass stars may explode as a LBV, this does

not extend to higher mass stars, which explode in the WR phase.

The disparity mentioned above highlights one crucial aspect of modern astro-

physics. We do not have a clear picture of how stars spend the final moments of

their life. This thesis highlights one such major discrepancy, where we find a star un-

expectedly explodes prematurely, surrounded by a complex CS environment, and

highlights the complexity in definitively labelling such events as the end of a stars

life.

1.6 Supernova Impostors

A major goal of this thesis is to discover if an energetic explosion from a massive

star is the ending of its life or something else.

The term “SN Impostor” first appeared in Van Dyk et al. (2000) to describe the

nature of SN 1997bs. By definition, these are stellar explosions that initially appear

to be genuine Type IIn supernova, and may be classified as such (e.g. Miller et al.

2009; Berger et al. 2009). After some time, the transient light curve will begin to

fade, while never reaching the peak magnitude of typical Type IIn SNe. In this case

the star has likely survived this explosion, unlike in core-collapse events.
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We present the early time spectrum of the SN impostor 2000ch, and note the

similarity to the genuine SN 2009kn in Fig. 1.13, albeit with a cooler continuum

(Wagner et al. 2004). These transients initially appear similar, yet the fate of the

progenitor star is very different.
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Figure 1.13: Comparisons of the impostor SN 2000ch (Wagner et al. 2004; Van Dyk
2007) and the Type IIn SN 2009kn (Kankare et al. 2012). Although both spectra show
striking similarities, SN 2000ch was a non-terminal outburst, with its progenitor sur-
viving, while SN 2009kn was a terminal explosion, destroying its progenitor.

A major hindrance of SN impostor follow-up campaigns is the faint intrinsic abso-

lute brightness of impostor transients (MV '-14; Pastorello & Fraser 2019; Fraser

2020), in comparison with Type IIn SNe (MV /-17; Wagner et al. 2004; Nyholm

et al. 2020). There is a lack of consensus on what causes these impostor events,

and there likely involves a zoo of possibilities (Fraser 2020).

SN impostors potentially arise from binary mass transfer (Smith 2011; Kashi

et al. 2013), and/or stellar mergers (Soker & Kashi 2013; Mauerhan et al. 2018), or

giant eruptions from massive, unstable stars (Tartaglia et al. 2015; Davidson 2016).

Super-Eddington winds have been suggested for single star scenarios (e.g. SN

2008S; Smith et al. 2009a), although what leads a star to suddenly exceed its

Eddington luminosity limit by a large amount is not well understood.
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1.6.1 The troubled history of Supernova Impostors Determining the fate of a

massive star is often trivial, from the progenitor vanishing or the appearance of

a nebular phase. However, in some cases we have difficulty distinguishing whether

a SN has entered the nebular phase, or if it has undergone core-collapse at all.

The debate on SN 1961V has been on-going for over 60 years. This transient

was the prototype for Zwicky’s “Type V ” SN, which describes a faint supernova with

a slow rise to brightness, a maximum lasting many months, and an unusual emis-

sion spectrum (Zwicky 1964). Zwicky noted a resemblance between the behaviour

of SN 1961V and that of η Car, and some suggest it to be a non-terminal scenario

likely arising from a massive star (Goodrich et al. 1989; Humphreys & Davidson

1994; Van Dyk 2007; Dyk & Matheson 2012; Woosley & Smith 2022).

On the other hand, a cohort exits that suggest the remnant of SN 1961V is con-

sistent with a supernova remnant (Branch & Cowan 1985; Kochanek 2011; Utrobin

1984; Woosley & Smith 2022). Branch & Cowan (1985) report a non-thermal radio

source near the location of SN1961V, reminiscent of the radio emission from Cas-

siopeia A (Cas A) (Anderson et al. 1991). More recently, Kochanek (2011) address

the possibility that a surviving star is present but enshrouded by a dusty circumstel-

lar environment. They find the dust matching can not reproduce the IR limits seen,

however Dyk & Matheson (2012) argues certain dust configurations may indeed

hide the progenitor.

Serendipitously, the progenitor of SN 1961V was observed as an 18th magni-

tude star (Zwicky 1964). Goodrich et al. (1989) suggest that SN 1961V was a LBV

star, and the supernova-like event was instead a giant outburst from a massive star.

Current estimates put the progenitor mass in the regime of 100–250M� (see Stock-

dale et al. 2001; Kochanek 2011) however Utrobin (1984) model the broad transient

light curve and require a progenitor with a mass of 2000 M�. While this is likely a

significant overestimate, it shows how massive progenitor needs to be in order to

produce the observed transient with current SN theory.

1.6.2 SN 2009ip One of the most fundamental ways to understand the death of

massive stars is to catch a star right before it explodes. Humanity has only had

capabilities to accurately measure the SED of extragalatic massive stars since the

introduction of the CCD (Boyle & Smith 1976) . While this has provided foundation

to our current stellar evolutionary theory, it may have exacerbated the holes on our

understanding (Filippenko 2005; Smartt 2009; Smartt et al. 2009).

A unique opportunity to study late time stellar evolution can be found in the
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SN 2009ip family of transients11. Fig. 1.14 plots the light curve evolution since the

discovery of SN 2009ip in 2009 (Berger et al. 2009; Pastorello et al. 2013; Fraser

et al. 2013a).
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Figure 1.14: Historical light curve of SN 2009ip since its discovery in 2009 until 2014
(Pastorello et al. 2013; Fraser et al. 2013a). In the upper left, is a finder chart with the
position of SN 2009ip and its host, NGC 7259.

SN 2009ip has been studied in depth by a significant portion of the transient

community (Foley et al. 2011; Mauerhan et al. 2013a; Fraser et al. 2013a; Soker

& Kashi 2013; Smith et al. 2014; Kashi et al. 2013; Pastorello et al. 2013; Margutti

et al. 2014; Graham et al. 2014; Levesque et al. 2014; Smith & Tombleson 2015;

Fraser et al. 2015; Smith et al. 2016a; Reilly et al. 2017; Pastorello et al. 2018;

Smith et al. 2022) due to the extensive multi-chromatic data that was obtained by

ground-based, as well space-based, telescopes.

SN 2009ip was first observed by the CHASE project team members (Maza et al.

2009) and shortly after discovery, due to its low luminosity, was classified as a LBV

outburst/SN Impostor (Berger et al. 2009). Over the next 3 years, SN 2009ip dis-

played little spectral evolution but showed erratic photometric variability, changing

brightness by ∼2 magnitudes. Pastorello et al. (2013) find spectral features show-

ing material travelling at (∼13,000 km s−1) in September 2011. This high velocity

material can not be a direct result of core-collapse, as the transient continues go-

11Although revealing the true nature of these explosions may make matters worse for theorists.

34



ing through erratic variability for another year thereafter. Material moving at similar

speeds was seen in η Car (Smith et al. 2018), although we are uncertain if the

powering mechanism is the same for SN 2009ip.

Explaining this variability so close to (apparent) core-collapse is difficult. In the

typical view of the final burning stages, the energy due to rapid nuclear reactions

do not have time to reach the outer layers of the star before core-collapse. The

small pre-SN core with its rapid nuclear timescale is not supposed to know about

the star’s outer layers, and vice-versa. This can be estimated using the dynamical

timescale (tdyn) given by:

tdyn =

√
R3

GM
(1.14)

where G is the gravitational constant and R and M are the star’s radius and

mass, in this case, shortly before core-collapse.

For a massive star right before core-collapse, tdyn is expected to be ∼months.

In contrast, O-burning last only few months and Si-burning last ∼ day. Meaning

any instability produced in the core cannot is unlikely to reach the envelope before

core-collapse.

Recent work in gravity-driven mass loss during later nuclear stages may help

explain this variability, as discussed in Sect. 1.3. If SN 2009ip is a terminal explo-

sion, the variability seen from 2009 to 2012 would correspond to the final burning

stages (Ne, O, and Si) in the core. As described in Quataert & Shiode (2012), the lu-

minous core can drive convective cells, producing energetic sounds was which can

unbind significant portions of the envelope. This could enrich the CS environment

with material that is later seen in 2012.

However, it is curious that these potential gravity-driven mass loss events are

so homogenous amongst the members of the SN 2009ip-like transient group (see

Chapter 3 for further discussion). The timing of the Event A for each object spec-

ulates some form of penultimate triggering mechanism (e.g. a merger of a binary

system; Soker & Kashi 2013; Kashi et al. 2013), and to assert that each member

of the SN 2009ip-like family undergoes the same exact mass loss driven by gravity

waves before core-collapse is perhaps unnecessary fine tuning. Additionally, Pas-

torello et al. (2013) find high velocity material (∼ 13, 000 km s−1) for SN 2009ip in

2011, around a year before it apparent explosion. To date, there is no gravity driven

mass loss mechanism to produce such velocities, with models producing outburst
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with velocities of only 102 − 103 km s−1 (Quataert & Shiode 2012; Fuller 2017)

This erratic variability continued until September 2012, when SN 2009ip under-

went a dramatic increase in brightness, reminiscent of low-luminosity Type II SNe

(Pastorello et al. 2004; Spiro et al. 2014), see Fig. 1.15. This event lasted approx-

imately 40 days before beginning to fade. Unexpectedly, a second re-brightening

event occurred, and rose to magnitude comparable to a genuine Type IIn SN (Fraser

et al. 2013a; Pastorello et al. 2013; Mauerhan et al. 2013a; Smith & Tombleson

2015). These two events became known as Event A and Event B respectively, and

their nature is difficult to explain in the realms of CCSNe.
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Figure 1.15: Event A/B light curve of SN 2009ip (Fraser et al. 2013a; Pastorello et al.
2013).

Event B is reminiscent of a Type IIn CCSN, with a rise time (∼14 days; Pas-

torello et al. 2013) and a peak absolute magnitude of MR ∼ −18 mag (Nyholm et al.

2020). Narrow emission features in spectra indicate strong CSM interaction, that

were ongoing during Event A , as well in the years prior (Mauerhan et al. 2013a;

Pastorello et al. 2013). Additionally, the fading from Event B shows a non-smooth

decay, indicating additional energy inputs likely arising from CSM interaction (Ny-

holm et al. 2017). Intuitively, this is expected from the history of outbursts, fuelling

the CS environment with material (see Fig. 1.14). The series of events leading up

until September 2012 aided to speculation as to whether SN 2009ip is a CCSNe,

or perhaps something similar to η Car.
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While the progenitors of Type IIL and Type IIn SNe likely have different circum-

stellar environments (and possibly progenitors), both explosions should undergo

core-collapse at the end of their life under current stellar evolutionary understand-

ing (Smartt 2009).

One indication of core-collapse is emission from the [O I] λλ 6300, 6364 doublet.

Oxygen is expected to be found in the pre-existing material in the stellar envelope

(i.e. primordial), but is mainly found in large quantities in the core towards the end

of a stars life. For example, a ∼ 60 M� star should produce a few M� of Oxygen by

the end of its life (Groh et al. 2014). After core-collapse, this Oxygen rich layer is

expected to be ejected into the ISM12. The [O I] λλ6300, 6364 doublet is observed

to be stronger for more massive progenitors, which have larger cores, and hence

more Oxygen (e.g. Jerkstrand et al. 2014; Jerkstrand 2017).

The [O I] λλ6300, 6364 is a forbidden transition line, denoted by the square

parenthesises13. Bound electrons in atoms can be excited/de-excited in two ways:

by photons (resulting in absorption/emission) or by collisions (non-radiative pro-

cess, meaning there no photon is emitted) between atoms and/or electrons.

For certain atoms and their ions, including O I, specific transition levels have a

low probability to radiatively de-excite by itself (spontaneously). These are known

as sub-levels or fine structure states. In the case of [O I] λλ6300, 6364, this is the

transition from 2s2sp4 1D to the 2s2sp4 3P1,2 fine structure energy levels (Li & McCray

1992; Keenan et al. 1995).

If the gas density is too high (typically 104−106 atoms cm−3; Keenan et al. 1995;

Jerkstrand 2017), the jump to another lower level can be induced by collisional

de-excitation (atoms colliding with each other, exchanging kinetic energy) and not

release a photon. For diffuse media, the probabilities of collisions are low enough

such that the ion in a metastable excited state (lifetime of milli- to centi- seconds)

will be undisturbed long enough to allow for spontaneous de-excitation, and release

a photon with characteristic wavelength.

SNe typically enter the nebular phase around a hundred days after collapse,

labelled as D in Fig. 1.8. In Fig. 1.16, we can see that SN 2014G shows strong

emission from the [O I] doublet, as well as other forbidden emission lines (Terreran

et al. 2016). In contrast, SN 2009ip lacks this feature (Fraser et al. 2013a).

Fig. 1.16 compares the late time spectra of SN 2009ip, a year after Event B

12Although this material may experience significant fallback onto the newly formed compact remnant
(Janka et al. 2022)

13Also referred to a nebular emission lines (Jerkstrand 2017; Graham et al. 2022)
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maximum, with the Type IIL SN 2014G (Terreran et al. 2016). While the spectra do

show similarities, the noticeable lack of nebular lines in SN 2009ip (e.g. the [O I]
feature blueward of Hα), brings to question to fate of a surviving progenitor.
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Figure 1.16: Comparison of the late time spectrum of the Type IIL SN 2014G and a
spectrum around the same time for SN 2009ip (Fraser et al. 2015; Terreran et al. 2016).
We label obvious emission lines expected during the nebular stage as grey vertical lines
(Jerkstrand 2017).

Fraser et al. (2015) finds a lack of progression in the strength of any of these

nebular lines, including [O I] λλ6300, 6364, as would be expected for an evolving

remnant. Several possible scenarios may explain this. There was no Oxygen pro-

duced as SN 2009ip was a non-terminal eruption, as Oxygen rich material was

never ejected, this Oxygen rich material fell back onto a newly formed compact

remnant, or densities remain too high in the remnant environment to permit emis-

sion from these indicator lines, and this may be the case for many decades (Graham

et al. 2017).

Although SN 2009ip is one of the best monitored transients, the community is

still divided on a possible explosion mechanism and progenitor scenario (Mauerhan

et al. 2013a; Fraser et al. 2013a; Soker & Kashi 2013; Smith et al. 2014; Kashi et al.

2013; Pastorello et al. 2013; Margutti et al. 2014; Graham et al. 2014; Levesque

et al. 2014; Smith & Tombleson 2015; Fraser et al. 2015; Smith et al. 2016a; Reilly

et al. 2017; Pastorello et al. 2018; Smith et al. 2022).
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Chapter 2

The AUTOmated Photometry Of Transients

pipeline

“You can say that climbers suffer the same as the other riders, but they suffer

in a different way. You feel the pain, but you’re glad to be there”

- Richard Virenque



Declaration

This chapter as published in A&A in press. Additional text not included in

the published version of records in indicated in italics. The entirely of the

AutoPhOT code and the contents of this chapter were written by S. J. Bren-

nan. AutoPhOT implements external packages from several source, which

are clearly stated in this Chapter. Figures have been adjusted for formatting.

2.1 Introduction

For over three decades, the most commonly used packages for photometry are part

of the Image Reduction and Analysis Facility (IRAF)1 (Tody 1986, 1993). Within

IRAF, DAOPHOT (Stetson 1987) is a suite of packages designed to perform pho-

tometry in crowded fields (i.e when sources are closely spaced together).

In 2013, the National Optical Astronomy Observatories (NOAO) suspended fur-

ther development of IRAF, and since then a community of astronomers has worked

on maintaining the packages and adapting the current version (V2.16 / March 22,

2012) to work on modern hardware. However, a large portion of IRAF code can-

not be compiled as a 64-bit executable, and must be built as a 32-bit program.

Recently, several popular operating systems (e.g. MacOS) have dropped 32-bit

support, which is required for IRAF. With continued development, as well as the

emergence of new programming languages, IRAF has become more and more dif-

ficult to build and maintain on current architectures. Furthermore, PyRAF (Science

Software Branch at STScI 2012), the main Python 2.7 wrapper for IRAF, has lost

support and, as of January 1 2020, users have been encouraged to move to the

currently supported Python 3 framework.

Besides IRAF/ DAOPHOT there are a number of other photometry packages in

use today. SExtractor (Bertin & Arnouts 1996) is a source detection and deblend-

ing tool used extensively for photometric measurements and is the basis for many

modern photometric pipelines (e.g. Mommert 2017; Merlin et al. 2019). Other

stand-alone photometry packages have been developed such as A-PHOT (Merlin

et al. 2019) and PhotometryPipeline (Mommert 2017), that mainly perform aperture

photometry on ground based images.

1IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the As-
sociation of Universities for Research in Astronomy (AURA) under cooperative agreement with the
National Science Foundation
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Photometry tools have also been developed as part of ASTROPY (Astropy Col-

laboration et al. 2013, 2018), which is a community led project to develop a set of

core software tools for astronomy in Python 3.

In this paper we present the AUTOmated PHotometry of Transients Pipeline

(hereafter refereed to as AutoPhOT). AutoPhOT was designed to provide a fast,

precise, and accurate means to measure the magnitude of astronomical point

sources with little human interaction. The software has been built from the ground

up, removing any dependence on the commonly used IRAF or any deprecated

Python packages (for example those that rely on Python 2).

AutoPhOT is designed to address some of the specific needs to astronomers

working of transient phenomena such as supernovae. Observational campaigns for

transients often yield heterogeneous datasets, which include images spanning sev-

eral nights to decades, taken in a variety of photometric bands, and using different

telescope and instrument configurations. For precise photometry, careful extrac-

tion of photometric data is required. However, the effect of different instruments

and slightly different filter throughputs can increase the overall scatter in photomet-

ric data. Furthermore, photometry performed by different astronomers may show

discrepancies based on the choice of parameters used e.g. quality/number of se-

quence stars used, aperture size, background subtraction etc.

AutoPhOT uses ASTROPY packages extensively. As ASTROPY is community

driven, widely used, and written in Python 3, AutoPhOT is likely to have support

from these packages for the foreseeable future.

AutoPhOT can accept astronomical images from most ground based telescopes

and cameras, and will adapt to image quality and/or telescope parameters to pro-

vide a homogeneous photometric output. AutoPhOT is available on Github2 and

available for installation using the Conda 3 installer. AutoPhOT will receive con-

tinued support, and one should refer to the online documentation for up-to-date

information and further implementations 4.

The purpose of this paper is to briefly outline the AutoPhOT package5. Most of

the parameters mentioned in this work can be easily changed by the user to adjust

to their dataset if necessary, although the code will also attempt to self-optimize

these. We discuss the automated pre-processing within AutoPhOT in Sect. 2.2

and how photometric measurements are made in Sect. 2.3. We provide a brief

2https://github.com/Astro-Sean/autophot
3https://anaconda.org/astro-sean/autophot
4https://autophot.readthedocs.io/en/latest/
5Version 1.0.2
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outline of the photometric calibration in Sect. 2.4. We outline the limiting magnitude

package in Sect. 2.6. Finally, we discuss the performance of AutoPhOT and its

ability to provide science-ready results in Sect. 2.7.

2.2 Pre-processing

2.2.1 Image reduction Due to the specific nuances of various CCDs, it is left to

the user to correctly reduce the images prior to running AutoPhOT. These steps

should typically include bias, flat-field and bad pixel corrections. For a general

overview on these reduction steps (e.g. see Howell 2006).

2.2.2 Image stacking AutoPhOT does not perform image stacking. Often multiple

exposures will be taken in the same bandpass during the night, in particular when

long exposures that are susceptible to cosmic rays are used.

It is difficult to produce a universal image stacking procedure, and it is hence

left to the user to stack images if they so wish6. AutoPhOT hence treats multiple

images taken on the same night independently. The user is cautioned that if they

combine images, they should update the header keywords for gain and readout

noise where necessary before running AutoPhOT.

2.2.3 Target Identification AutoPhOT implements the Transient Name Server7

(TNS) Python API to obtain the most up-to-date coordinates of a particular tran-

sient. These coordinates are transformed from right ascension (RA) and declina-

tion (Dec) into X and Y pixel coordinates using the image World Coordinate System

(WCS), see Sec. 2.2.5.

If a transient is not known to the TNS then the RA and DEC can be manually

specifed by the user.

2.2.4 Parsing image and instrument metadata Flexible Image Transport System

(FITS) files are commonly used to store astronomical image. These files typically

contain a 2D image as well as the image metadata stored as keyword-value pairs

in a human-readable ASCII header. While FITS header keywords contain critical

information about the observation itself, such as exposure time, filter, telescope,

these keywords are often inconsistent between different observatories.

6For example with CCDPROC (Craig et al. 2017)
7https://www.wis-tns.org/
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When AutoPhOT is run on an image from a new telescope, the software asks

the user to clarify certain keywords using the check teledata package. For ex-

ample, this may involve clarifying whether “SDSS-U” refers to Sloan u or Johnson-

Cousins U. This is the only step in running autophot which requires human inter-

vention, but is necessary due to the ambiguous filter naming conventions used by

some telescopes.

After the AutoPhOT telescope check function has run, the results are saved as

a human-readable Yaml file (see example in Listing 2.1) allowing for easy additions,

alterations or corrections. When AutoPhOT is subsequently run on images from the

same telescope and instrument, it will lookup filter names etc. in this Yaml file.

Along with filter names, the Yaml database (shown in Listing 2.1) contains other

instrument-specific information necessary for automated execution of AutoPhOT.

The nested dictionary structure allows for multiple instruments at the same tele-

scope (in the example shown information is given for both the ALFOSC and NOT-

Cam instruments mounted on the Nordic Optical Telescope).

filter key 0 gives the fits header key which gives the filter names8. To account for

instruments with multiple filter wheels, this keyword can be iterated i.e. filter key 0,

filter key 1, etc. If it finds an incompatible header value i.e. if the filter corresponds

to CLEAR or AIR, it is ignored unless requested otherwise by the user9.

AutoPhOT requires at minimum for an image to have the TELESCOPE and

INSTRUME keywords. Both keywords are standard fits keywords10 and are virtually

ubiquitous across all astronomical images. If not found, an error is raised and the

user is asked for their intervention.

A pre-populated Yaml file with information and keywords for several commonly-

used telescopes is provided as part of AutoPhOT.

2.2.5 Solving for the World Coordinate System Astronomical images require a

World Coordinate System (WCS) to convert sky coordinates to X and Y pixel coor-

dinates. Many images may have WCS values written during the reduction process.

However, it is not uncommon for an image to have an offset WCS or be missing

WCS information entirely. AutoPhOT assumes the WCS is unreliable when there is

a significant (default is 2× FWHM) offset between the catalog positions of sources

8At the time of writing these filters are Johnson-Cousins U, B, V , R, I, Sloan- u, g, r, i, z and NIR- J,
H, K

9This is necessary in the case of unfiltered observations.
10https://heasarc.gsfc.nasa.gov/docs/fcg/standard_dict.html
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Listing 2.1: Example of entry in telescope.yml for the Nordic Optical Telescope
(NOT). This entry includes instrument-specific information needed for header keyword
translation (FILTER, AIRMASS, GAIN), filter keywords (g SDSS: g, B Bes: B, etc)
as well as location information and extinction terms, discussed further in Sect. 2.4.3

NOT:
INSTRUME :

ALFOSC FASU :
Name : NOT+ALFOSC
AIRMASS : AIRMASS
GAIN : GAIN
RDNOISE : READNOISE
f i l t e r k e y 0 : FILTER
f i l t e r k e y 1 : FILTER1
p i x e l s c a l e : 0 .213
B Bes : B
V Bes : V
c o l o r i n d e x :

B :
B−V:
m: 0 .014
m er r : 0 . 007

V:
B−V:
m: −0.106
m er r : 0 . 012
.
.

NOTCAM:
Name : NOT+NOTCAM
AIRMASS : AIRMASS
GAIN : GAIN
.
.

e x t i n c t i o n :
ex B : 0 .203
e x I : 0 .019
ex R : 0 .069

.

.

l o c a t i o n :
a l t : 2327
l a t : 28 .76
l o n : −17.88
name : l a p a l m a
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in the image, and their measured position.

In such cases (and where a WCS is missing entirely), AutoPhOT calls a local

instance of Astrometry.net11 (Lang et al. 2010). Source detection is performed on

the input image, and asterisms (sets of four or five stars) are geometrically matched

to pre-indexed catalogs. Solving for the WCS values typically takes from ∼ 5s to

∼ 30s per image12.

2.2.6 Cosmic Ray removal Cosmic Rays (CRs) are high energy particles that im-

pact the CCD detector and can result in bright points or streaks on the CCD image.

For images with long exposure times, CRs can be problematic as they may lie on

top of regions or sources of interest.

To mask and remove cosmic rays, AutoPhOT uses an instance of

Astroscrappy13 (van Dokkum et al. 2012; McCully & Tewes 2019) which is a

Python 3 adaptation of the commonly used LACosmic code (van Dokkum et al.

2012).

2.2.7 Measuring image Full Width Half Maximum The Full Width Half Maxi-

mum (FWHM) of point sources in an image is determined by the astronomical see-

ing when the image was taken, as well as the telescope and instrument optics.

AutoPhOT measures the FWHM of an image by fitting an analytical model (by de-

fault a Moffat function; Moffat 1969) to a few tens of bright isolated sources in the

field.

Firstly, AutoPhOT needs to adapt to the number of point sources in an image. A

deep image with a large field of view (FoV) will have considerably more sources than

a shallow image with a small FoV. Too few sources may lead to poorly sampled (or

incorrect) values of the FWHM, while too many sources may indicate the detection

threshold is too low (i.e. background noise is detected as a source) and needlessly

increases the computation time. Fig. 2.1 illustrates the process for finding the

FWHM of an image. AutoPhOT’s FWHM function in the FIND package aims to

obtain a well sampled value for the FWHM of the image without any prior knowledge

of the number of sources in the field. The process begins with a search for point-

like searches using the DAOFIND (Stetson 1987) algorithm, together with an initial

guess for the threshold value (that is, the minimum counts above the background

11https://astrometry.net/use.html
12Using a 2017 MacBook Pro, with a 2.5 GHz Intel Core i7 processor with 8 Gb DDR3 RAM.
13https://github.com/astropy/astroscrappy
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Figure 2.1: Flowchart showing the iterative process of finding the FWHM of image
using AutoPhOT. We do not show the adaptive threshold step size for purpose of
clarity.

level for a source to be considered). The first iteration returns a small set of bright

sources, measures their FWHM and updates the initial guess for the FWHM value.

The process continues to search for sources above the threshold value in the

field. If too many sources are detected, the loop will rerun the algorithm with a

higher threshold value. This change in threshold value is adaptively set based on

the number of sources detected.

Sigma clipping is used to remove extended sources (e.g. faint galaxies, satu-

rated sources, etc) which may have slipped through. In classical sigma clipping, if

we have a median value for the FWHM with a standard deviation, σ, then only val-
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ues with within ±nσ of the median is used, where n is some value, which by default

is set to n = 3. AutoPhOT uses a more robust method to determine outliers via the

median absolute deviation given by:

σMAD =
MAD

Φ−1(P)
≈ 1.4826 · MAD

where MAD = median(|Xi − µ|)
(2.1)

where Φ−1(P) is the normal inverse cumulative distribution function evaluated at

probability P = 3/4. Assuming a normal distribution of FWHM values, n = 3 would

mean that ∼ 99% of FWHM measurement would fall within this value. Once a

FWHM value is found for an image it is then used henceforth for this image for

building the PSF model and photometric measurements.

2.3 Photometry

Fundamentally, photometry consists of the measuring the incident photon flux from

an astronomical source and calibrating this onto a standard system. We can define

the difference in magnitude between two sources m1 and m2 as

m1 − m2 = −2.5 · Log10

(
F1

F2

)
(2.2)

where F1 and F2 are the measured fluxes from two sources. As Eq. 2.2 describes a

relative system, we also need to define some fiducial stars with known magnitudes.

One such definition is the “Vega” magnitude system, where the magnitude of the

star Vega in any given filter is taken to be 014. In this case, the magnitude of any

other star is simply related to the flux ratio of that star and Vega as follows:

When performing photometry on transients, we typically measure the instru-

mental magnitude of the transient itself as well as several reference sources with

known catalog magnitudes in the image. The instrumental magnitude of a source is

given by:

minst = −2.5 · Log10

(
F

texp

)
(2.3)

where F is the counts measured in during the exposure time, texp.

14In practice, the modern definition of the Vega magnitude system implies that Vega itself has a mag-
nitude of 0.03.
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Comparing the magnitude offset with the literature values of these reference

sources (which can be unique to each image due to varying nightly conditions) and

applying it to the transient, we can place the measurement of the transient onto a

standard system. We define the apparent magnitude of the transient as

mT = −2.5 · Log10(FT ) +

〈∑
i

mcat,i + 2.5 · Log10(Fi)
〉

→ mT = minstrumental,T + ZP

(2.4)

where mT is the unknown apparent magnitude of the transient with a flux FT . The

later term describes the magnitude offset or zeropoint (ZP) for the image and is

found by subtracting the catalog magnitude , mcat,i, from the measured magnitude,

−2.5 · log10(Fi). An average value for the zeropoint is typically calculated using a

few tens of sources in the field, typically close to the transient position.

Applying simply a zeropoint will typically result in photometry that is accurate to

O ∼ 0.1 mag or better. For more precise calibration, and in particular to ensure ho-

mogeneous measurements across different instruments, one must apply additional

corrections beside the zeropoint. These include color correction (CCλ) terms and

aperture corrections, which we discuss in Sect. 2.4.

2.3.1 Aperture Photometry AutoPhOT can perform either aperture or PSF-fitting

photometry on images. Both methods have their advantages and limitations. Aper-

ture photometry is a simple way to measure the number of counts within a defined

area around a source. This technique makes no assumption about the shape of the

source and simply involves summing up the counts within a aperture of a certain

radius placed at the centroid of a source.

AutoPhOT begins by using aperture photometry as an initial guess to find the

approximate magnitude of bright sources. If PSF-fitting photometry is not used, for

example if it fails due to a lack of bright isolated sources in the field15, aperture

photometry is implemented. Aperture photometry can yield accurate results for

bright, isolated sources (flux dominated), but may give measurements with larger

uncertainties for faint sources (noise dominated) or sources located in the vicinity of

bright sources and/or host contamination , see Appendix 2.9.2.

To perform aperture photometry, AutoPhOT first finds the centroid of a point

15Sources must have a signal to noise ratio of greater that 25 to be used in the PSF model by default.
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source by fitting a Gaussian function. To accurately measure the brightness of a

source, the background flux must be subtracted. This can be done in several ways

in AutoPhOT, including a local median subtraction or fitting a 2D polynomial surface

to the background region.

Choosing the optimal background subtraction requires some prior knowledge of

the FWHM. The median subtraction method is best for a cutout with a flat back-

ground (e.g. template subtracted images, see Sect. 2.5), or for a smoothly varying

background over the scale of a few FWHM. For a background with strong variations

(e.g. a on the edge of a extended source) the surface fitting algorithm performs

best. For consistency, AutoPhOT retains the same background subtraction method

(surface fitting by default) for all point source measurements.

We demonstrate the aperture photometry functionality in Fig. 2.2. In this case

the background counts have been found within an annulus centred on the source

position. The counts from the source can then be found using:

Fλ × texp = countsap − 〈countssky〉 · npix (2.5)

where countsap is the total counts within the aperture area, 〈countssky〉 is the aver-

age counts due to the sky background and npix is the number of pixels within our

aperture.

There is a balance when selecting an optimal aperture size. The aperture

should be large such that most of the light from the star is captured. However,

it should be small enough so that contamination from the sky background and un-

related sources in minimized. Fig. 2.3 demonstrates a search for optimal aperture

size in AutoPhOT16. For a sample of bright sources found from Sect. 2.2.7, the

signal-to-noise (S/N) ratio is measured within a series of apertures of increasing

radii. The S/N is defined as the ratio of the brightest pixel value associated with a

source, divided by the noise level, typically taken as the standard deviation of the back-

ground in the vicinity of the source.

Typically the S/N will reach a maximum at 1–2 times the FWHM, although this

can vary depending on the PSF. The aperture radius at which the S/N is maximized

is then multiplied by a factor (default ×1.5) to allow for any error in centroiding and

16Alternatively, the aperture size can be specified by the user, in which case the default aperture is 1.5
× FWHM
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Figure 2.2: Aperture photometry of an isolated point source showing the aperture ra-
dius (solid red line) as well as the background annulus (faded regions) and assumed
background value (green solid line, taken as the median annulus value; other back-
ground fitting algorithms are available, see Sect. 2.3.1). We also include projections
along the X and Y axes.

used as the new aperture radius for the image, see Fig. 2.3.

To account for any discrepancy in aperture size (e.g. missing flux due to finite

aperture size) we employ an aperture correction to account for noise dominated

wings of faint sources, which counts will be missed due to lower S/N of the PSF

wings. A smaller aperture will lead to a larger aperture correction and vice-versa,

with typical corrections being less ∼ 0.1 mag. This is not necessary if PSF photom-

etry is used.

To calculate the aperture correction, the bright sources found in Sect. 2.2.7 are

measured with a large aperture size and the standard aperture size. AutoPhOT
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Figure 2.3: Measured S/N (enclosed flux) as a function of aperture radius for a set of
sources given in upper (lower panel). For the upper panel, the mean of these curves
is shown as a black solid line, while the maximum S/N of each source is indicated as
per the colorbar. We note that this is consistent with the theoretical expectation from
Naylor (1998). Lower panel shows the enclosed flux for a given aperture radius. We
note the majority of the flux is enclosed by an aperture radius of ∼ 2.5 × FWHM.

uses an large aperture size with r = 2.5 × FWHM and normal aperture size with

r = 1.5 × FWHM17. Using Eq. 2.2, the ratio of these values gives a magnitude

correction which compensates for the flux lost due to a finite aperture size. In Fig.

2.4 we plot the distribution of aperture corrections for a sample of bright, isolated

sources. The average value and standard deviation are taken as the aperture cor-

rection, which is applied to all sources measured with standard aperture size during

aperture photometry.

Aperture photometry has its drawbacks. It performs poorly in crowded fields,

where contamination from neighbouring sources can interfere with measurements

of a single point source. Additionally transients that occur close to their host may

have complex backgrounds which may contaminate measurements. Aperture pho-

tometry is more susceptible to CCD detector defects such as hot/cold and dead

pixels and CRs. Moreover, aperture photometry assumes a flat weight function

across the aperture and is susceptible to centroiding discrepancies. Point sources

17Both values are adjusted if an optimal aperture size is determined from the data as in Fig. 2.3
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Figure 2.4: Histogram shows magnitude of the ratio of our large aperture size with
r = 2.5× FWHM and a standard aperture size of r = 1.5× FWHM for a single image.
This is the aperture correction used when aperture photometry is employed.

inherently have a Gaussian-like weight function which can more accurately account

for the PSF.

Although aperture photometry can always be used (with varying results), mod-

elling the PSF of a star can provide more accurate measurements and can be

applied to more dynamic scenarios, such as blended sources and high background

scenarios.

2.3.2 Point Spread Function Photometry All point sources in an image, regard-

less of their brightness or colour have the same shape to their PSF18. The amplitude

of the PSF will of course change with brightness.

PSF-fitting photometry uses bright sources in the field to build a semi-analytical

model which is then fitted to fainter sources to find their instrumental magnitude.

PSF photometry is the method of choice for crowded fields and can give better

results for low S/N sources when compared to aperture photometry.

AutoPhOT assumes that the PSF is non-spatially varying across the image,

18As long as the sources are unresolved and not saturated.
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meaning points sources will in theory appear the same regardless of their location

on the image. In practice this may not be the case for images that cover a large

FoV (Howell 2006). If AutoPhOT detects a significant variation in PSF shape across

the images, it will only perform measurements within a radius around the transient

position where the PSF is approximately constant.

The PSF package designed for AutoPhOT is based on the work of Stet-

son (1987), Massey & Davis (1992) and Heasley (1999). AutoPhOT uses “well-

behaved” sources to build the PSF model which will then be used to measure the

amplitude of sources in the field. These sources must be have a high S/N, iso-

lated from their neighbours and have a relatively smooth background. This is done

by building a compound model comprised of an analytical component (such as

Gaussian or Moffat) along with a numerical residual table obtained during the fitting

process. Although sources are selected from Sect. 2.2.7, the user may supply the

coordinates of PSF stars.

If a FWHM of an image is comparable to the pixel size, the image is said to

be under sampled. In this case PSF-fitting photometry is particularly susceptible

to centroiding errors (Wildey 1992; Lauer 1999). If AutoPhOT finds a very small

FWHM for an image (default is 2 pixels) aperture photometry is used instead.

Figure 2.5 illustrates the process of building a PSF model in AutoPhOT. Bright

isolated sources are located. A small region around each source is then back-

ground subtracted (similar to Sect. 2.3.1) and fitted with an analytic function (first

panel). The best fit location is noted and the analytic model is subtracted to leave a

residual image (second panel). The residual image is resampled onto a finer pixel

grid and shifted (third panel and fourth panel). The compound (analytic and resid-

ual) PSF model is then normalized to unity. This process is repeated for several

(typically ∼ 10 sources) bright isolated sources, to create an average residual im-

age. The final step is to resample the average residual image back to to the original

pixel scale. We ensure flux in conserved during this process. Our final PSF model

is then simply:

PS F(x, y, A) = M(x0, y0, A, FWHM) + R(x0, y0, A) (2.6)

where M is the a 2D Moffat function (or Gaussian function if selected) and R is the

residual image. We can fix the FWHM to the value found for the image as discussed

in Sect. 2.2.7, so the PSF model can be fitted with three parameters, x0 and y0 (the

centroid of the sources), and A its amplitude.
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Figure 2.5: Demonstration of the steps taken to build residual table for PSF photometry.
Bright isolated sources are located as in Sect. 2.2.7. A cutout is taken around the source,
and an analytical function is fitted and subtracted. The image is then resampled to a
finer pixel grid (default: ×10). The residual image is then rolled (discretely shifted
along x and y) such that the location of best fit is at the image center. This is repeated
for several bright isolated sources to obtain an average residual. This figure can be
produced in AutoPhOT using the plots PSF model residual command.

We integrate under the analytical model between bounds set by the FWHM and

aperture size, and perform aperture photometry on the residual table with the same

bounds. This is the counts in a PSF model with amplitude equal to 1. When fitting

the PSF model we implement the same re-sampling technique to allow for sub-pixel

fitting. We can then simple multiply the fitted amplitude of the source with the counts

under our normalised PSF model to find the counts for any given source.

In Fig. 2.6 we show an example of the residual image after fitting our PSF

model to a source and subtracting it off. In this example the point source is almost

symmetric. A signature of a suitable PSF model is that after subtraction, there is

little to no evidence of the prior point source.

2.4 Calibrating photometry

A crucial step in photometry is calibrating instrumental magnitudes onto a standard

photometric system. Due to the sparsity of photometric nights (i.e. nights when

there are no clouds or other issues with atmospheric transparency), this zeropoint

calibration must be obtained for each image. Furthermore, even on photometric

nights, there may be a gradual shift in zeropoint due to the cleanliness/coating of

the mirrors over time (for an example of this effect, see fig. 3 in Harbeck et al.

2018). We discuss the zeropoint calibration in Sect. 2.4.1. In some cases it is

sufficient to apply the zeropoint correction alone to produce calibrated, publication-

ready photometry.
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Figure 2.6: Example of PSF subtraction. The main panels show a cutout of the transient
location before (left) and after (right) PSF subtraction, while projections along the x and
y axis are also shown for each panel. The source is cleanly subtracted and there is no
sign of a residual in the subtracted panel. This figure is can be reproduced using the
plot PSF residuals command.

However, in cases where multiple instruments have been used to observe a

supernova measurements, one must account for differences between telescopes.

In particular, we must consider effects due slight manufacturing differences between

filter sets which may give systematic offsets for the same transients measured using

different instruments. These effects typically accounts for ∼ 0.1 mag corrections to

photometry.

2.4.1 Zeropoint Calibration The zeropoint is used to calibrate an instrumental

magnitude to a standard magnitude system using Eq. 2.4. For a given image, the

user can specify their desired catalog, or provide a custom catalog for the field.

Several popular photometric catalogs are built into AutoPhOT, including APASS,

SDSS, Pan-STARRS, and 2MASS. AutoPhOT will download a subset of sources

covering the approximate field of view of the image. If no data is available for a

specific image/filter, an error is raised and the image/filter is skipped.

Fig. 2.7 illustrates how sources are identified in an image to determine the

zeropoint as well to build the PSF model. In this example a local region 3′ around

the target position is selected. If the image contained many sources, this can reduce

computation times considerably.
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Figure 2.7: Demonstration of source detection for catalog sources. PSF stars (blue
circles) are selected on the basis of their brightness and isolation. In this example we
only consider sources close to the transient location (< 3′)

We show the zeropoint calibration for the image shown in 2.7 in Fig. 2.8. In this

example we include sigma-clipping (see Sect. 2.2.7) to remove any outliers as well

as a S/N cutoff. The result shows a distribution with a well defined peak which is

used as the zeropoint for this image.

2.4.2 Color terms Along with the zeropoint, it is usually necessary to apply colour

terms when calibrating instrumental magnitudes. Colour terms are a consequence
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Figure 2.8: Zeropoint diagnostic plot from AutoPhOT. Left panels show zeropoint
measurements before (upper left) and after (lower left) a 3σ clipping. Upper left panel
shows a skewed tail for fainter instrumental magnitudes (notice the different y-axis
between the two subplots). Right panel shows zeropoint distribution with a probability
density function with a well defined peak.

of filters and CCDs having a non-uniform response over the bandpass of a filter.

For example, a z-band filter may transmit light with wavelengths between 8200 and

9200 Å. However, if this filter is used with a CCD that has a much lower quantum

efficiency in the red, then we will detect more counts from a blue source than a red,

even if they have the same z-band magnitude. This effect, which manifests itself as

a colour-dependent shift in zeropoint, can be as much as 0.1 mag. Moreover due

to small differences in the effective pass band of different observatory filter system,

we must determine the color term for each instrument individually to a produce a

homogeneous dataset.

We demonstrate the effect of neglecting any colour information when determin-

ing the zeropoint of an image in Fig. 2.9 and Fig. 2.10. A clear discrepancy is

seen and is correlated with the color of the sequence stars used; in this case, the

zeropoint under represents blue sources and slightly overestimates redder sources

by ∼ 0.1-mag. In Fig. 2.10, we see a shift of ∼ 0.1-mag in the zeropoint magnitude
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Figure 2.9: Demonstration of the effect of point source colour on zeropoint calibration.
X-axis shows the catalog colour of sources, while the Y-axis shows the g-band magni-
tudes minus their instrumental magnitude and image zeropoint. Red squares are binned
magnitudes with errorbars equal to the standard deviation of magnitudes in each bin.
The solid black line shows the best fit using EMCEE (Foreman-Mackey et al. 2013).
The lower panel shows the same points with the color correction applied.

as well as smaller scatter among sources in the field.

For transient measurements, observations in two closely spaced filters are re-

quired e.g. B-V, taken at approximately the same time. Additionally the color term of

the instrument and telescope must be known. This can be found using stars in the

field with standard magnitudes in literature to determine the effect of stellar color i.e.

the fitted line given in Fig. 2.9. The slope of this line (CTBV) is then used to correct

for the zeropoint for each image where appropriate color information is available.

As we have more unknowns variables than known, we can iterate through Eq. 2.7

to solve for the true, color corrected magnitude.
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MTrue, B, i = minst, B + ZPB + CTB,BV (MTrue, B, i−1 − MTrue, V, i−1)

MTrue, V, i = minst, V + ZPV + CTV,VB (MTrue, B, i−1 − MTrue, V, i−1)
(2.7)

The above equation demonstrates the process of applying a colour correction to

two measurements in filters B and V. Both filters have a colour term known a priori,

where CTB,BV is the slope of MB - MV v.s. MB - MB,inst and similarly for CTB,BA. For

convenience and stability, AutoPhOT solves for the color term corrections using the

iterative Jacobi method. We rearrange Eq. 2.7 into the form Ax = b which gives:

1 −CTB,BV CTB,BV

CTV,VB 1 −CTV,VB

 MTrue, B, i

MTrue, V, i

 =

minst, B + ZPB

minst, V + ZPV

 (2.8)

This is a quick method to apply a colour correction and typically converges in ∼10

iterations.

The color correction package is separate from the main AutoPhOT pipeline and

as such can accept any correctly formatted photometry tables. This is useful if there

is missing data (i.e. observations in specific band passes) and the user wishes to

perform their own interpolation or extrapolation for missing data.
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2.4.3 Atmospheric Extinction We can account for the effect of atmospheric ex-

tinction using the following:

Mλ,corrected = Mλ + κλ · sec(z) (2.9)

where Mλ is the magnitude in a given filter, λ, κλ is the extinction coefficient in

magnitudes per unit airmass and sec(z) is simply the secant of the zenith angle z.

Taking account of the airmass correction is particularly necessary when calibrating

photometry to standard fields (e.g. Landolt 1992). An observer may wish to obtain

a more precise set of sequence stars for their transient measurements. This will

involve observing a standard field on a night that is photometric, as well as the

transient location. The zeropoint measurements of the standard field will be at a

different airmass than the transient. Using Eq. 2.9, and the standard field mea-

surement, an observer can perform photometry on a set of sequence stars around

the transient location and place them on a standard system. This can be used for

future measurements of the transient.

There is no trivial way to approximate the extinction at a specific telescope site.

We provide an approximation which AutoPhOT uses in Appendix 2.9.1, although

for accurate photometry, the user should provide the known extinction curve for a

given site.

2.5 Image Subtraction

If a transient is close to its host nucleus, occurs near another point source, or has

faded to a level comparable to the background, it may be necessary to perform

difference imaging (e.g. Alard & Lupton 1998). Difference imaging involves scaling

and subtracting a template images (assumed to have no transient flux) from a sci-

ence images, removing a strong bright or host contamination. Prior to subtraction

images must be precisely aligned (i.e. to subpixel precision), scaled to a common

intensity, and be convolved with a kernel so that their PSFs match.

Currently, AutoPhOT includes HOTPANTS1920 (Becker 2015) and PyZogy21 (Za-

ckay et al. 2016) for image subtraction. The user can select what package they re-

quire, with HOTPANTS set as the default. Prior to template subtraction, AutoPhOT
aligns the science and template images using WCS alignment22 or point source

19High Order Transform of PSF ANd Template Subtraction
20https://github.com/acbecker/hotpants
21https://github.com/dguevel/PyZOGY
22https://reproject.readthedocs.io/en/stable/
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alignment23(Beroiz 2019). Furthermore both images are cropped to exclude any

regions with no flux after alignment.

2.6 Limiting Magnitude

A limiting magnitude is the brightest magnitude a source could have and remain

undetected at a given significance level. Even when a transient is not visible in an

image, a limiting magnitude can help constrain explosion times in SNe or decay

rates of gravitational wave (GW) merger events.

One way that AutoPhOT can calculate the limiting magnitude is through what we

refer to as the “probabilistic limiting magnitude” illustrated in Fig. 2.11. We assume

that the pixels are uncorrelated, and contain only noise from a uniform background

sky. After excising the expected position of the transient, we proceed to select n

pixels at random (where n = πr2, where r is the aperture radius), and sum together

the counts in these n pixels from a background subtracted cutout of the transient

location. Repeating this many times for different random sets of n pixels, we obtain

a distribution of summed counts (shown in the upper panel in Fig. 2.11). We can

then ask the question “what is the probability we would obtain this number of counts

or greater by chance?”. Setting the threshold to 3σ, in the example shown we can

see that we are unlikely to find a source with more than ∼ 1250 counts, and we

hence adopt this as our limiting magnitude.

Finally, the most rigorous limiting magnitude is determined though injecting and

recovering artificial sources. Using an initial guess from the probabilistic limit-

ing magnitude described above, artificial sources built from the PSF model (see

Sect.2.3.2) and with realistic noise are injected in set positions (default 3 × FWHM)

around the target location24. The magnitudes of the injected sources are then grad-

ually adjusted until they are no longer recovered by AutoPhOT above 3σ (or some

other criteria, see Appendix 2.9.4).

Fig. 2.12 demonstrates the artificial source injection package. In this exam-

ple the image has gone through the AutoPhOT pipeline and we perform our lim-

iting magnitude tests on the template subtracted image. We use the β′ detection

criteria (see Appendix 2.9.4). Starting with an initial guess from the probabilistic

limiting magnitude, the injected magnitude is adjusted incrementally until it meets

our detection criteria, which it will typically overshoot. The magnitude increment

23https://astroalign.readthedocs.io/en/latest/
24Alternatively, the user can inject sources directly atop the transient site, following the same process.

user discretion is advised as some underlying transient flux may be present and may skew results.
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Figure 2.11: The upper panel shows the distribution of summed counts for a random
set of pixels close to the expected source location. Bottom left shows a cutout of the
transient location; pixels marked in red are excluded when creating the distribution;
note the source off center is masked. Bottom right is the same image with injected
PSF sources (marked with red circles) with magnitude equal to the FUL,β=0.75 limiting
magnitude, see Appendix. 2.9.4

is then reversed, using a smaller step size until the detection criteria is again ful-

filled. Sources are deemed lost when their individual recovered measurements give

a β < 0.75. We take the limiting magnitude to be the magnitude at which 80% of

sources are lost.

2.7 Testing and validation

2.7.1 Testing of photometry packages In this section we demonstrate

AutoPhOT’s ability to recover the magnitude of sequence stars in the field.

As this is a novel PSF-fitting package, we compare against the aperture pho-

tometry package available in AutoPhOT as well as from the well established

photometry packages such as DAOPHOT (Stetson 1987), PSFex (Bertin 2011),
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Figure 2.12: Diagnostic plot from AutoPhOT’s artificial source injection package. Top
panel shows the change in the detection probability (1 − β′) for artificially injected
sources. In this example the sources are considered lost at β = 0.75 and the detection
cutoff is reached when 80% of sources are lost (black line with circles). The leftmost
image cutouts illustrate locations around the target location before (upper) and after
(lower) sources were injected randomly at the limiting magnitude. The remaining four
panels demonstrate closes up of these injected sources

and SExtractor Bertin & Arnouts (1996).

Fig. 2.13 shows both aperture and PSF photometry can accurately determine

the magnitude of relatively bright sources (M / 19 mag). However, at fainter mag-

nitudes, aperture photometry no longer performs as well, as seen from the larger

scatter. Incorrect centroiding may become an issue with aperture photometry when

the source flux is comparable to the background, as well as ineffective background

subtraction. PSF photometry can perform much better at fainter magnitudes. Un-

like aperture photometry, the PSF model attempts to measure shape of a point-like
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Figure 2.13: Demonstration of recovered magnitude using aperture photometry (up-
per panel) and the PSF-fitting package (middle panel) from AutoPhOT. The Y-axis
shoes the derived zeropoint magnitude for each source. The bottom panel shows the
difference between aperture and PSF-fitting photometry for this particular image. Solid
lines show a moving mean value with dashed lines indicating the standard deviation
in each bin. Horizontal errorbars show the uncertainty on catalog magnitudes, vertical
errorbars are uncertainties on recovered magnitudes from AutoPhOT.

source using more information on the shape of the PSF. Fig. 2.13 shows that aper-

ture photometry is equivalent to PSF until ∼19.5 mag.

Fig. 2.14 compares the PSF and aperture photometry from AutoPhOT, PSFex,
SExtractor, and DAOPHOT (Bertin & Arnouts 1996; Stetson 1987; Bertin 2011).

The PSF fitting package from AutoPhOT can match the recovered instrumental

magnitude from both DAOPHOT and PSFex, even at faint magnitudes. Aperture

photometry can result in similar magnitudes at bright magnitudes, but suffers from

centroiding errors at fainter magnitudes, shown by the large scatter in Fig. 2.14.

However for such low fluxes, PSF-fitting photometry should be used.

Fig. 2.15 demonstrates the effectiveness of flux recovery for AutoPhOT’s PSF
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difference in recovered magnitude (left) using PSF-fitting photometry, and the differ-
ence in error (right). The lower two panels show the same but for aperture photometry.
In each case the x-axis gives the instrumental magnitude from AutoPhOT. The same
aperture radius was used in the PSF and aperture cases. Errorbars are the combination
of uncertainties from both pipelines added in quadrature.

and aperture packages. In general PSF photometry excels at recovering the in-

jected magnitude, showing less scatter at fainter magnitudes, as well as being less

susceptible to irregular backgrounds. Aperture photometry agrees well with the

PSF photometry until ∼ 19 mag, but shows large scatter at fainter magnitudes,

likely due to sky dominated flux and/or ineffective background subtraction.

We test the effectiveness of the AutoPhOT limiting magnitude packages in Fig.

2.16. We use a relatively shallow image, and a reference catalog containing fainter

sources. We see that below the computed upper limit of ∼ 18.5 mag, sources are not
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detected. Brighter than ∼ 18.5 mag, we recover sources at magnitudes consistent

with their catalog values.

2.7.2 Performance Fig. 2.17 shows a comparison of AutoPhOT photometry

against published light curves in the literature for three transients found in three

different environments, namely AT 2018cow (Perley et al. 2018; Prentice et al.

2018c), SN 2016coi (Prentice et al. 2018a) and 2016iae (Prentice & Mazzali 2017).

AutoPhOT was run on the same data as used in the referenced publications, and

while a combination of techniques was used for each transient (i.e. template sub-

traction, PSF-fitting and aperture photometry) as detailed in the caption, in all cases

this was run without human intervention.

We report several diagnostic parameters for these three transients in Tab. 2.1,

including execution time. The most time consuming step is matching and fitting

sequence stars to determine the zeropoint. This can be addressed by limiting the

region where sequence sources are measured or providing AutoPhOT with a list of
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Table 2.1: Performance of AutoPhOT computing r-band light curves from Fig.
2.17.Photometry for AT 2018cow was performed using template subtraction and aper-
ture photometry (similar to the Perley et al. (2018), although a custom host subtraction
pipeline was used in this case.), whereas SN 2016coi (Prentice et al. 2018a) and 2016iae
(Prentice & Mazzali 2017) were reduced without subtraction and both PSF and aper-
ture photometry were used where appropriate. Photometry performed using a 2017
MacBook Pro, using a 2.5 GHz Intel Core i7 processor with 8 Gb DDR3 RAM.
Transient Images Time taken

[hrs]
Time
[ s

image ]
Mean
Residual
[mag]

Mean Error
Residual
[mag]

AT2018cow
(HOTPANTS)

37 0.5 45 0.002 0.003

AT2018cow
(PyZogy)

37 0.5 46 0.005 0.005

SN2018coi 259 4.69 65 0.007 0.021
SN2016iae 25 0.53 34 0.011 0.040
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Figure 2.17: r-band light curves produced by AutoPhOT compared to those found in
literature. AutoPhOT points are given as points with error bars and literature values
given as shaded band with width equal to the error at each point. In descending order,
we compare the output from AutoPhOT for AT 2018cow (Perley et al. 2018; Prentice
et al. 2018c) using template subtraction and aperture photometry, SN 2016coi (Prentice
et al. 2018a) and SN 2016iae (Prentice & Mazzali 2017) without subtraction using both
PSF and aperture photometry. We also compare the results using PyZogy for template
subtraction in the case of AT 2018cow. Center panels compare both measurements with
the upper panel showing the difference between measurements (∆ Mag = AutoPhOT−
literature) and lower panel showing the difference in error (∆ Magerr = AutoPhOTerr−

literatureerr) for each transient. Right panels highlight the site of the transient event.

sources to use.

2.8 Conclusions and Future Development

We present our photometry pipeline, Automated Photometry of Transients

(AutoPhOT), a new publicly available code for performing PSF-fitting, aperture and

template-subtraction photometry on astronomical images, as well as photometric
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calibration. This code is based on Python 3 and associated packages such as

ASTROPY. With the deprecation of Python 2 and popular photometry packages

within IRAF, AutoPhOT provides accurate photometry with little user setup or mon-

itoring.

Future work includes adapting to a wider range of images with irregularities,

such as satellite trails, saturated sources, and CCD imperfections. The AutoPhOT
project will also ultimately include a user-friendly web interface as well as an Ap-

plication Programming Interface (API). This will allow for both fast and simple pho-

tometry without the need to maintain local software, as well as easy command line

access. Additional functionality will allow for calibrated photometry using standard

fields observations, as well as the inclusion of spatially varying PSF models and

S-corrections (Stritzinger et al. 2002).

The pipeline is publicly available and detailed installation and execution instruc-

tions can be found from https://github.com/Astro-Sean/autophot

2.9 Appendix

2.9.1 Atmospheric Extinction Calculation To deduce the extinction parameters

across a range of photometric filters, one may observe a series of stars throughout

a night at different airmasses. Fitting a slope to the data should show a clear trend

of zeropoint magnitude versus airmass, being more extreme in the bluer bands than

in the red. AutoPhOT can accept these values as shown in Code. 2.1.

If unknown, AutoPhOT makes an rough approximation of the extinction due to

airmass that relies on the altitude of the telescope site and the wavelength being

observed. There are three main contributors to atmospheric extinction; Rayleigh

scattering of light by molecules smaller than the wavelength of the scattered light,

absorption due to Ozone in the upper atmosphere, and aerosol extinction by scat-

tering and absorption by particles with diameters of the order of the wavelength or

larger e.g dust/ash particles.

Absorption/scattering by Rayleigh scattering is described by Hayes & Latham

(1975) and is given by:

αλ,Rayleigh = 0.0094977 · λ−4 · ns(λ)2 · e
−h

7.996

where ns(λ) = 0.23465 +
107.6

146 − λ−2 +
0.93161
41 − λ−2 ,
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where λ is the effective wavelength of the observation in µm and h is the altitude

above sea level in km. ns(λ) describes the refractive index of thin incoming light.

Molecular absorption, mainly due to atmospheric ozone and water, can be de-

scribed by:

αλ,Ozone = 1.11 · TOzone · κOzone(λ) (2.10)

where TOzone is the thickness of the Ozone layer above the telescope scope taken at

0 ◦C and 1 atm, and is assumed to be 0.3 cm. κOzone(λ) is the absorption coefficient

for Ozone taken from Inn & Tanaka (1953).

By default, AutoPhOT will assume the total atmospheric extinction is αλ =

αλ,Rayleigh + αλ,Ozone. This can be a suitable approximation for many telescope sites

e.g. La Silla and Roque de los Muchachos, Fig. 2.18. In practice high particu-

late levels in the air can account for large discrepancies, especially in the redder

bands, e.g. Paranal and Mauna Kea. This can be accounted for by including the

atmospheric extinction due to aerosols. This is given by:

αλ,Aerosol = A0 · λ
−b · e

−h
Ho (2.11)

where A0 is the same extinction for λ=1 µm and b is a coefficient dependent on

the size of aerosol particles and their size distribution and H0 is the scale height.

The aerosol extinction is the most variable and problematic. It is left to the user to

include this correction however with a priori knowledge, it can produce good results

(e.g. for Paranel in Fig. 2.18).

2.9.2 Error Calculations The uncertainty on the calibrated magnitude of a source

is calculated as:

δm =

√
δm2

inst + δZP2 (2.12)

We take the error from the zeropoint calibration (δZP) to be the standard devi-

ation from measurements of sources in the field. Prior to this, appropriate sigma

clipping and S/N cutoffs are applied. The error associated with the measurement

of the transient itself (δminst) requires more attention. The uncertainty in magnitude
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Figure 2.18: Theoretical atmospheric extinction curves for several sites including La
Silla 28, Roque de los Muchachos29, Paranal(Patat et al. 2011), and Muana Kea30. We
include a match to the Paranal extinction curve using αλ = αλ,Rayleigh +αλ,Ozone +αλ,Aerosol

with b = -2, A0 = 0.05 and H0 = 1.5. It is difficult to fit the extinction curve at found at
Muana Kea, likely due to high levels of volcanic dust.

of a source is related to the S/N ratio as follows:

minst ± δ minst = −2.5Log10(S ± N)

= −2.5Log10(S (1 ±
N
S

))

= −2.5Log10(S ) − 2.5Log10(1 +
N
S

)

= −2.5Log10(S ) − 2.5Log10(1 +
1

S/N
)

δ minst = ∓2.5Log10(1 +
1

S/N
) ≈ 1.0875(

1
S/N

) (2.13)

Where S is the signal from the source and N is the noise associated with it. We
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find the the error associated with the S/N is ∼ 1.0875( 1
S/N ) using a Taylor expansion.

In AutoPhOT, we define the Signal to Noise Ratio (S/N) using the CCD equation

(Mortara & Fowler 1981; Howell 2006):

S/N =

S ignal

F∗ × texp√
[(F∗ × texp)

S hot noise

+ (Fsky × texp × n)
S ky Noise

+ (RN2 + (G2/4) × n)
Read Noise

+ (D × n × texp)
Dark Current noise

]
(2.14)

here F∗ is the count rate from the star in e−/s, texp is the exposure time in seconds,

Fsky is the background counts in e−/s/pixel, n is the number of pixels within an

aperture, R is the read noise e−, D is the dark current in e−/s and G is the Gain

in e−. R, G, texp, and D are taken from the image header, if available while the

remaining terms are calculated during the photometric reduction.

Additionally we must consider the error associated with the fitting process itself.

If PSF photometry is performed, we include an error estimate from artificial star

experiments similar to those in SNOoPY. If the user desires this additional error

analysis, an artificial source with the same magnitude as the target star, is placed

in the PSF-subtracted residual image in a position close to the real source (e.g.

lower left panel of Fig. 2.12). The injected sources are then recovered using an

identical fitting procedure. The standard deviation of measurements is taken as an

estimate of the instrumental magnitude error. This is combined (in quadrature) with

the PSF-fit error returned by LMFIT to give δ minst.

At the time of writing, AutoPhOT is only concerned with these terms given in

Eq. 2.12 as these terms are expected to dominate.

2.9.3 Execution Example In listing. 2.2 we provide a snippet of code that will

execute AutoPhOT on a dataset31.

2.9.4 Computing flux upper limits As a transient fades to a magnitude which

is comparable to the background brightness, it is necessary to compute detection

criteria to determine whether a measured flux can be confidently associated with

31Example of AutoPhOT’s execution can be found at https://github.com/Astro-Sean/
autophot
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Listing 2.2: Example of AutoPhOT execution used to produce the light curve for SN
2016iae in Fig. 2.17.

# I mp or t AutoPhoT package
import a u t o p h o t

# Load command d i c t i o n a r y
from a u t o p h o t . p r e p i n p u t import l o a d
a u t o p h o t i n p u t = l o a d ( )

# l o c a t i o n o f work d i r e c t o r y
a u t o p h o t i n p u t [ ’ wdi r ’ ] = ’ / Users / s e a n b r e n n a n / Desktop /

a u t o p h o t d b ’

# L o c a t i o n o f f i t s images f o r SN2016iae
a u t o p h o t i n p u t [ ’ f i t s d i r ’ ] = ’ / Users / s e a n b r e n n a n / Desktop /

SN2016iae ’

# IAU name o f t a r g e t f o r TNS r e t r i e v a l
a u t o p h o t i n p u t [ ’ t a r g e t n a m e ’ ] = ’ 2016 i a e ’

# Name o f c a t a l o g f o r z e r o p o i n t c a l i b r a t i o n
a u t o p h o t i n p u t [ ’ c a t a l o g ’ ] [ ’ u s e c a t a l o g ’ ] = ’ a p a s s ’

# I mp or t a u t o m a t i c p h o t o m e t r y package
from a u t o p h o t . a u t o p h o t m a i n import r u n a u t o m a t i c a u t o p h o t

# Run a u t o m a t i c p h o t o t m e t r y w i t h i n p u t d i c t i o n a r y
r u n a u t o m a t i c a u t o p h o t ( a u t o p h o t i n p u t )

the transient. Detection significance is usually defined in terms of the maximum

probability of a false positive (a spurious detection of background noise), which we

define as α. Alpha can also be related to σ, e.g. a 3σ upper limit will correspond to

a 0.135% probability (i.e. α) of a false positive.

As part of AutoPhOT, we include a false negative criteria, β, which signifies the

fraction of real sources that go undetected. This β value can be defined in terms of

a flux upper limit, fUL, which indicates the maximum incompleteness of a sample

of sources with fsource = fUL. In other words, 100(1 − β)% of the sources with flux

fUL will have flux measurements with a S/N > nσ. We follow the discussion of

FUL in Masci (2011) and further detailed in Kashyap et al. (2010). We describe the

probability of detection as β′ = 1 − β, which we want to maximise. The probability

of detecting a source with a fsource = ful can be written as:
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β′ =
1
2

[1 − erf(
z
√

2
)]

where z =
nσbkg − fUL

σbkg

(2.15)

where erf is the error function, n is a set detection limit (default to 3 in AutoPhOT)

and fUL is a flux upper-limit. Rearranging Eq. 2.15 gives probabilistic criteria for

detection limits:

fUL = [n +
√

2er f −1(2β′ − 1)]σbkg (2.16)

Using Eq. 2.16, we see that using the common fUL = 3σbkg gives a β’ of 50%, which

means that roughly half of the sources injected at fsource = 3σbkg will go undetected.

For 95% percent confidence that a source is genuine for S/N = 3, Eq. 2.16 gives an

value for fUL ≈ 5σbkg.

We demonstrate the applicability of this β criteria in Fig. 2.19. We inject artificial

sources in an empty part of the sky, and while noting the injected source param-

eters, we assess whether or not the sources can be recovered to an appropriated

S/N, see caption of Fig. 2.19 for further details.

AutoPhOT defaults to β′ = 0.75 to provide a conservative upper limit to any

reported limiting magnitudes. The user may also opt for a more traditional detection

criteria of using the S/N > n where n is the level above σbkg.
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Figure 2.19: Demonstration of Eq. 2.15. We perform artificial source injection on an
empty patch of sky. Sources are injected uniformly throughout the image, including
sub-pixel placements, with random poisson noise added to the PSF prior to injection.
In the upper panel, we plot Eq. 2.15 versus maximum pixel flux in units of the standard
deviation of the background noise, as the red curve. The green points show the binned
S/N ratio using Eq. 2.14. In the lower panel we plot the S/N ratio using Eq. 2.14 with
the same x-axis as the upper panel. The points are coloured blue if S/N ¿ 3 and red
if S/N ¡ 3. For the sample of sources incrementally injected, Eq. 2.15 can reproduce
the recovered fraction of sources. In other words, for sources measured with a fsource ≈

3σbkg, roughly half of these are recovered with a S/N > 3; for injected sources with
fsource ≈ 3.7σbkg we detect roughly 75%; while virtually all sources are confidently
recovered at fsource ≈ 4.5σbkg
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Chapter 3

Photometric and spectroscopic evolution of the

interacting transient AT 2016jbu (Gaia16cfr)

“The race is won by the rider who can suffer the most”

- Eddy Merckx



Declaration

The following Chapter is given as presented in MNRAS, 513, 5642. Additional

text not included in the published version of records in indicated in italics. Fig-

ures have been adjusted for correct formatting. Several parts of this chapter

were completed by co-authors. These include:

• The reduction of optical spectral data detailed in Section 3.2.7 were

performed by M. Fraser.

• Swift photometry in Section 3.3.4 and the UV spectrum in Section 3.2.2

was reduced by J. Johansson.

• X-ray data in Section 3.2.5 was reduced and interpreted by A. Martin-

Carrillo.

• MIR Photometry in Section 3.3.6 was reduced by M. Fraser

• IR Spectra in Section 3.3.6 was reduced by M. Fraser

3.1 Introduction

Massive stars that eventually undergo core-collapse when surrounded by some

dense circumstellar material (CSM) are known as Type IIn supernovae (SNe)

(Schlegel 1990; Filippenko 1997; Fraser 2020). This is signified in spectra by a

bright, blue continuum with narrow H and HeI emission lines at early times. Type

IIn SNe spectra show narrow (∼ 100−500 km s−1) components arising in the photo-

ionised, slow moving CSM. Intermediate width emission lines (∼ 1000 km s−1) arise

from either electron scattering of photons in narrower lines or emission from gas

shocked by supernova (SN) ejecta. Some events also show very broad emission or

absorption features (∼ 10, 000 km s−1) arising from fast ejecta, typically associated

with material ejected in a core-collapse explosion.

The existence of the dense CSM indicates that the Type IIn progenitors have

high mass-loss rates shortly before their terminal explosion. This dense material at

the end of a star’s life can come from several pathways (see reviews by Puls et al.

2008; Smith 2014; Fraser 2020, for further detail.).

Complicating this picture are a growing number of extragalactic transients that

show narrow emission lines in their spectra (indicating CSM) but have much fainter
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absolute magnitudes than most typical Type IIn SNe. These events are often

termed SN Impostors (Van Dyk et al. 2000; Maund et al. 2006; Pastorello & Fraser

2019), and are believed in many cases to be extra-galactic Luminous Blue Vari-

ables (LBVs) experiencing giant eruptions (e.g. SN 2000ch; Wagner et al. 2004;

Pastorello et al. 2010). These eruptions do not completely destroy their progeni-

tors.

Perhaps the best studied exemplar of the confusion between LBVs, SN impos-

tors, and genuine Type IIn SNe is SN 2009ip. SN 2009ip was found on 2009 Au-

gust 26 at ∼ 17.9 mag in NGC 7259 by CHASE project team members (Maza et al.

2009). This transient was originally classified as a Type IIn SN, and then re-classed

as an impostor when it became clear that the progenitor had survived. SN 2009ip

was characterized by a years-long phase of erratic variability that ended with two

luminous outbursts a few weeks apart in 2012 (Li et al. 2009; Drake et al. 2010;

Margutti et al. 2012; Pastorello et al. 2013; Fraser et al. 2013a; Smith & Tombleson

2015; Graham et al. 2014).

From pre-explosion images taken 10 years prior to the 2009 discovery, the pro-

genitor star of SN 2009ip was suggested to be a LBV with a mass of 50–80 M�

(Smith et al. 2010b; Foley et al. 2011). There is much debate on the fate of

SN 2009ip. Some argue that SN 2009ip has finally exploded as a genuine Type

IIn SN during the 2012 outburst (Prieto et al. 2013; Mauerhan et al. 2013a). How-

ever, other authors remain agnostic as to SN 2009ip’s fate as a CCSN, pointing

to the absence of any evidence for nucleosynthesised material in late-time spec-

tra, as well as SN 2009ip not fading significantly below the progenitor magnitude

(Fraser et al. 2013a; Margutti et al. 2014; Fraser et al. 2015). Since the discovery

of SN 2009ip, a number of remarkably similar transients have been found. The

growing family of SN 2009ip-like transients share similar spectral and photometric

evolution. SN 2009ip-like transients have the following observable traits.

1: History of variability lasting (at least) ∼ 10 years with outbursts reaching Mr ∼

−11 ± 3 mag.

2: Two bright luminous events with the first peak reaching a magnitude of Mr ∼

−13± 2 mag followed by the second peak reaching Mr ∼ −18± 1 mag several

weeks later.

3: Spectroscopically similar to a Type IIn SN i.e. narrow emission features and a

blue continuum at early times.

4: Restrictive upper limits to the mass of any explosively synthesised 56Ni.
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In this paper we focus on one such SN 2009ip-like transient. AT 2016jbu (also

known as Gaia16cfr; Bose et al. 2017) was discovered at RA. = 07:36:25.96, DEC.

= −69:32:55.25 (J2000) by the Gaia satellite on 2016 December 1 with a mag-

nitude of G =19.63 (corresponding to an absolute magnitude of −11.97 mag for

our adopted distance modulus). The Public ESO Spectroscopic Survey for Tran-

sient Objects (PESSTO) collaboration (Smartt et al. 2015) classified AT 2016jbu

as an SN 2009ip-like transient due to its spectral appearance and apparent slow

rise (Fraser et al. 2017). Fraser et al. (2017) also finds that the progenitor of

AT 2016jbu seen in archival Hubble Space Telescope (HST) images is consistent

with a massive (< 30 M�) progenitor. The transient was independently discovered

by B. Monard in late December who reported the likely association of AT 2016jbu

to its host, NGC 2442. AT 2016jbu is situated to the south of NGC 2442, a spi-

ral galaxy commonly referred to as the Meathook Galaxy. NGC 2442 has hosted

two other SNe including SN 1999ga, a low luminosity Type II SN (Pastorello et al.

2009) and SN 2015F, a Type Ia SN (Cartier et al. 2017). We mark their respective

locations in Fig. 3.1. Bose et al. (2017) and Prentice et al. (2018b) reported initial

spectroscopic observations and classification of AT 2016jbu.

AT 2016jbu has been previously studied by Kilpatrick et al. (2018) (hereafter

referred to as K18). K18 finds that AT 2016jbu appears similar to a Type IIn SN,

with narrow emission lines and a blue continuum. The Gaia light curve shows that

AT 2016jbu has a double-peaked light curve showing two distinct events (we refer to

these events as Event A and Event B). This is a feature of SN 2009ip-like transients

with Event B reaching an absolute magnitude of r∼ − 18 mag. Hα displays a

double-peaked profile a few weeks after maximum brightness, indicating a complex

CSM environment. K18 model Hα using a multi-component line profile including a

shifted blue emission feature that grows with time, with their final profile similar to

that of the Type IIn SN 2015bh (Elias-Rosa et al. 2016; Thöne et al. 2017) at late

times.

Using HST images, spanning 10 years prior to the 2016 transient, K18 reports

that AT 2016jbu underwent a series of outbursts in the decade prior, similar to

SN 2009ip, and finds the progenitor is consistent with a ∼ 18 M� progenitor star,

with strong evidence of reddening by circumstellar (CS) dust (which would allow for

a higher mass). Performing dust modelling using Spitzer photometry, K18 find the

spectral energy distribution (SED) ∼ 10 years prior is fitted well with a warm dust

shell at 120 AU. They find that, given typical CSM velocities, it is unlikely that this

dusty shell is in the immediate vicinity of the progenitor and is unlikely to be seen

during the 2016 event. This means that the progenitor of AT 2016jbu was experi-
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Figure 3.1: Finder chart for AT 2016jbu. Image is a 60s r-band exposure taken with
the LCO 1-m. AT 2016jbu is situated to the south-east of the spiral galaxy NGC 2442
nucleus and is indicated with a red cross reticle in the center of the image. This location
lies on the outskirts of a Superbubble (Pancoast et al. 2010), with a high star formation
rate. We also include the location of the Type Ia SN 2015F (blue circle, north west of
image center; Cartier et al. 2017) and the Type II SN 1999ga (green square, south west
of image center; Pastorello et al. 2009).

encing episodic mass loss within years to decades of its most recent explosion.

This paper focuses on photometry and spectra obtained for AT 2016jbu which

is not covered by K18. In particular, this includes searching through historic obser-

vations of AT 2016jbu’s host, NGC 2442 for signs of variability, as is expected for

SN 2009ip-like transients, as well as presenting high cadence data for Event A and

the late time photometric and spectroscopic evolution.

We take the distance modulus for NGC 2442 to be 31.60 ± 0.06 mag, which is

a weighted average of the values determined from HST observations of Cepheids

(µ = 31.511 ± 0.053 mag ; Riess et al. 2016) and from the SN Ia 2015F (µ =

31.64 ± 0.14 mag; Cartier et al. 2017). This corresponds to a metric distance of
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20.9 ± 0.58 Mpc. We adopt a redshift of z=0.00489 from H I Parkes All Sky Survey

(Wong et al. 2006). The foreground extinction towards NGC 2442 is taken to be

AV = 0.556 mag, from Schlafly & Finkbeiner (2011) via the NASA Extragalactic

Database (NED;1). We correct for foreground extinction using RV = 3.1 and the

extinction law given by Cardelli et al. 1989. We do not correct for any possible host

galaxy or circumstellar extinction, however we note that the blue colors seen in the

spectra of AT 2016jbu do not point towards significant reddening by dust. We take

the V-band maximum during the second, more luminous event in the light curve (as

determined through a polynomial fit) as our reference epoch (MJD 57784.4 ± 0.5;

2017 Jan 31).

This is the first of two papers discussing AT 2016jbu. In this paper (Paper I),

we report spectroscopic and photometric observations of AT 2016jbu. In Sect. 3.2

we present details of data reduction and calibration. In Sect. 3.3 and Sect. 3.4 we

discuss the photometric and spectroscopic evolution of AT 2016jbu respectively. In

Sect. 3.5 we compare AT 2016jbu to SN 2009ip-like transients, and also consider

the observational evidence for core-collapse.

In Brennan et al. (2021b) (hereafter Paper II) focuses on the progenitor of

AT 2016jbu, its environment and using modelling to constrain the physical prop-

erties of this event.

3.2 Observational data

The optical light curve evolution of AT 2016jbu has been previously discussed in

K18. Their analysis covers Event B up to ∼+140 days past maximum brightness.

We present a higher cadence photometric dataset that covers both Event A, Event

B, as well as late-time observations up to ∼+575 d. This high cadence dataset al-

lows for a more detailed photometric analysis of AT 2016jbu which will be discussed

in Sect.3.5. K18 discuss the spectral evolution of AT 2016jbu from −27 days until

+118 days. Our observational campaign presented here continues contains in-

creased converge during this period as well as observations up until +420 days

allowing for late time spectral followup.

3.2.1 Optical imaging and reduction Optical imaging of AT 2016jbu in BVRri

filters was obtained with the 3.58m ESO New Technology Telescope (NTT) +

EFOSC2, as part of the ePESSTO survey. All images were reduced in the standard

fashion using the PESSTO pipeline (Smartt et al. 2015); in brief images were bias

1https://ned.ipac.caltech.edu/
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and overscan subtracted, flat fielded, before being cleaned of cosmic rays using

a Laplacian filter (van Dokkum 2001). Further optical imaging was obtained from

the Las Cumbres Observatory network of robotic 1-m telescopes as part of the

Global Supernova Project. These data were reduced automatically by the banzai

pipeline, which runs on all Las Cumbres Observatory (LCO) Global Telescope im-

ages (Brown et al. 2013). Images were also obtained from the Watcher telescope.

Watcher is a 40 cm robotic telescope located at Boyden Observatory in South Africa

(French et al. 2004). It is equipped with an Andor IXon EMCCD camera providing a

field of view of 8×8 arcmin. The Watcher data were reduced using a custom made

pipeline written in Python.

AT 2016jbu was monitored using the Gamma-Ray Burst Optical/Near-Infrared

Detector (GROND; Greiner et al. (2008)), a 7-channel imager that collects multi-

color photometry simultaneously with Sloan-griz and JHK/Ks bands, mounted at

the 2.2 m MPG telescope at ESO La Silla Observatory in Chile. The images were

reduced with the GROND pipeline (Krühler et al. 2008), which applies de-bias and

flat-field corrections, stacks images and provides astrometry calibration. Due to

the bright host galaxy we disabled line by line fitting of the sky subtraction for the

GROND NIR data since this caused over subtraction artifacts. Since the photometry

background estimation is limited by the extended structure of the host galaxy and

not the large-scale variation in the background of the image. We do not expect any

adverse effects from this change.

Unfiltered imaging of AT 2016jbu was also obtained by B. Monard. Observations

of AT 2016jbu were taken at the Kleinkaroo Observatory (KKO), Calitzdorp (West-

ern Cape, South Africa) using a 30cm telescope Meade RCX400 f/8 and CCD cam-

era SBIG ST8-XME in 2×2 binned mode. Unfiltered images were taken with 30s

exposures, dark subtracted and flat fielded and calibrated against r-band sequence

stars. Nightly images resulted from stacking (typically 5 to 8) individual images.

We also recovered a number of archival images covering the site of AT 2016jbu.

Two epochs of g and r imaging from the Dark Energy Camera (DECam) (Flaugher

et al. 2015) mounted on the 4 m Blanco Telescope at the Cerro Tololo Inter-

American Observatory (CTIO) were obtained from the NOIRLab Astro Data

Archive. The science-ready reduced “InstCal” images were used in our analysis.

In addition to these, we downloaded deep imaging taken in 2005 with the MOSAIC-

II imager (the previous camera on the 4 m Blanco Telescope). As for the DECam

data, the “InstCal” reductions of MOSAIC-II images were used. We note that the

filters used for the MOSAIC-II images (Harris V and R, Washington C Harris & Can-

terna 1979) are different from the rest of our archival dataset. The Harris filters
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were calibrated to Johnson-Cousins V and R. The Washington C filter data is more

problematic, as this bandpass lies between Johnson-Cousins U and B. We cali-

brated our photometry to the latter, but this should be interpreted with appropriate

caution.

Deep Very Large Telescope (VLT) + OmegaCAM images taken with i, g, and

r filters in 2013, 2014, and 2015, respectively, were downloaded from the ESO

archive. The Wide Field Imager (WFI) mounted on the 2.2-m MPG telescope at

La Silla also observed NGC 2442 on a number of occasions between 1999 and

2010 in B, V, and R; these images are of particular interest as they are quite deep,

and extend our monitoring of the progenitor as far back as −15 years. Both the

OmegaCAM and WFI data were reduced using standard procedures in IRAF2.

NED contains a number of historical images of NGC 2442, dating back to 1978.

We examined each of these but found none that contained a credible source at the

position of AT 2016jbu.

Several transient surveys also provided photometric measurements for

AT 2016jbu. Gaia G-band photometry for AT 2016jbu was downloaded from the

Gaia Science Alerts web pages. As this photometry was taken with a broad fil-

ter that covers approximately V and R, we did not attempt to calibrate it onto the

standard system. V-band imaging was also taken as part of the All-Sky Automated

Survey for Supernovae (ASAS-SN Shappee et al. 2014; Kochanek et al. 2017)3.

The OGLE IV Transient Detection System (Kozłowski et al. 2013; Wyrzykowski

et al. 2014) also identified AT 2016jbu, and reported I-band photometry via the

OGLE webpages4.

The Panchromatic Robotic Optical Monitoring and Polarimetry Telescopes

(PROMPT) (Reichart et al. 2005) obtained imaging of AT 2016jbu in BVRI filters;

and as discussed in Sect. 3.5.1.1, unfiltered PROMPT observations of NGC 2442

were also used to constrain the activity of the progenitor of AT 2016jbu over the

preceding decade. Images were taken with the PROMPT1, PROMPT3, PROMPT4,

PROMPT6, PROMPT7 and PROMPT8 robotic telescopes (all located at the CTIO).

PROMPT4 and PROMPT6 have a diameter of 40 cm while PROMPT1, PROMPT3

and PROMPT8 have a diameter of 60 cm and PROMPT7 has a diameter of 80 cm.

All images collected with the PROMPT units were dark subtracted and flat-field cor-

2IRAFis distributed by the National Optical Astronomy Observatory, which is operated by the As-
sociation of Universities for Research in Astronomy (AURA) under cooperative agreement with the
National Science Foundation

3http://www.astronomy.ohio-state.edu/asassn/index.shtml
4http://ogle.astrouw.edu.pl/ogle4/transients/
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rected. In case multiple images were taken in consecutive exposures, the frames

were registered and stacked to produce a single image.

NGC 2442 was also serendipitously observed with the FOcal Reducer/low dis-

persion Spectrograph 2 (FORS2) as part of the late-time follow-up campaign for

SN 2015F (Cartier et al. 2017). Unfortunately, most of these data were taken with

relatively long exposures, and AT 2016jbu was saturated. However, a number of

pre-discovery images from the second half of 2016, as well as late time images

from 2018 are of use. These data were reduced (bias subtraction and flat fielding)

using standard iraf tasks.

3.2.2 UV Imaging UV and optical imaging was obtained with the Neil Gehrels

Swift Observatory (Swift) with the Ultra-Violet Optical Telescope (UVOT). The

pipeline reduced data was downloaded from the Swift Data Center. The photomet-

ric reduction follows the same basic outline as Brown et al. (2009). In short, a 5′′

radius aperture is used to measure the counts for the coincidence loss correction,

a 3′′ source aperture (based on the error) was used for the aperture photometry

and applying an aperture correction as appropriate (based on the average PSF in

the Swift HEASARC’s calibration database (CALDB) and zeropoints from Breeveld

et al. (2011).

Subsequent to the photometric reduction of our Swift data, there was an update

to the Swift CALDB with time dependant zero-points which we have not accounted

for. Given that our Swift observations occurred in early 2017, this would amount to

a ∼ 3% shift in zero-point and would not lead to a significant change in our light

curve.

3.2.3 NIR imaging Near-infrared imaging was obtained with NTT+SOFI as part

of the ePESSTO survey, and with GROND as mentioned previously. In both cases

JHK/Ks filters were used. SOFI data were reduced using the PESSTO pipeline

(Smartt et al. 2015). Data were corrected for flat-field and illumination, sky subtrac-

tion was performed using (in most instances) off-target dithers, before individual

frames were co-added to make a science-ready image.

In addition to the follow-up data obtained for AT 2016jbu with SOFI, we examined

pre-discovery SOFI images taken as part of the PESSTO follow-up campaign for

SN 2015F. We downloaded reduced images from the ESO Phase 3 archive which

covered the period up to April 2014. Two subsequent epochs of SOFI imaging from

2016 Oct were taken after PESSTO SSDR3 was released, and so we downloaded
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the raw data from the ESO archive, and reduced these using the PESSTO pipeline

as for the rest of the SOFI follow-up imaging.

Fortuitously, the ESO VISTA telescope equipped with VIRCAM observed

NGC 2442 as part of the VISTA Hemisphere Survey (VHS) in Dec. 2016. We

downloaded the reduced images as part of the ESO Phase 3 data release from

VHS via ESO Science Portal. Photometry was performed using AutoPhOT, see

Sect. 3.2.6.

3.2.4 MIR imaging We queried the WISE data archive at the NASA/IPAC infrared

science archive, and found that AT 2016jbu was observed in the course of the

NEOWISE reactivation mission (Mainzer et al. 2014). As the spatial resolution of

WISE is low compared to our other imaging, we were careful to select only sources

that were spatially coincident with the position of AT 2016jbu. There were numerous

detections of AT 2016jbu in the W1 and W2 bands over a one week period shortly

before the maximum of Event B (MJD 57784.4 ± 0.5). The profile-fitted magnitudes

measured for each single exposure (L1b frames) were averaged within a 1 day

window.

We also examined the pre-explosion images covering the site of AT 2016jbu in

the Spitzer archive, taken on 2003 Nov. 21 (MJD 52964.1). Some faint and ap-

parently spatially extended flux can be seen at the location of AT 2016jbu in Ch1,

although there is a more point-like source present in Ch2. No point source is seen

in Ch3 and Ch4. K18 report values of 0.0111±0.0032 mJy and 0.0117±0.0027 mJy

in Ch1 and Ch2 (corresponding to magnitude of 18.61 mag and 17.917 mag respec-

tively) and similarly do not detect a source in Ch4 and Ch4 for the 2003 images.

3.2.5 X-ray Imaging A target of opportunity observation (ObsID: 0794580101)

was obtained with XMM-Newton (Jansen et al. 2001) on 2017 Jan 26 (MJD 57779)

for a duration of ∼ 57 ks. The data from EPIC-PN (Strüder et al. 2001) were anal-

ysed using the latest version of the Science Analysis Software, SASv185 including

the most updated calibration files. The source and background were extracted from

a 15′′ region avoiding a bright nearby source. Standard filtering and screening cri-

teria were then applied to create the final products.

X-ray imaging was also taken with the XRT on board Swift. These observa-

tions are much less sensitive than the XMM-Newton data, and so we do not expect

5http://xmm.esac.esa.int/sas/
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a detection. Using the online XRT analysis tools6 (Evans et al. 2007, 2009) we

co-added all XRT images covering the site of AT 2016jbu available in the Swift

data archive. No source was detected coincident with AT 2016jbu in the resulting

∼ 100 ks stacked image.

3.2.6 Photometry with the AutoPHoT pipeline The dataset presented in this pa-

per for AT 2016jbu comprises approximately ∼ 3000 separate images from around

20 different telescopes. To expedite photometry on such large and hetrogeneous

datasets, we have developed a new photometric pipeline called AutoPhOT (AU-
TOmated PHotometry Of Transients;Brennan & Fraser (2022)). AutoPhOT has

been used to measure all photometry presented in this paper, with the exception of

imaging from space telescopes (i.e. Swift, Gaia, WISE, Spitzer, XMM-Newton OM

and HST), as well as from ground based surveys which have custom photometric

pipelines (i.e. ASAS-SN and OGLE).

AutoPhOT78 is a Python3-based photometry pipeline built on a number of com-

monly used astronomy packages, mostly from astropy. AutoPhOT is able to handle

hetrogeneous data from different telescopes, and performs all steps necessary to

produce a science-ready light curve with minimal user interaction.

In brief, AutoPhOT will build a model for the Point Spread Function (PSF) in an

image from bright isolated sources in the field (if no suitable sources are present

then AutoPhOT will fall back to aperture photometry). This PSF is then fitted to

the transient to measure the instrumental magnitude. To calibrate the instrumen-

tal magnitude onto the standard system (either AB magnitudes for Sloan-like filters

or Vega magnitudes for Johnson-Cousins filters) for this work on AT 2016jbu, the

zeropoint for each image is found from catalogued standards in the field. For griz

filters, the zeropoint was calculated from magnitudes of sources in the field taken

from the SkyMapper Southern Survey (Onken et al. 2019). For Johnson-Cousins

filters, we used the tertiary standards in NGC 2442 presented by Pastorello et al.

(2009). In the case of the NIR data (JHK) we used sources taken from the Two

Micron All Sky Survey (2MASS; Skrutskie et al. 2006). There is no u-band pho-

tometry covering this portion of the sky. We use U-band photometry from Cartier

et al. (2017) and convert to u-band using Table 1 in Jester et al. (2005). We include

Swope photometry from K18 in Fig. 3.2 to show that our u-band is consistent.

6https://www.swift.ac.uk/user_objects/
7https://github.com/Astro-Sean/autophot
8https://anaconda.org/astro-sean/autophot
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AutoPhOT utilises a local version of Astrometry.net9 (Barron et al. 2008) for

astrometric calibration when image astrometric calibration meta-data is missing or

incorrect. In instances where AT 2016jbu could not be clearly detected in an image,

AutoPhOT performs template subtraction using hotpants10 (Becker 2015), before

doing forced photometry at the location of AT 2016jbu. Based on the results of this,

we report either a magnitude or a 3σ upper limit to the magnitude of AT 2016jbu.

Artificial sources of comparable magnitude were injected and recovered to confirm

these measurements and to determine realistic uncertainties, accounting for the

local background and the presence of additional correlated noise resulting from the

template subtraction.

Finally, in order to remove cases where a poor subtraction leads to spurious de-

tections, we require that the FWHM of any detected source agrees with the FWHM

measured for the image to within one pixel, as well as being above our calculated

limiting magnitude. In practice we find these are good acceptance tests to avoid

false positives, especially in the pre-discovery light curve of AT 2016jbu.

We present the observed light curve of AT 2016jbu in Fig. 3.2 (the full tables are

presented in the online supplementary materials).

3.2.7 Spectroscopic Observations Most of our spectroscopic monitoring of

AT 2016jbu was obtained with NTT+EFOSC2 through the ePESSTO collabora-

tion. With the exception of the first classification spectrum reported by Fraser et al.

(2017), observations were taken with grisms Gr#11 and Gr#16, which cover the

range of 3345–7470 Å and 6000–9995 Å at resolutions of R∼ 390 and R∼ 595,

respectively.

The EFOSC2 spectra were reduced using the PESSTO pipeline; in brief, two-

dimensional spectra were trimmed, overscan and bias subtracted, and cleaned of

cosmic rays. The spectra were flat-fielded using either lamp flats taken during day-

time (Gr#11), or that were taken immediately after each science observation in

order to remove fringing (in the case of Gr#16). An initial wavelength calibration

using arc lamp spectra was then checked against sky lines, and in the final pass all

spectra were shifted by ∼few Å, so that the [Oi] λ 6300 sky line was at its rest wave-

length. This was done to ensure that all spectra were on a common wavelength

scale in the critical region around Hα where Gr#11 and Gr#16 overlap.

Low-resolution spectra were obtained with the FLOYDS spectrograph, mounted
9http://astrometry.net/

10https://github.com/acbecker/hotpants
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Figure 3.2: The complete multi-band observed photometry for AT 2016jbu. The up-
per panel covers the period from the start of Event A (First detection at −91 d from
VLT+FORS2) until the end of our monitoring campaign ∼ 2 years after Event B peak.
Offsets (listed in the legend) have been applied to each filter for clarity in the upper pan-
els only. Note that there is a change in scale in the X-axis after 135 days. We indicate
Event A and the rise and decline of the peak of Event B. Epochs where spectra were
taken are marked with vertical ticks. We also include the published Swope photometry
from K18 (given as filled circles) to demonstrate that our photometry is consistent. We
include a horizontal magenta dotted line in all panels to demonstrate the early 2019
F814W magnitudes (Paper II). We only plot error bars greater than 0.1 mag. The lower
panel shows detections and upper limits over a period from ∼ 18 years prior to Event
A. No offsets are included in this panel; light points with arrows show upper limits,
while solid points are detections.
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on the 2-m Faulkes South telescope at Siding Spring Observatory, Australia. These

spectra were reduced using the FLOYDS pipeline 11 (Valenti et al. 2014). The

automatic reduction pipeline splits the first and second order spectra into red and

blue arms and rectifies them using a Legrendre Polynomial. Data is then trimmed,

flat-fielded using images taken during the observing block and cleaned of cosmic

rays. Red and blue arms are then flux and wavelength calibrated and then merged

into a 1D spectrum.

A single spectrum was obtained with the WiFeS IFU spectrograph, mounted on

the ANU 2.3m telescope. This spectrum was reduced with the PyWiFeS pipeline

(Childress et al. 2014).

All optical spectra are listed in Table 3.1 and are shown in Fig. 3.7. For com-

pleteness, we also include the classification spectrum of AT 2016jbu in our analysis

obtained with the du Pont 2.5-m telescope + WFCCD (and reported in Bose et al.

2017), as it is the earliest spectrum available of the transient, see also Fig. 3.3.

Date MJD Phase (days) Instrument Grism

2016-12-31 57753.0 −31.4 DuPont+WFCCD Blue grism

2017-01-02 57755.4 −28.0 Magellan+FIRE LDPrism

2017-01-04 57757.3 −27.1 NTT+EFOSC2 Gr#13

2017-01-06 57759.3 −25.1 NTT+EFOSC2 Gr#11

2017-01-08 57761.7 −22.7 FTS+FLOYDS red/blue

2017-01-15 57768.5 −15.9 FTS+FLOYDS red/blue

2017-01-17 57770.2 −14.2 NTT+EFOSC2 Gr#11+Gr#16

2017-01-18 57771.3 −13.1 NTT+EFOSC2 Gr#11+Gr#16

2017-01-20 57773.2 −11.2 NTT+EFOSC2 Gr#11

2017-01-20 57773.1 −10.7 Gemini S+FLAMINGOS2 JH

2017-01-22 57775.2 −9.2 Swift + UVOT UV Grism

2017-01-26 57779.3 −5.1 NTT+EFOSC2 Gr#11+Gr#16

2017-01-27 57780.0 −4.4 ANU 2.3m+WiFeS red/blue

2017-01-27 57780.2 −4.2 NTT+EFOSC2 Gr#11+Gr#16

2017-01-27 57780.7 −3.7 FTS+FLOYDS red/blue

2017-01-28 57781.2 −3.2 NTT+EFOSC2 Gr#11+Gr#16

2017-01-30 57783.6 −0.8 FTS+FLOYDS red/blue

2017-02-02 57786.3 +1.9 Gemini S+FLAMINGOS2 JH

2017-02-02 57786.5 +2.1 FTS+FLOYDS red/blue

2017-02-04 57788.4 +4.0 NTT+EFOSC2 Gr#11+Gr#16

11https://github.com/LCOGT/floyds_pipeline
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2017-02-07 57791.2 +6.8 NTT+EFOSC2 Gr#11+Gr#16

2017-02-08 57792.6 +8.2 FTS+FLOYDS red/blue

2017-02-11 57795.7 +11.3∗ FTS+FLOYDS red

2017-02-14 57798.5 +14.1 FTS+FLOYDS red/blue

2017-02-17 57801.5 +17.1 FTS+FLOYDS red/blue

2017-02-19 57803.2 +18.8 NTT+EFOSC2 Gr#11+Gr#16

2017-02-20 57804.6 +20.2 FTS+FLOYDS red/blue

2017-02-24 57808.6 +24.2 FTS+FLOYDS red/blue

2017-02-25 57809.1 +24.7 NTT+EFOSC2 Gr#11+Gr#16

2017-02-27 57811.1 +26.7 NTT+EFOSC2 Gr#11+Gr#16

2017-03-06 57818.1 +33.7 NTT+EFOSC2 Gr#11+Gr#16

2017-03-06 57818.5 +34.1∗ FTS+FLOYDS red/blue

2017-03-11 57823.5 +39.1∗ FTS+FLOYDS red

2017-03-24 57836.0 +51.6 NTT+EFOSC2 Gr#11+Gr#16

2017-03-28 57840.5 +56.1 FTS+FLOYDS red

2017-04-01 57844.5 +60.1 FTS+FLOYDS red

2017-04-14 57857.5 +73.1 FTS+FLOYDS red/blue

2017-04-22 57865.0 +80.6∗ NTT+EFOSC2 Gr#11+Gr#16

2017-05-01 57874.1 +89.7 NTT+EFOSC2 Gr#11+Gr#16

2017-06-01 57905.1 +120.7 NTT+EFOSC2 Gr#11+Gr#16

2017-08-21 57986.3 +201.9 NTT+EFOSC2 Gr#11+Gr#16

2017-08-22 57987.3 +202.9 NTT+EFOSC2 Gr#16

2017-09-29 58025.3 +240.9 NTT+EFOSC2 Gr#11+Gr#16

2017-10-28 58054.3 +269.9 NTT+EFOSC2 Gr#11+Gr#16

2017-11-26 58083.3 +298.9 NTT+EFOSC2 Gr#11+Gr#16

2018-01-12 58130.2 +345.8 NTT+EFOSC2 Gr#11+Gr#16

2018-02-19 58168.3 +383.9 NTT+EFOSC2 Gr#11+Gr#16

2018-03-26 58203.1 +418.7 NTT+EFOSC2 Gr#11+Gr#16

Table 3.1: Log of optical, UV, and NIR spectra obtained

for AT 2016jbu. MJD refers to the start of the exposure.

Phase is with respect to the time of V-band maximum

(MJD 57784.4 ± 0.5).

We present a single NIR spectrum taken in the low-dispersion and high-

throughput prism mode with FIRE (Simcoe et al. 2013) mounted on one of the

twin Magellan Telescopes (Fig. 3.16). The spectrum was obtained using the ABBA

“nod-along-the-slit” technique at the parallactic angle to minimize differential flux

losses caused by atmospheric refraction. Four sets of ABBA dithers totalling 16
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Figure 3.3: Classification spectrum of AT 2016jbu obtained with the Du Pont 2.5-m
telescope and WFCCD (and reported in Bose et al. 2017) taken on 2016 December 31
(−31.4 d), corrected for reddening. This spectrum coincides with the approximate peak
of Event A. The green dashed line is the blackbody fit with TBB ∼ 6750 K. Hα and Hβ
dominate the spectra and are both well fitted with a P-cygni profile with an additional
emission component. We can also distinguish the Na I D lines superimposed on HeI
λ 5875 absorption. FeII λλ 4924,5018,5169 are present, all with a P-cygni profiles,
giving a velocity at maximum absorption of ∼ −700 km s−1. A noise spike at 5397 Å
has been removed manually.

individual frames and 2028.8s of on-target integration time were obtained. Details

of the reduction and telluric correction process are outlined by Hsiao et al. (2019).

In addition, we present two spectra taken with Gemini South + Flamingos2

(Eikenberry et al. 2006) in long-slit mode. An ABBA dither pattern was used for

observations of both AT 2016jbu and a telluric standard. These data were reduced

using the gemini.f2 package within iraf. A preliminary flux calibration was made us-

ing the telluric standard on each night (in both cases a Vega analog was observed),

and this was then adjusted slightly to match the J − H colour of AT 2016jbu from

contemporaneous NIR imaging.
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Swift+UVOT spectra were reduced using the uvotpy python package (Kuin 2014)

and calibrations from Kuin et al. (2015).

3.3 Photometric evolution

3.3.1 Overall evolution We present our complete light curve for AT 2016jbu in

Fig. 3.2, spanning from ∼ 10 years before maximum brightness (MJD: 57784.4) to

∼ 1.5 years after maximum light. K18 mainly focuses on the time around maximum

light up until +118 day. on AT 2016jbu. Our photometric coverage is much higher

cadence and covers a wider wavelength range.

For the purpose of discussion, we adopt the nomenclature for features seen in

the light curve of SN 2009ip from Graham et al. (2014); rise, decline, knee, and

ankle. We do not designate a “bump” phase as while SN 2009ip shows a clear

bump at ∼ 20 d, this is not seen in AT 2016jbu. The rise begins at ∼ +22 days prior

to V-band maximum. The decline phase begins at V-band maximum. The plateau

begins at ∼ + 20 days, when the decline gradient flattens out initially. The knee

stage is ∼ + 45 days past maximum when a sharp drop is seen in the light curve,

and the ankle is the flattening of the light curve after ∼ 65 days before the seasonal

gap.

AT 2016jbu shows a clear double-peaked light curve which has been previously

missed in literature. The first fainter peak (at MJD 57751.2, mainly seen in r-band)

will be referred to as “Event A ”, and the subsequent brighter peak is “Event B”.

Event A is first detected around three months (phase: −91 d) before the Event B

maximum in VLT+FORS2 imaging (Fraser et al. 2017). Phases presented in this

paper for AT 2016jbu and other SN 2009ip-like transients will always be in reference

to Event B maximum light (MJD 57784.4). The rise and decline of this first peak

is clearly seen in r-band (mainly detected from the Prompt telescope array) and

sparsely sampled by Gaia in G-band. Event A has a rise time to peak of ∼ 60 days,

reaching an apparent magnitude r ∼ 18.12 mag (absolute magnitude −13.96 mag).

We then see a short decline in r-band for ∼ 2 weeks until AT 2016jbu exhibits a

second sharp rise seen in all photometric bands, starting on MJD 57764.

We regard the start of this rise as the beginning of Event B. The second event

has a faster rise time of ∼ 19 days, peaking at r∼ 13.8 mag (absolute magnitude

−18.26 mag). Our high cadence data shows after ∼ 20 days past the Event B

maximum, a flattening is seen in Sloan-gri and Cousins BV that persists for ∼ 2

weeks, with a decline rate ∼ 0.04 mag d−1. At ∼ 50 days, a rapid drop is seen at

optical wavelengths, with the drop being more pronounced in the redder bands and
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less in the bluer bands. After the drop there is a second flattening. After two months

from the Event B peak, the optical bands flatten out with a decay of ∼ 0.015 mag d−1

and remain this way until the seasonal gap at ∼ 120 days.

Our dataset includes late time coverage of AT 2016jbu not previously covered in

the literature. A re-brightening event is seen after ∼ 120 days and is seen clearly in

BVGgr-bands. We miss the initial rebrightening event in our ground-based data, so

it is unclear if this is a plateau lasting across the seasonal gap or a re-brightening

event. However, evidence for a rebrightening in the light curve is seen in Gaia-G

(See Fig. 3.2). We can deduce that this event occurred between +160 and +195

days from our Gaia-G data, where we have G = 18.69 mag at +160 days, but an

increase to 18.12 mag one month later. An additional bump is seen in Gaia-G at

+345 days. We observe G = 18.95 mag at +316 d and G = 18.88 mag at +342 d

before AT 2016jbu fades to G = 19.72 mag a month later.

Late time bumps in the light curves of SNe are commonly associated with late

time CSM interaction, when SN ejecta collide with dense stratified and/or clumpy

CSM far away from the progenitor, providing a source of late time energy (Fox et al.

2013; Martin et al. 2015; Arcavi et al. 2017; Nyholm et al. 2017; Andrews & Smith

2018; Moriya et al. 2020).

3.3.2 Color Evolution There exists a growing sample of SN 2009ip-like transients

which evolve almost identically in terms of their photometry and spectroscopy, in

the years prior to, and during their main luminous events. The color evolution of

AT 2016jbu is discussed by K18. However, we include color information prior to

Event B maximum. Additionally we show late-time color evolution of K18. In ad-

dition to AT 2016jbu, we focus on a small sample of objects that show common

similarities to AT 2016jbu. For the purpose of a qualitative study, we will compare

AT 2016jbu with SN 2009ip (Fraser et al. 2013a; Graham et al. 2014), SN 2015bh

(Elias-Rosa et al. 2016; Thöne et al. 2017), LSQ13zm (Tartaglia et al. 2016b),

SN 2013gc (Reguitti et al. 2019) and SN 2016bdu (Pastorello et al. 2018). We

will refer to these transients (including AT 2016jbu) as SN 2009ip-like transients.

We also include SN 1996al (Benetti et al. 2016) in our SN 2009ip-like sample.

Although no pre-explosion variability or an Event A/B light curve was detected,

SN 1996al shows a similar bumpy decay from maximum and a similar spectral evo-

lution as well as showing no sign of explosively nucleosynthesized material; e.g.

[OI] λλ 6300, 6364 even after 15 years. A modest ejecta mass and restrictive con-

straint on the ejected 56Ni mass are similar to what is found for AT 2016jbu and

other SN 2009ip-like transients, see Paper II. Benetti et al. (2016) suggest that
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Figure 3.4: Intrinsic color evolution of AT 2016jbu and SN 2009ip-like transients. All
transients have been corrected for extinction using the values from Table. 3.2. X-axis
gives days from Event B maximum light. We include a broken X-axis to exclude the
seasonal gap for AT 2016jbu. Data shown for AT 2016jbu has been regrouped into 1
day bins and weighted averaged. Error bars are shown for all objects, and we do not plot
any point with an uncertainty greater than 0.5 mag. The different stages of evolution of
AT 2016jbu are marked with grey dashed vertical bands.

this is consistent with a fall-back supernova in a highly structured environment,

and we discuss this possibility for AT 2016jbu in Paper II. We will also discuss

SN 2018cnf (Pastorello et al. 2019); a previously classified Type IIn SN (Prentice

et al. 2018b). Although Pastorello et al. (2019) argues that SN 2018cnf displays

many of the characteristics of SN 2009ip, it does not show the degree of asym-

metry in Hα when compared to AT 2016jbu but does show pre-explosion variability

and general spectral evolution similar to SN 2009ip-like transients. Fig. 3.4 shows

that all these transients show a relatively slow color evolution, typically seen in Type

IIn SNe (Taddia et al. 2013; Nyholm et al. 2020). Where color information is avail-

able, SN 2009ip-like transients initially appear red ∼ 1 month before maximum light,

becoming bluer as they rise to maximum light. This is best seen in (B − V)0 for
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AT 2016jbu, SN 2015bh and SN 2009ip. These three transients span colors from

(B − V)0 ∼0.5 at ∼ −20 d to ∼0.0 at ∼ −10 d. In general, after the peak of Event B

the transients begin to cool and again evolve towards the red. For the first ∼ 20 days

after Event B, AT 2016jbu follows the trend of other transients, which is seen clearly

in (U − B)0, (B − V)0, (g − r)0, and (r − i)0. At ∼ 20 d AT 2016jbu flattens in (U − B)0

and (r − i)0, similar to SN 1996al and SN 2018cnf, whereas SN 2009ip flattens at

∼ 40 d in (U − B)0. This phase corresponds with the plateau stage in AT 2016jbu.

This feature is also seen in (r− i)0 and (u−g)0, where AT 2016jbu plateaus at ∼ 20 d

and then slowly evolves to the blue. This behaviour is also seen in (B − V)0 and

(g−r)0, where a color change is observed at ∼ 50 d, followed by AT 2016jbu remain-

ing at approximately constant color until the seasonal gap at ∼ 120 d. SN 2018cnf

follows the trend of AT 2016jbu quite closely in (B − V)0 but this abrupt transition to

the blue is seen at ∼ 30 d in SN 2018cnf, and ∼ 60 d in AT 2016jbu. AT 2016jbu

and SN 2018cnf are distinct in their (g − r)0 evolution, as they match SN 2009ip

and SN 2016bdu closely until ∼ 50 d, after which AT 2016jbu remains at an approx-

imately constant color, while SN 2009ip and SN 2016bdu make an abrupt shift to

the red. Filters that cover Hα (viz. r,V ) show an abrupt color change at ∼ 60 d in

AT 2016jbu (i.e (B − V)0, (g − r)0, and (r − i)0), whereas those that do not cover Hα

show a similar feature at ∼ 30 d i.e. (U − B)0 and (u − g)0. As noted by K18, at this

time we see an increase in the relative strength of the Hα blue shoulder emission

component (see Sect. 3.4.1). (B − V)0, (g − r)0, and (r − i)0 do not show this trend

but rather a transition to the blue at ∼ 60 d. At late times, > 120 days, AT 2016jbu

remains relatively blue and follows the trends of other SN 2009ip-like transients,

especially in (B − V)0.

3.3.3 Ground Based Pre-Explosion Detections A trait of SN 2009ip-like transients

is erratic photometric variability12 in the period leading up to Event A and Event B.

The lower panel of Fig. 3.2 shows all pre-Event A/B observations for AT 2016jbu

from ground based instruments. The majority of these observations are from the

PROMPT telescope array, and have been host subtracted using late time r-band

templates from EFOSC2. Unfortunately, these images are relatively shallow. In

addition, we recovered several images from the LCO network which were obtained

for the follow-up campaign of SN 2015F (Cartier et al. 2017). These images have

been host subtracted using templates from LCO taken in 2019. We also present

several images taken VLT+OMEGAcam which are deeper than our templates and

are hence not host subtracted. For completeness we also plot detections of the

12referred to as “flickering” in Kilpatrick et al. 2018.
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Date: 2012-02-11
Telescope: Prompt
Mr: 20.78
S/N: 9

B

Date: 2013-05-10
Telescope: Prompt
Mr: 20.32
S/N: 5

C

Date: 2015-02-16
Telescope: Prompt
Mr: 20.21
S/N: 9

D

Date: 2012-12-16
Telescope: Prompt
Mr: 20.14
S/N: 19

Figure 3.5: Sample of pre-explosion detections from PROMPT at the progenitor loca-
tion. Center of cutout corresponds to AT 2016jbu progenitor location. Red circle signi-
fies aperture with radius 1.3× FWHM placed in the center of the cutout. As mentioned
in Sect. 3.2.1, these unfiltered images have been host subtracted using r band tem-
plates. Template subtractions performed using AutoPhOT and HOTPANTS (Becker
2015), see Sect. 3.2.6.

progenitor of AT 2016jbu from HST in Fig. 3.2, which we discuss in Paper II.

If AT 2016jbu underwent a similar series of outbursts prior to Event A/B as seen

in other SN 2009ip-like transients, then we would expect to only detect the brightest

of these. SN 2009ip experiences variability at least three years prior to its main

events.

For AT 2016jbu, several significant detections are found with r∼ 20 mag in the

years prior to Event A/B. For our adopted distance modulus and extinction parame-

ters, these detections correspond to an absolute magnitude of Mr ∼ −11.8 mag.

Similar magnitudes were seen in SN 2009ip and SN 2015bh, see Fig. 3.17.

SN 2009ip was observed with eruptions exceeding R ∼ −11.8 mag, with even
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brighter detections for SN 2015bh.

Both SN 2009ip and SN 2015bh show a large increase in luminosity ∼ 450 d

days prior to their Event A/B. The AT 2016jbu progenitor is seen in HST images

around −400 d showing clear variations. A single DECam image in r band gives a

detection at r∼ 22.28 ± 0.26 mag at −352 d which roughly agrees with our F350LP

light curve at this time (if we presume Hα is the dominant contributor to the flux).

We present and further discuss HST detections in Paper II.

We note that we detect a point source at the site of AT 2016jbu in several

PROMPT images but not in any of the LCO, WFI, NTT+EFOSC2/SOFI, Omega-

CAM or VISTA+VIRCAM pre-explosion images. However, a clear detection is made

with CTIO+DECAM that is compatible with our HST observations (see Paper II for

more discussion of this).

In Fig. 3.5 we show a selection of cutouts from our host subtracted PROMPT

images, showing the region around AT 2016jbu. While some of the detections that

AutoPhOT recovers are marginal, others are quite clearly detected, and so we are

confident that the pre-discovery variability is real. If these are indeed genuine detec-

tions, then AT 2016jbu is possibly undergoing rapid variability similar to SN 2009ip

and SN 2015bh in the years leading up to their Event A. The high cadence of our

PROMPT imaging and the inclusion of Hα in the Lum filter plausibly explain why we

have not detected the progenitor in outburst in data from any other instrument.

AT 2016jbu could be undergoing a slow rise up until the beginning of Event A

similar to UGC 2773-OT (Smith et al. 2016b) (Intriguingly this is also seen in Lumi-

nous Red Novae, Pastorello et al. 2021; Williams et al. 2015 - we return to this in

Paper II). Fitting a linear rise to the PROMPT pre-explosion detections (i.e. exclud-

ing the HST and DECam detections) gives a slope of −5.4 ± 1 × 10−4 mag d−1 and

intercept of 19.07 ± 0.19 mag. If we extrapolate this line fit to −60 d (roughly the

beginning of r-band coverage for Event A ) we find a value of rextrapolate ∼ 19.11 mag

which is very similar to the detected magnitude at −59 d of r ∼ 19.09 mag. How-

ever, this is speculative, and accounting for the sporadic detections in the preceding

years, and the non-detections in deeper images e.g. from LCO see lower panel of

Fig. 3.2, it is more likely that AT 2016jbu is undergoing rapid variability (similar to

SN 2009ip) which is serendipitously detected in our PROMPT images due to their

high cadence.
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Figure 3.6: Swift + UVOT light curve for AT 2016jbu. All photometry is host sub-
tracted. Offsets are given in the legend and uncertainties are included for all points.

3.3.4 UV Observations Fig. 3.6 shows Swift+UVOT observations around maxi-

mum light. All bands show a sharp increase at ∼ −18 d, consistent with our optical

light curve. The Swift+UVOT can constrain the initial Event B rise to some time

between ∼ −18.6 d and ∼ −16.2 d.

The decline of the UV light curve is smooth and does not show any obvious

features up to +45 d. UVW2 shows a possible bump beginning at ∼ 24 d that spans

a few days. This bump is also evident in UVM2 at the same time. This bump is

consistent with the emergence of a blue shoulder emission in Hα (See Sect. 3.4.1)

and it is possible that we are seeing an interaction site between ejecta and CSM at

this time.

3.3.5 X-ray Observations No clear X-ray source was found consistent with the

location of AT 2016jbu in the XMM data taken at -5 d. Using the sosta tool on the

data from the PN camera we obtain a 3σ upper limit of < 3.2 × 10−3 counts s−1

for AT 2016jbu; while the summed MOS1+MOS2 data gives a limit of < 2.1 × 10−3

counts s−1. Assuming a photon index of 2, the upper limit to the observed flux in

the 0.2–10 keV energy range is 1.2 × 10−14 erg cm−2 s−1.

For comparison, SN 2009ip was detected in X-rays in the 0.3–10 keV energy
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band with a flux of (1.9 ± 0.2) × 10−14 erg cm−2 s−1, as well as having an upper limit

on its hard X-ray flux around optical maximum (Margutti et al. 2014).

X-ray observations can tell us about the ejecta-CSM interaction as well as the

medium into which they are expanding into (Dwarkadas & Gruszko 2012). The

non-detection for AT 2016jbu provides little information on the nature of Event A/B.

Making a qualitative comparison to SN 2009ip we note that AT 2016jbu is not as

X-ray bright, and this may reflect different explosion energies, CSM environments

or line-of-sight effects.

3.3.6 MIR evolution We measure fluxes for AT 2016jbu in Spitzer IRAC Ch1 =

0.123±0.003 mJy and Ch2 = 0.136±0.003 mJy, which are roughly consistent with

those found by K18. This corresponding to magnitudes of 16.00 and 15.25 for Ch1
and Ch2 respectively. Neither this work nor K18 finds evidence for emission from

cool dust in Ch3 and Ch4 at the progenitor site of AT 2016jbu.

We further discuss the evidence for a dust enshrouded progenitor in Paper II

but here we briefly report the findings from K18. Coupled with pre-explosion HST

observations, K18 finds that the progenitor of AT 2016jbu is consistent with the

progenitor system having a significant IR excess from a relatively compact, dusty

shell. The dust mass in the immediate environment of the progenitor system is small

(a few ×10−6 M�). However, the different epochs of the HST (taken in 2016) and

Spitzer (taken in 2003) data suggest they may be at different phases of evolution.

Fig. 3.2 shows that the site of AT 2016jbu underwent multiple outbursts between

2006 and 2013, and, as mentioned by K18, fitting a single SED to the HST and

Spitzer datasets may be somewhat misleading.

3.4 Spectroscopy

We present our high cadence spectral coverage of AT 2016jbu in Fig. 3.7. Our

spectra begin at −31 days and show an initial appearance similar to a Type IIn SN,

i.e. narrow emission features seen in H and a blue continuum. Our first spectra

coincide with the approximate peak of Event A. After around a week, additional

absorption and emission features emerge in the Balmer series, which we illustrate

in Fig. 3.8 and plot the evolution of in Fig. 3.9. The spectrum does not vary sig-

nificantly over the first month of evolution aside from the continuum becoming pro-

gressively bluer with time. Hα shows a P-cygni profile with an emission component

with FWHM ∼ 1000 km s−1 and a blue shifted absorption component with a mini-
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mum at ∼ −600 km s−1. The narrow emission lines likely arise from an unshocked

CSM environment around the progenitor. Over time AT 2016jbu develops a multi-

component emission profile seen clearly in Hα that persists until late times. We do

not find any clear signs of explosively nucleosynthesised material at late times, and

indeed the spectral evolution appears to be dominated by CSM interaction at all

times. We discuss the evolution of the Balmer series in Sect. 3.4.1. In Sect. 3.4.2

we discuss the evolution of CaII features and model late time emission profiles.

Sect. 3.4.3 discusses the evolution of several isolated, strong iron lines. Sect. 3.4.4

discusses the evolution of HeI emission and makes qualitative comparisons be-

tween HeI features and the optical light curve. We present UV and NIR spectra in

Sect. 3.4.6 and Sect. 3.4.7 respectively.

3.4.1 Balmer Line Evolution The most prominent spectral features are the

Balmer lines, which show dramatic evolution over time. In particular the Hα pro-

file, which shows a complex, multi-component evolution, provides insight to the

CSM environment, mass-loss history and explosion sequence. Although SN 2009ip

never displayed obvious multi-component emission features, a red-shoulder emis-

sion is seen at late times (Fraser et al. 2013a). We present the evolution of Hα for

AT 2016jbu at several epochs showing the major changes in Fig. 3.8.

K18 discuss the evolution of the Hα in detail out to +118 days. With our high

cadence spectral evolution we preform a similar multi-component analysis while

focusing on individual feature evolution.

Similar to K18, we conducted spectral decomposition to understand line shape

and the ejecta-CSM interaction. We used a Markov Chain Monte Carlo (MCMC)

approach for fitting a multi-component spectral profile (Newville et al. 2014) using

a custom python3 script. When fitting, absorption components are constrained to

be blueward of the rest wavelength of each line to reflect a P-cygni absorption. All

lines are fitted over a small wavelength window and we include a pseudo-continuum

during our fitting, which is allowed to vary. Fitting the Hα evolution is performed on

each spectrum consecutively, using the fitted parameters from the previous model

as the starting guess for the next. This is reset after the observing gap at +202 days.

Fig. 3.8 presents fitted models to the Hα profile at epochs where significant change

are seen. The FWHM and peak wavelength for Hα are illustrated in Fig. 3.9.

Days −31 to −25: Similar to K18, our first spectrum coincides with the approx-

imate peak of Event A (Fig. 3.2). Hα can be modelled by a P-cygni profile with
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Figure 3.8: Multi-component evolution of Hα over a period of ∼ 1 year. We use
Lorentzian emission and Gaussian absorption profiles at early times (phase < +120 d),
and Gaussian emission and absorption thereafter. Epochs are given in each panel, lines
are coloured such that yellow = core emission, red = redshifted emission, green = P-
Cygni absorption, cyan = high velocity absorption and blue is blueshifted emission. In
panel A an additional emission component could be included to account for the blue
excess shown, although this can simply be extended electron scattering wings.

an absorption minimum at ∼ −700 km s−1 superimposed on a broad component at

∼ + 700 km s−1 with a FWHM of ∼ 2600 km s−1. This can be interpreted as a

narrow P-cygni with extended, electron-scattering wings, as often seen in Type IIn

SN spectra (see review by Filippenko 1997).

Days −14 to +4: We see a gradual decay in amplitude of the core broad emission

until we find a best fit by a single intermediate width Lorentzian profile (FWHM

∼ 1000 km s−1) and P-cygni absorption. Our Lorentzian profile has broad wings,
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Figure 3.9: Evolution of fitted parameters for Hα. The upper panel shows the absolute
velocity evolution of each feature. We fit a power decay law with index 0.4 dex to the
blue emission from when it first appears (∼ +18d) until the seasonal gap (∼ +125 d)
indicated by the blue dashed line. The is also fitted for the red shoulder emission (with
a different normalisation constant) as the red dashed line. We include a purple dotted
line at 1200 km s−1 that matches the late time red and blue emission components. The
lower panel shows the FWHM evolution of each of the components. We do not plot the
redshifted broad emission fitted during the first three epochs in either panel.

possibly due to electron scattering along the line-of-sight (Chugai 2001). For further

discussion, see K18.

At −14 days, a blue broad absorption component clearly emerges at ∼-

5000 km s−1 with an initial FWHM of ∼ 3800 km s−1, with the fastest material is

moving at ∼ 10,000 km s−1. This feature was note seen in K18 due to a lack of

observations at this phase. The trough of this absorption features slows to ∼-
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3200 km s−1 at +3 d. Panel B in Fig. 3.8, shows Hα at −1 days with a strong

Lorentzian emission with the now obvious blue absorption. This feature indicates

that there is fast moving material that was not seen in the initial spectra. Assuming

free expansion, we set an upper limit on the distance travelled by this material to

∼2.5 × 1015 cm.

A similar feature was also seen in SN 2009ip, (e.g. Fig. 2 of Fraser et al. 2013a)

around the Event B maximum. A persistent second absorption feature was also

seen in SN 2015bh (Elias-Rosa et al. 2016) which remained in absorption until

several weeks after the Event B maximum, when it was replaced by an emission

feature at approximately the same velocity.

Days +7 to +34: A persistent P-cygni profile is still seen but a dramatic change is

seen in the overall Hα profile, now being dominated by a red-shifted broad Gaussian

feature centered at ∼+2200 km s−1 and FWHM ∼ 4000 km s−1. The blue absorption

component has now vanished and been replaced with an emission profile with a

slightly lower velocity, −2400 km s−1 at +18 d, seen in panel C of Fig. 3.8. Over the

following month, this line moves towards slower velocities with a decreasing FWHM.

The blue shoulder emission is clearly seen at ∼+18 d and remains roughly constant

in amplitude (with respect to the core component) until ∼+34 d. At +34 d this line

now has a FWHM ∼ 2700 km s−1. By +52 d this blue emission line has grown

considerably in amplitude with respect to the core component. During this period

the relative strength of the red and blue component begins to change, indicating

on-going interaction and/or changing opacities. We note that prior to +52 d, this Hα

profile may be fitted with a single, broad emission component with a P-cygni profile.

However, during our fitting a significant blue excess was always present during +7 d

to +34 d. Allowing for both a blue and red emission component during these times,

allows each consistent component to evolve smoothly into later spectra, as is seen

in Fig 3.8 and Fig. 3.9.

Days +52 to +120: As mentioned in by K18, Hα shows an almost symmetric

double-peaked emission profile. The earliest profile of Hα at −31 d is reminiscent

of some stages during an eruptive outburst from a massive star (for example Var

C; Humphreys et al. 2014). We plot the profile of the +90 d profile in Fig. 3.10 with

a blue-shifted Lorentzian profile removed. The profiles are very similar in overall

shape with a slightly broader red-core component in the +90 d spectrum. A possible

interpretation is the P-cygni-like profile seen in our −31 d spectra is associated

with the events during/causing Event A (for example a stellar merger or eruptive

outburst) and the blue side emission is associated with events during/causing Event
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Figure 3.10: Hα profile at −31 d (red) and +90 d (green) for AT 2016jbu. The +90 d
profile has had a strong blue emission profile (given by dotted blue line) subtracted
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wavelength (6563 Å) of the profile at −31 d.

B (for example a core-collapse or CSM interaction).

Days +203 to +420: We present late-time spectra of AT 2016jbu not previously

covered in the literature. The red and blue components of the Hα profile now have

similar FWHM of ∼ 2100 km s−1 and ∼ 1600 km s−1 respectively. The overall Hα

profile has retained its symmetric appearance (panel D of Fig. 3.8. After this time

we no longer fit a P-cygni absorption profile, and our spectra can be fitted well

using three emission components. We justify this as any opaque material may have

become optically thin after ∼ 7 months and the photospheric phase has ended.

Little evolution in Hα is seen for the remainder of our observations. The three

emission profiles remain at their respective wavelengths and the approximate same

width. The overall evolution of Hα suggests that AT 2016jbu underwent a large

mass loss event (whether that be a SN or extreme mass loss episode) in a highly

aspherical environment.Interaction with dense CSM forming a multi-component Hα
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Figure 3.11: Calcium NIR triplet fit for +345 d. The individual components of the pri-
mary CaII NIR triplet is given by the blue dashed lines in both plots. The upper panel
shows the emission profile with the inclusion of OI λ8466 (in green). The lower panel
shows the model fit in blue (Region A) with the second region of CaII NIR triplet emis-
sion shown in purple (Region B). Both OI λ8466 and a second region of Ca emission
give a similarly acceptable fit to the data.

profile as well as a bumpy light curve.

3.4.2 Calcium Evolution Sect. 3.4.1 indicates that AT 2016jbu has a highly non-

spherical environment. We investigate similar trends in other emission profiles.

K18 suggest that the [CaII] and CaII NIR triplet may be coming from separated

regions. Motivated by this, we explore the CaII NIR triplet λλλ 8498, 8542, 8662

using the same method in Sect. 3.4.1. The CaII NIR triplet appears in emission

at approximately the same time as blue-shifted emission in Hα (∼ +18 d) and at

early times shows P-cygni absorption minima at velocities similar to Hα. For profile
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fitting, the wavelength separation between the three components of the NIR triplet

was held fixed, while the three components were also constrained to have the same

FHWM. Amplitude ratios between the three lines were constrained to physically

plausible values between the optically thin and optically thick regimes (Herbig &

Soderblom 1980).

The early evolution of the CaII NIR triplet is detailed in K18.We explore two

scenarios for the CaII NIR triplet evolution after +200 d. In the first, we assume that

the CaII emission comes from the same regions as Hα (as suggested in Sect. 3.4.1)

i.e two spatially separated emitting regions. We allow the first region to be fitted with

the above restrictions (fixed line separation, single common FWHM), we refer to this

as Region A. A second, kinematically distinct, multiplet is added (we refer to this as

Region B) and simultaneously fitted with additional constraints; the lines have the

same FWHM as the region A and the amplitude ratio of the CaII NIR triplet being

emitted from region B is some multiple of the region A. Region B represents this

blue-shifted material seen in Hα. The second scenario has an additional Gaussian

representing Oi λ8446 fitted independently to a single CaII emitting region.

As shown in Fig. 3.11, both scenarios give an acceptable fit to spectrum at

+345 d. Fitting a single Gaussian emission line representing OI λ8446 gives a

reasonable fit with FWHM∼ 4000 km s−1 redshifted by ∼ 800 km s−1. Alternatively,

adding an additional CaII emission profile we find a good fit at FWHM∼ 2000 km s−1

and blue-shifted by ∼ −2800 km s−1. Although the scenarios are inconclusive, this

does not exclude a complex asymmetrical CSM structure producing these multiple

emitting regions along the line-of-sight.

Although both scenarios give reasonable fits, the FWHM and velocities deduced

for both scenarios are not seen elsewhere in the spectrum at +345 d. It is possible

that the region(s) producing the CaII NIR triplet is separated from H emitting areas

although detailed modelling is needed to confirm. We note however one should

expect a similar flux from Oi λ7774 when assuming the presence of Oi λ8446 which

is not the case here. If both lines are produced by recombination, we expect similar

relative intensities (Kramida et al. 2020). Interestingly, this is also trend is also seen

in SN 2009ip (Graham et al. 2014).

Our final spectra on +385 d and +420 d show the CaII NIR triplet and [CaII]

having a broadened appearance compared to earlier spectra. This may indicate an

increase in the velocity of the region where these lines form, similar to what is seen

in Hα in Sect. 3.4.1.
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3.4.3 Iron Lines As temperatures and opacities drop the spectra of many CC-

SNe become dominated by iron lines, as well as Nai and CaII. We notice persis-

tent permitted Fe group transitions throughout the evolution of AT 2016jbu which

is likely pre-existing iron in the progenitor envelope. Our initial spectra display the

FeII λλλ 4924, 5018, 5169 (multiplet 42) as P-cygni profiles, see Fig. 3.3. At −31 d

we measure the absorption minimum of FeII multiplet 42 at −750 km s−1. This is

the same velocity as the fitted absorption profile from Hα/Hβ see Fig. 3.8A. We can

assume that this lines originate in similar regions.

The FeII multiplet 42 appears in our late time spectra, see Fig. 3.12. FeII lines

in general appear with P-cygni profiles at late times. It is difficult to measure the

absorption minimum of the FeII profile due to severe blending. However, using

several relatively isolated FeII lines at +345 d we measure an absorption minimum

of ∼ − 1300 km s−1. The values is similar to the velocity offset for the red and blue

emission components seen in Hα. This suggest that these lines are originating in

the same region.

3.4.4 Helium Evolution None of the HeI lines display the degree of asymmetry

seen in hydrogen. Transients exist displaying double-peaked helium lines, such

as the Type Ibn SN 2006jc; (Foley et al. 2007; Pastorello et al. 2008), as well as

some displaying asymmetric HeI and symmetric H emission e.g. the Type Ibn/IIb

SN 2018gjx (Prentice et al. 2020).

We show the evolution of HeI λ5876 (black line) and HeI λ7065 (green line)in

Fig. 3.13. HeI λ7065 first appears in emission on −14 d with a boxy profile that

is poorly fit with a single Lorentzian emission line. HeI λ7065 then becomes more

symmetric by +18 d. Note the blue absorption feature in Hα is also first seen at

this time. The line begins to broaden over the next month, peaking at FWHM∼

3400 km s−1 at ∼ + 28 d. After +51 d, HeI λ7065 is no longer detected with any

reasonable S/N.

Interestingly, HeI λ7065 then re-emerges at +200 d, the emission feature has

FWHM ∼ 1100 km s−1 centered at rest wavelength. We see this same FWHM in

the red and blue shoulders in Hα (Sect. 3.4.1). We find that a single emission

profile matches the HeI λ7065 line well after +200 d. However, motivated by the

multi-component profile of Hα we also find that HeI λ7065 after +200 d can be

fitted equally well with two emission components. In this case, both components

are offset by ∼ ±400 km s−1 from their rest wavelength, and each has a FWHM of
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spectrum has been normalised to a peak value of unity.
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∼ 1000 km s−1. Unlike Hα, no third core emission component is needed.

For HeI λ5876, in our −31 d spectrum there is a clear P-cygni profile centered at

5898 Å. The emission is likely caused by Na I D with the possibility of some absorp-

tion contamination from HeI λ5876. We measure a velocity offset of ∼ −450 km s−1

with respect to 5890 Å. At −13 d, HeI λ 5876 emerges and has a complicated, multi-

component profile with contamination from Na I D. Emission centered on 5876 Å

persists until +20 d, after which the emission returns to being dominated by Na I D.

Low resolution spectra preclude further investigation, but if HeI λ7065 is com-

posed of two emission profiles, these two emission regions are at significantly

lower velocity when compared to the similar components in Hα. An increase in

the strength of HeI was also seen in the Type IIn SN 1996al and was interpreted as

a signature of strengthening CSM interaction (Benetti et al. 2016).

HeI λ6678 evolves in a similar manner to HeI λ7065, but shows a clear P-cygni

profile as early as −14 d with an absorption trough at ∼ −500 km s−1, similar to Hα.

After the seasonal gap HeI λ5876 is not clearly seen. At +345 d we measure a

Gaussian emission profile centered at 5897 Å with a FWHM ∼ 1800 km s−1. This is

likely dominated by Na I D with minor contamination from HeI λ5876. The FWHM

value for this line suggests that it is coming from the site of AT 2016jbu and not due

to host contamination.

We plot the evolution of the pseudo-Equivalent Width (pEW) (a pseudo-

continuum is fitted over a small wavelength window) of the two seemingly isolated

HeI λλ 6678, 7065 emission lines in Fig. 3.14. We note that there is little change

in pEW for the first ∼ 120 days. After the seasonal gap, both emission lines in-

crease dramatically in pEW, until ∼ +300 d after which the pEW declines. A similar

jump in HeI was seen in SN 1996al (Benetti et al. 2016). This decline coincides

with the narrowing and increase in amplitude of the blue, red, and core emission

components of Hα.

HeI emission is expected to be formed in the de-excitation/recombination region

of the shock wave (Chevalier & Kirshner 1978; Gillet & Fokin 2014). As mentioned

in Sect. 3.4.1, after ∼ 2 months, the blue shifted emission in Hα grows in amplitude

and narrows considerably, likely due to changing opacities. This jump in pEW may

represent a time when shocked material is no longer obscured and photons can

escape freely from the interaction sites. We reach a similar conclusion for HeI. If

the trend in both HeI lines is linked to the Hα emitting regions, then it is likely that

the late time HeI might also be double-peaked.
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Figure 3.14: Evolution of pEW for HeI λ 6678, λ 7065 and Hα components. The HeI
emission appears to be roughly constant until the knee/ankle stage when it increases
rapidly. After ∼ + 300 d the pEW of HeI again begins to decrease. The measurement
of pEW is based on a single emission component fit which provides a reasonable fit at
late times. HeI λ 6678 is not plotted for t < 220 d due to its low pEW and contamination
from Hα.

Fig. 3.2 shows a rebrightening/flattening after the seasonal gap. This is seen

best in Gaia-G. The trend seen in HeI λ 6678 and λ 7065 pEW may follow the

interaction of the shock front with some clumpy dense material far away from the

progenitor site. This would reflect a stratified CSM profile possibly produced by the

historic eruptions, or possibly a variable wind, in AT 2016jbu.

3.4.5 Forbidden Emission Lines A clear sign of a terminal explosion is forbid-

den emission lines from material formed during explosive nucleosynthesis/late-time

stellar evolution. All CCSNe will eventually cool down and diffuse sufficiently for

the photosphere to recede to the innermost layers of the explosion. We expect

to see the signatures of material synthesised in the explosion as well as mate-

rial produced in the late-stages of stellar evolution such as [OI] λλ 6300, 6364 or

MgI] λ 4571 (Jerkstrand 2017). Fig. 3.12 shows the late time spectra of AT 2016jbu

highlighting prominent emission lines. Tenuous detections are made of [OI] and
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MgI], although these lines are much weaker than are typically seen during the neb-

ular phase of CCSNe. Late time spectra show that there is on-going CSM interac-

tion for AT 2016jbu, as is clear for the double-peaked Hα emission. The spectra are

still relatively blue (i.e. Fig. 3.12, λ . 5600 Å) even after 1 year, again indicating

interaction in the CS environment.

It is a common conclusion for SN 2009ip-like transients that there are only ten-

uous signs of core-collapse (Fraser et al. 2013a; Benetti et al. 2016). Fraser et al.

(2013a) find no clear signs of any such material during the late time nebular phase

of SN 2009ip. SN 2009ip showed little indication of a nebular phase and in 2012

showed spectral features similar to its 2009 appearance. Benetti et al. (2016) finds

no evidence of nebular emission features in SN 1996al even after 15 yrs of obser-

vations. For AT 2016jbu one may posit that if the transient is indeed a CCSNe,

on-going interaction has led to densities too high for forbidden lines to form. Alter-

natively, fallback onto a compact remnant could result in an apparently small mass

of synthesized heavy elements, and hence an absence of nebular CCSN features.

We will expand further on the nature of AT 2016jbu and SN 2009ip-like transients,

their powering mechanism and the possibility that the progenitor survived, in Paper

II.

3.4.6 UV spectrum We present a single UV spectrum in Fig. 3.15 taken with

Swift+UVOT on 2017 January 22. The spectrum has quite low S/N towards the red

with a very tenuous detection of the Balmer series. It is likely that λ > 4000 Å is

affected by second order contamination. The continuum of AT 2016jbu deviates sig-

nificantly from a blackbody at short wavelengths (λ < 2400 Å) mainly due to blends

of lines of singly ionized iron-peak elements.

A broad (FWHM ∼ 5000 km s−1) emission line is the strongest feature seen. It is

centered at ∼ 2630 Å and is well fitted with a single Gaussian. We are unsure of the

identification of this emission line, however there is a strong FeII line at ∼ 2631 Å

(Kramida et al. 2020; Nave et al. 1994).

It is curious that there is a strong FeII line here and no other emission features

at comparable strength. Swift observations of SN 2009ip do show this emission

line but it is much weaker than that seen in AT 2016jbu (Margutti et al. 2014). This

particular emission line has been seen in several Type IIP SNe with UV coverage

such as SN 1999em and SN 2005cs (see Gal-Yam et al. 2008, and references

therein). However, the Type IIP SNe discussed by Gal-Yam et al. (2008) also show

strong emission from MgII λ 2800. AT 2016jbu shows a weaker P-cygni feature

113



2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

Wavelength [Å]
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Figure 3.15: Swift + UVOT spectrum for AT 2016jbu taken on 2017 January 22 (MJD:
57775, Phase: −18 d). Wavelength in given in rest frame and the spectrum is corrected
for Galactic extinction (AV = 0.556 mag). The spectrum is given in black with the grey
shaded region showing the uncertainty. The trough around 2000Å is likely noise that is
likely exacerbated by our extinction correction.

centered at 2800 Å with an absorption at ∼ −1200 km s−1 which is likely due to

MgII λ 2800. Detailed spectral modelling is needed to secure this line identification.

3.4.7 NIR spectra We present our NIR spectra in Fig. 3.16 covering the peak of

Event A as well as the rise and peak of Event B. Paβ λ 12822 follows the same

evolution as Hα, with a strong blue absorption profile that is not present in the

−31 d FIRE spectrum but which appears in the FLAMINGOS-2 −12 d spectra. At

this phase the blue absorption is already seen in Hα and Hβ. Paβ is also broader at

−31 d and narrows at −12 d, similar to the Hα evolution shown in Fig. 3.8 at −31 d

and +1 d.

There is a strong HeI λ10830 line blended with Paγ. At −31 d this line ap-

pears in absorption at rest wavelength, while by −12 d the line is in emission. This

helium feature may be thermally excited and this is supported by the blackbody

temperature seen peaking at this time (see Paper II). We see an absorption trough

bluewards of λ10830 which may be associated with Paγ λ 10941 (as a similar ab-

sorption is seen in Paβ). There appears to be a flux excess beyond 2.1 µm in the
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Figure 3.16: NIR spectra of AT 2016jbu, covering the peak of Event A as well as
the rise and peak of Event B . H and HeI are clearly seen in all spectra. The FIRE
spectrum (blue) has been smoothed for presentation and shows what appears to be an
excess redwards of 2.05µm. This excess is likely due to spectra being saturated by the
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FIRE spectrum at −31 d. This may represent emission from a CO bandhead, possi-

bly signifying some pre-existing dust during Event A. However, the S/N is extremely

low in this region of the spectrum (see the grey shaded region in Fig. 3.16), and it

is likely that the apparent “excess” is due to bright K-band sky contamination rather

than CO emission.

3.5 Discussion

We will discuss AT 2016jbu and their relation to SN 2009ip-like objects, mainly

their photometric similarities in Sect. 3.5.1.1 and their spectroscopic appearance in

Sect. 3.5.1.2, in particular the appearance of their Hα emission profiles is varies

times during their evolution (Sect. 3.5.1.3).

3.5.1 AT 2016jbu and other SN 2009ip-like transients For this paper we focus

the discussion on the photometric and spectral comparison between AT 2016jbu

and similar transients. In Paper II we discuss topics including the progenitor of

AT 2016jbu using pre-explosion images, the environment around the progenitor

and a non-terminal explosion scenario.

3.5.1.1 Photometric Comparison

We compare the R/r-band light curves of a sample of SN 2009ip-like transients

events in Fig. 3.17. In cases where r-band photometry was not available, Johnson-

Cousin R-band is shown. The adopted extinction and distance moduli are given in

Table 3.2. The photometric evolution for SN 2009ip-like transients is undoubtedly

similar. Our sample of transients all show a series of outbursts in the years prior

to Event A, as seen in Fig. 3.17. This has been described as historic “flickering”

by K18. AT 2016jbu shows several clear detections within ∼ 10 years before the

peak of Event B. Similar outbursts are seen in other SN 2009ip-like transients (see

Fig. 3.17).

The duration of Event A varies between each transient. For SN 2009ip, Event

A lasts for ∼ 1.5 months (Fraser et al. 2013a) and rises to ∼ −15 mag. LSQ13zm

shows a rise to ∼ −14.8 mag and has a time frame of a few weeks (Tartaglia et al.

2016b). All transients show a fast rise of ∼ 17 days to maximum in Event B to

∼ −18 ± 0.5 mag followed by a rapid/bumpy decay. Kiewe et al. (2012) found that a

magnitude of −18.4 is typical for Type IIn SNe. Using a larger sample size, Nyholm
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Figure 3.17: Pre-explosion outbursts and the main luminous event for the sample of
SN 2009ip-like transients. SN 2009ip (Sloan r) is taken from Fraser et al. (2013a);
Graham et al. (2014), SN 2015bh (R) from Thöne et al. (2017), SN 2016bdu (r) from
Pastorello et al. (2018), SN 2013gc (R) from Reguitti et al. (2019), SN 1996al (R) from
Benetti et al. (2016), SN 2018cnf (r) from Pastorello et al. (2019), and LSQ13zm (R)
is taken from Tartaglia et al. (2016b). All data given in Vega magnitudes (Blanton &
Roweis 2007). We do not show limiting magnitudes in this figure for clarity. All events
show an initial rise to a magnitude of ∼-14 (if coverage available) followed by a second
rise to ∼ −18 roughly 30 days later. Our sample of SN 2009ip-like transients all show
outbursts in the months/years prior to their luminous events.

et al. (2020) find a larger value for the mean value although Event B peak is still

within a standard deviation of this.

Curiously, several of the transients in our sample show their first initial bump

around the same time, approximately 20 days post maximum; see Fig. 3.18.

AT 2016jbu shows no major bumps in its light curve, but instead flattens slightly,

whereas SN 2009ip and SN 2018cnf show a clear and prominent bump at ∼ 20 d.

From ∼ 60 – 120 d, AT 2016jbu appears to follow the extrapolated decline of

SN 2009ip (see Fig. 3.18). However, when AT 2016jbu emerged from behind the

Sun at +200 d, it shows a large increase in magnitude in all bands. No other

SN 2009ip-like transient shows a comparable behaviour. At ∼ 200 d, AT 2016jbu

is almost 1 mag brighter than SN 2009ip. We see a change in HeI pEW (see

Sect. 3.4.4) which is not clearly seen in Hα at this time and may reflect enhanced
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Figure 3.18: Same as Fig. 3.17, but focusing Event A/B. All SN 2009ip-like transients
show a similar Event B (light curve), although Event A tends to be more diverse (if
observations are available). AT 2016jbu shows a major rebrightening after ∼ 200 d
days not seen in other SN 2009ip-like transients.

interaction with a complex CSM environment.

3.5.1.2 Spectroscopic Comparison

The spectra of SN 2009ip-like transients remain remarkably similar as they evolve.

Fig. 3.12 shows our sample of extinction corrected SN 2009ip-like transients at

several phases during their evolution. All objects initially appear similar to Type IIn

SNe, with TBB ∼ 10, 000 K and prominent narrow lines seen in the Balmer series.

In Fig. 3.19 we compare the appearance of SN 2009ip, AT 2016jbu,and

SN 2015bh around the time of their Event A maxima. We also include the ap-

parent pre-explosion outburst of SN 2015bh (Thöne et al. 2017) seen in 2013 (∼1.5

years before the possible SN). This spectrum of SN 2015bh shows a very narrow

Hα profile that is fitted well with a single P-Cygni profile, and is reminiscent of a

LBV in quiescence (Thöne et al. 2017). All four transients shows a blue continuum

with narrow emission features seen mainly in the Balmer series and Fe. Where

they differ is in the presence or absence of a broad component in Hα. SN 2009ip is

dominated by a ∼ 13000 km s−1 absorption feature and strong narrow emission line.
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Figure 3.19: Spectral comparison of SN 2009ip, AT 2016jbu,and SN 2015bh dur-
ing their respective A events. Also included is the spectrum of SN 2015bh during an
apparent LBV outburst in 2013 (Thöne et al. 2017). The inset shows a close up of
Hα, normalised to the emission peak to highlight the velocity structure on SN 2009ip.
SN 2015bh has been shifted bluewards by 2 Å to match the other Hα lines. AT 2016jbu
and SN 2015bh have been smoothed with a Gaussian kernel for clarity.

AT 2016jbu shows a broader emission component (FWHM ∼ 2600 km s−1) with a

P-cygni absorption feature at ∼ − 700 km s−1. Similarly SN 2015bh shows a broad

emission profile like AT 2016jbu and also lacks any broad absorption at this time.

Although these transients evolve similarly (see below), our earliest Event A spectra

suggest that the explosion mechanism for these transients may be quite diverse.

This argument is strengthened by the variety among Event A light curves (inset in

Fig. 3.18). It is a puzzle why these transients appear to evolve similarly during and

after Event B but show such diversity during Event A. In particular, the presence
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of fast material during Event A of SN 2009ip was suggested to be evidence that

the progenitor has undergone core-collapse (Mauerhan et al. 2013a). If this is true,

then the absence of high velocity features in the other transients must be explained

by different CSM configuration or viewing angle effects. If geometry is a strong

contributor to the appearance of these transients, then one can not ignore the pos-

sibility that Event A for each transient is a result of a similar explosion mechanism

e.g. a low luminosity Type II SN (Elias-Rosa et al. 2016; Mauerhan et al. 2013a;

Margutti et al. 2014).

3.5.1.3 Hα comparison

We show a zoom in on Hα in Fig. 3.20, where the spectra are plotted in order of

“double-peaked”-ness i.e according to the level of double-peaked nature of the Hα

line profile. We arbitrarily define double-peaked-ness as the strength and separa-

tion between the two emission peaks (if any) seen in Hα. All objects also appear

to show an additional high velocity blue absorption in their Balmer lines (panel B

of Fig. 3.20)13. At intermediate times, ∼ 3 months after maximum, all transients

(excluding SN 2009ip) show clear evidence of strong multi-component profiles.

AT 2016jbu shows the strongest appearance of a double-peaked profile, whereas

SN 2009ip show the least, with weak evidence of some blue excess.

After ∼ 10 months, all transients show multi-component profiles in Hα. Each

transient displays different velocity and FWHM values for their red and blue compo-

nents. For SN 2009ip, Fraser et al. (2015) notes a red component at +500 km s−1

at late times, this shoulder is also seen in Hβ. We measure the same component at

+625 km s−1 while fitting for an additional blue component at −510 km s−1. Our fit is

illustrated in Fig. 3.21. In the case of SN 2009ip, this red shoulder only appeared at

∼ 5.5 months after maximum light, whereas there is evidence of this red shoulder

as early as a week after maximum for AT 2016jbu. This is likely due to geometric

inclination effects along the line-of-sight, with SN 2009ip being the most edge on

and AT 2016jbu being the more face on. Ejecta-disk models by Kurfürst et al. (2020)

show this profile shape versus line-of-sight effect.

We include a close up of the Hα profile of η Car in Fig. 3.20, based on

VLT+MUSE observations taken on 2014 Nov. 13. This spectrum was extracted

from spaxels with a 14′′ radius of η Car after masking nearby stars. η Car displays

13The spectroscopic data for SN 1996al only begins at 22 days past Event B, when we can already see
the emergence of a broad blue component.
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Figure 3.20: Hα spectral comparison between SN 2009ip-like transients. Spectra are
plotted after normalising with respect to the peak of Hα, with arbitrary flux offsets
for clarity. Spectra were de-reddened using the parameters given in Table. 3.2. Early
time spectra show a Type IIn SNe-like profile with narrow emission. while spectra ∼ 3
months later show the emergence of a blue and red shoulder in each profile. At late
times, Hα forms a double-peaked emission profile, aside from in the case of SN 2009ip
(although here there is still evidence for a red shoulder component). The difference in
line shape is most likely due to inclination, an idea we elaborate on in Sect. 3.5. We
also show the spectrum of η Car (at ∼ +150 yr)

a multi-peaked Hα profile similar to what we see in our SN 2009ip-like transients

events, albeit at a lower velocity. A similarly shaped profile is also seen in spectra

obtained from light echoes of the Great Eruption (GE) (Smith et al. 2018). This re-

semblance raises the tantalising possibility that η Car and SN 2009ip-like transients

share similar progenitors or progenitor systems.

To date, it is still uncertain what caused the GE in η Car, although commonly

discussed scenarios include a major eruption triggered by a merging event in a
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Figure 3.21: Spectral decomposition of the Hα profile for SN 2009ip at +335 d. Spec-
tra from the DEep Imaging Multi-Object Spectrograph (DEIMOS; Faber et al. 2003),
was fitted as mentioned in Fig. 3.8. A three-component model reproduces the observed
Hα profile at late times.

triple stellar system (Smith et al. 2018), mass transfer from a secondary star during

periastron passages (Kashi & 2010) or even a pulsational pair-instability explosion

(Woosley et al. 2007b).

Despite the asymmetric Hα emission lines, curiously no other lines show such

asymmetry, in particular HeI. However, we cannot exclude that this is simply due to

lower S/N in these other lines, or that their lower velocities mean that any signs of

asymmetry are masked by our moderate instrumental resolution.

3.6 Conclusion

In this paper, we have presented the results of our follow-up campaign for

AT 2016jbu consisting of high cadence photometry up to ∼ 1.5 years after maxi-

mum light, together with spectra spanning −31 to +420 days covering the UV, op-

tical and NIR. We also present historical observations over the preceding decade

from ground based observations.

In summary, the salient points of this work are:

• AT 2016jbu displays variability in the years prior to maximum light, with out-
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bursts reaching Mr ∼ −11.5 mag, and a double-peaked light curve. The first

peak reaches Mr ∼ −13.5 mag and the second reaches a SN-like magnitude

of Mr ∼ −18.26 mag, with both peaks separated by ∼ 1 month.

• AT 2016jbu shows a smooth light curve with a major re-brightening event oc-

curring after the seasonal gap (∼ 200 days). An increase in HeI emission is

seen during this time, which may be a sign of increased interaction.

• AT 2016jbu appears spectroscopically and photometrically alike to SN 2009ip,

SN 2015bh, SN 2016bdu, SN 1996al, SN 2013gc and SN 2018cnf. However,

the increase in brightness at ∼ +200 d is unique to AT 2016jbu with respect to

our sample of SN 2009ip-like transients. The color evolution is similar amongst

all SN 2009ip-like transients. Color changes can be linked with the appearance

of the red and blue emission components seen in Hα.

• The Hα profiles of each transient show an apparent continuum of asymmetry

and we deduce that this may be caused by an geometric inclination effect.

• AT 2016jbu and other SN 2009ip-like transients do not exhibit signs of explosive

nucleosynthesis at late times such as [OI] λλ 6300, 6364 or MgI] λ 4571. On-

going CSM interaction may be inhibiting these features and/or obscuring their

emitting regions.

AT 2016jbu and the SN 2009ip-like transients are peculiar objects. If they are

indeed SNe then their progenitors undergo an unusual and poorly-understood se-

ries of eruptions in the years prior to core-collapse. If these events are non-terminal

and the progenitor star will be revealed in the future, it begs the question what sort

of mechanism can produce such an energetic explosion.

In Paper II we continue the discussion of AT 2016jbu and SN 2009ip-like tran-

sients using the data presented here, focusing on the local environment, the pro-

genitor and modelling of the light-curve.
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Table 3.2: Properties of SN 2009ip-like transient events. Values reported are used
consistently throughout this work. The time of peak is with respect to the Event B
maximum. Where quoted, 56Ni masses are upper limits.
Transient z AV

[mag] 1
µ [mag] Peak

(MJD) 2

56Ni [M�] Reference

AT 2016jbu 0.00489 0.556 31.60 57784 ≤0.016 This paper; Paper
II; Cartier et al.
(2017)

SN 2009ip 0.00572 0.054 31.55 56203 ≤0.020 Fraser et al.
(2013a); Pa-
storello et al.
(2013)

SN 2013gc 0.00340 1.253 30.46 56544 ≤0.004 Reguitti et al.
(2019)

SN 2015bh 0.00644 0.062 32.40 57166 ≤0.003 Thöne et al.
(2017); Elias-
Rosa et al. (2016)

SN 2016bdu 0.0173 0.041 34.37 57541 - Pastorello et al.
(2018)

LSQ13zm 0.029 0.052 35.43 56406 - Tartaglia et al.
(2016b)

SN 1996al 0.0065 0.032 31.80 50265 - Benetti et al.
(2016)

SN 2018cnf 0.02376 0.118 34.99 58293 - Pastorello et al.
(2019)

1 Galactic Extinction only. If AV not mentioned in reference, we take values from NED.
2 With respect to Event B maximum light in V-band.
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Chapter 4

Progenitor, environment, and modelling of the in-

teracting transient AT 2016jbu (Gaia16cfr)

“Simplicity is a difficult thing to achieve.”

- Charles Chaplin
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The following Chapter is given as presented in MNRAS, 513, 5666. Additional

text not included in the published version of records in indicated in italics. Fig-

ures have been adjusted for correct formatting. Several parts of this chapter

were completed by co-authors. These include:

• HST WFC UVIS/IR photometry was performed by M.Fraser.

• Figure. 4.1, 4.3, and 4.4 were produced by M.Fraser.

• HST photometry for sources in Figure. 4.7 was performed by M.Fraser.

• Figures 4.8 and 4.13, and analysis using AgeWizard, was done by H.

Stevance.

• Progenitor analysis using the BPASS code in Section 4.7.1 was done

by H. Stevance.

• SNEC modelling in Figure. 4.15 was performed by J. Eldridge.

4.1 Introduction

This is the second of two papers on the interacting transient AT 2016jbu (Gaia16cfr).

We report photometric and spectroscopic observations in Brennan et al. (2021a)

(hereafter Paper I) and present an in-depth comparison of AT 2016jbu and

SN 2009ip-like transients which include SN 2009ip (Fraser et al. 2013a; Graham

et al. 2014), SN 2015bh (Elias-Rosa et al. 2016; Thöne et al. 2017), LSQ13zm

(Tartaglia et al. 2016b), SN 2013gc (Reguitti et al. 2019) and SN 2016bdu Pastorello

et al. (2018). The work presented here will focus on the progenitor candidate, its

environment as well as modelling and interpretation of the spectral and photometric

evolution.

AT 2016jbu shows a smooth evolution of the Hα emission profile, changing from

a P Cygni profile, typically seen in Type II supernova (SN) spectra which show

strong, singular peaked, hydrogen emission lines (Kiewe et al. 2012; Taddia et al.

2015), to a double-peaked emission profile which persists until late times, indicat-

ing complex, H-rich, circumstellar material (CSM). AT 2016jbu and SN 2009ip-like

objects show strong similarities in late time spectra with strong Ca II, He I and H

emission lines as well as a lack of any emission from explosively nucleosynthe-
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sised material such as [O i] λλ 6300, 6364 or Mg I] λ4571. No clear nebular phase is

seen even after ∼ 1.5 years after explosion in AT 2016jbu, and on-going interaction

with CSM at late times may be hiding a nebular phase and/or inner material from

the progenitor.

The nature of SN 2009ip-like transients is much more contentious. On one hand,

there is evidence that these are genuine core-collapse supernovae (CCSNe), the

progenitor was destroyed and the transient will fade after CSM interaction finishes

(Pastorello et al. 2013; Smith & Tombleson 2015; Pastorello et al. 2019; Graham

et al. 2014; Smith & Mauerhan 2012). On the other hand, some suggest these may

be non-terminal events (Fraser et al. 2013a; Margutti et al. 2014; Fraser et al. 2015;

Graham et al. 2017), and SN 2009ip-like events are a result of either pulsational-

pair instabilities (Woosley et al. 2007b; Marchant et al. 2019), binary interaction

(Kashi et al. 2013; Pastorello et al. 2019), merging of massive stars (Soker & Kashi

2013) or instabilities associated with rapid rotation close to the ΩΓ-limit (Maeder &

Meynet 2000).

As a follow-up to Paper I we continue the discussion on AT 2016jbu, focusing on

the progenitor and its local environment, as well as examining the controversial topic

of the powering mechanism behind SN 2009ip-like events. We note that some of

these topics have been discussed before by Kilpatrick et al. 2018 (hereafter referred

to as K18), and we refer to this work throughout. For consistency with Paper I, and

to compare to previous work by K18, we take the distance modulus for NGC 2442 to

be 31.60 ± 0.06 mag. This corresponds to a distance of 20.9 ± 0.58 Mpc and adopt

a redshift z=0.00489 from the H I Parkes All Sky Survey (HIPASS) (Wong et al.

2006). The foreground extinction towards NGC 2442 is taken to be AV = 0.556 mag

(Schlafly & Finkbeiner 2011) via the NASA Extragalactic Database (NED;1). We

correct for foreground extinction using RV = 3.1 and the extinction law given by

Cardelli et al. 1989. We do not correct for any host galaxy or circumstellar extinction,

however note that the blue colours seen in the spectra of AT 2016jbu do not point

towards significant reddening by additional dust (further discussed in Sect. 4.4.2

and Sect. 4.2). We take the V-band maximum at Event B (as determined through a

polynomial fit) as our reference epoch (MJD 57784.4±0.5; 2017 Jan 30). Significant

light curve features will use the same naming convention as in Paper I for specific

points in the light curve; Rise, Decline, Plateau, Knee, Ankle.

In Sect. 4.5 we investigate the CSM environment around AT 2016jbu and us-

ing photometry presented in Paper I reconstruct the bolometric evolution of Event A

and Event B up until the seasonal gap (+140 days), which we discuss in Sect. 4.5.1.

1https://ned.ipac.caltech.edu/
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The progenitor of AT 2016jbu is discussed in Sect. 4.2 using pre-explosion as well

as late time imaging from the Hubble Space Telescope (HST). This presence of pre-

existing dust is discussed in AT 2016jbu using SED fitting as well as dustymodelling

in Sect. 4.3. Using HST and Very Large Telescope (VLT) + Multi Unit Spectroscopic

Explorer (MUSE) observations, we investigate the surrounding stellar population

and environment in Sect. 4.4. The powering mechanism behind AT 2016jbu is

discussed in Sect. 4.6. In Sect. 4.7.1, the most likely progenitor for AT 2016jbu

is examined. AT 2016jbu and most SN 2009ip-like transients display a high de-

gree of asymmetry, most likely due to a complex CSM environment, and this is

expanded upon in Sect. 4.7.2. Finally, we will address the explosion scenario for

AT 2016jbu and perhaps other SN 2009ip-like transients, focusing on a CCSN sce-

nario in Sect. 4.7.4, and an explosion in a binary system in Sect. 4.7.5.

4.2 The progenitor of AT 2016jbu

The progenitor of AT 2016jbu was discussed by K18, who suggest that it was con-

sistent with an F8 type star of ∼18 M� from an optical SED fit, although circumstellar

extinction places this as a lower bound.

There is a wealth of pre-explosion images of NGC 2442 and in this section we

explore this data to identify and characterise the progenitor of AT 2016jbu. Here we

are specifically concerned with the quiescent (or apparently quiescent) progenitor

which can only be identified in deep, high resolution data.

4.2.1 Hubble Space Telescope imaging of the progenitor NGC 2442 was ob-

served with the Hubble Space Telescope (HST) on a number of occasions both

prior to and after the discovery of AT 2016jbu using the Advanced Camera for Sur-

veys (ACS) and both the UV-Visible and IR channels of the Wide Field Camera

3 (WFC3/UVIS and WFC3/IR). We retrieved all images where the image footprint

covered the site of AT 2016jbu from the Mikulski Archive for Space Telescopes

(MAST2), these data are listed in Table. 4.1. In all cases, science-ready reduced

images were downloaded. With the exception of the late-time ACS images taken

in 2019, all analysis was performed on frames that have been already corrected for

charge transfer efficiency losses at the pixel level (i.e. drc/flc files). For the 2019

ACS images corrections for charge transfer efficiency were applied to the measured

photometry.

2mastweb.stsci.edu/
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Table 4.1: Observational log for all HST images covering the site of AT 2016jbu. Mea-
sured photometry (in the Vega-mag system) for AT 2016jbu is also reported. Phase is
in rest frame days relative to Event B maximum light (MJD 57784.4)

Date Phase (d) Instrument Filter Exposure (s) Mag (err)
2006-10-20 −3736.0 ACS/WFC F435W 4×395 24.999 (0.037)

- - - F658N 3×450 21.207 (0.024)
- - - F814W 3×400 23.447 (0.019)

2016-01-21 −373.1 WFC3/UVIS F350LP 1×420 23.625 (0.017)
- - WFC3/IR F160W 2×503 20.726 (0.003)

2016-01-31 −362.9 WFC3/UVIS F350LP 2×420 22.215 (0.026)
- - - F555W 2×488 22.645 (0.002)

2016-02-08 −354.4 WFC3/UVIS F350LP 3×420 22.134 (0.001)
- - WFC3/IR F160W 2×503 19.570 (0.005)

2016-02-17 −345.5 WFC3/UVIS F350LP 3×420 23.108 (0.012)
- - - F814W 2×488 22.287 (0.003)

2016-02-23 −339.9 WFC3/UVIS F350LP 3×420 23.212 (0.022)
2016-02-28 −334.8 WFC3/UVIS F350LP 1×420 23.985 (0.022)

- - - F555W 2×488 24.399 (0.004)
2016-03-04 −330.4 WFC3/UVIS F350LP 3×420 22.729 (0.022)

- - WFC3/IR F160W 2×503 20.224 (0.011)
2016-03-10 −323.8 WFC3/UVIS F350LP 3×420 22.690 (0.037)

- - - F814W 2×488 21.967 (0.022)
2016-03-15 −318.8 WFC3/UVIS F350LP 3×420 22.868 (0.016)

- - WFC3/IR F160W 2×503 20.323 (0.014)
2016-03-21 −313.1 WFC3/UVIS F350LP 3×420 23.400 (0.013)

- - - F555W 2×488 23.962 (0.012)
2016-03-30 −304.2 WFC3/UVIS F350LP 3×420 23.775 (0.006)

- - WFC3/IR F160W 2×503 21.301 (0.020)
2016-04-09 −293.7 WFC3/UVIS F350LP 3×420 23.767 (0.006)

- - - F814W 1×488 23.079 (0.035)
2019-03-21 +776.7 WFC3/UVIS1 F555W 320,390 23.882 (0.025)

- - - F814W 2×390 23.239 (0.032)
2019-03-31 +787.0 ACS/WFC F814W 4×614 23.529 (0.014)

In order to locate a progenitor candidate for AT 2016jbu, we aligned the F814W-

filter image taken in 2017, when the transient was bright, to the ACS+F814W im-

age from 2006, approximately ten years prior to discovery. Using 20 point sources

common to both frames and within 20′′ of AT 2016jbu, we derive a transforma-

tion between the pixel coordinates with an root mean square (rms) scatter of only

12 milliarcseconds (pixel scale ∼ 0.05′′/pixel). A bright source is clearly visible at the

position, and we identify this as the progenitor candidate. The progenitor candidate

is shown in Fig. 4.1, and is the same source as was identified by K18.

We performed Point Spread Photometry (PSF) fitting on all HST images us-
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N

E

Figure 4.1: 2′′ ×2′′ cutouts of all HST images centered on the progenitor candidate for
AT 2016jbu. Columns are ordered in wavelength from left to right.

ing the November 2019 release of the dolphot package (Dolphin 2000), with the

instrument-specific ACS and WFC3 modules. In all cases, we performed photom-

etry following the instrument-specific recommendations of the dolphot handbook3

regarding choice of aperture size. The WFC3 images were taken at two distinct

pointings, and each set were analysed separately, otherwise each contiguous set

of imaging with a particular instrument were photometered together, using a single

deep drizzled image as a reference frame for source detection. Examination of the

residual images after fitting and subtracting a PSF to sources in the field revealed

no systematic residuals, indicating satisfactory fits in all cases. We show the HST

photometry for AT 2016jbu in Fig. 4.2.

We find that the photometry reported by K18 is fainter than what we measure,

with a difference of ∼ 0.5 mag in F350LP. We compared our measured F350LP

magnitudes and those of K18 to the values reported in the Hubble Source Catalog

(HSC; Whitmore et al. 2016). As the magnitudes reported in the HSC are in the

AB mag system, we applied the conversion from AB to Vega mag before comparing

to our photometry. The HSC F350LP magnitudes are consistent with what we

report here, and we also see the same variability for the progenitor candidate. The

3http://americano.dolphinsim.com/dolphot/dolphot.pdf
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Figure 4.2: Foreground extinction corrected HST light curves of AT 2016jbu and its
progenitor are shown in the top panel. We also include a DECam r-band detection at
−352 d as a red filled circles with error bars. Error bars for HST measurements are
smaller than the point sizes. The horizontal line is to guide the eye in comparing the
late time (∼ +2 year) and pre-outburst (∼ −10 year) F814W magnitudes. We also plot
the F350LP and F160W light curves with a line to help guide the eye. Colour curves,
corrected for foreground reddening, are shown in the bottom panel. Colours as offset
for legibility by the amounts stated in the legend.

cause of the difference between our photometry and that of K18 hence remains

unknown.

We note that the broad-band photometry from HST is more than likely affected

by the strong emission in Hα. In Fig. 4.3 we show the throughput of the HST filters

compared to a late-phase spectrum of AT 2016jbu. The long-pass F350LP filter

will contain flux from Hα. Fortuitously, Hα falls in the low-throughput red wing of

the F555W filter, where it will have negligible effect. To verify this, we used synphot

(STScI Development Team 2013) to perform synthetic F555W -filter photometry on

the +271 d spectrum of AT 2016jbu, and on the same spectrum where Hα has

been excised. The latter returns a magnitude that is only 0.05 mag fainter than the
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Figure 4.3: HST filters used for pre-explosion light curve, compared to the +271 d
spectrum. Only F350LP covers the strong Hα emission seen at this epoch.

former, and so the F555W filter is not significantly affected by line emission.

The progenitor is relatively red, bright, and shows significant variability over

timescales of ∼weeks. Correcting for foreground extinction, in 2006 the progenitor

candidate had an absolute magnitude in F814W = −8.46 ± 0.06 and an F435W −

F814W colour of 1.13±0.04 mag. This colour is consistent with a yellow hyper-giant

(YHG), and corresponds to a blackbody temperature of 6500 K (Drilling & Landolt

2000).

However, the narrow-band F658N magnitude, which covers Hα, is much

brighter than would be expected. This indicates that even ten years before the

eruption or explosion of AT 2016jbu its progenitor was characterised by strong Hα

emission.

In early 2016, between seven and ten months prior to the start of Event A ,

NGC 2442 was observed repeatedly with WFC3 in F350LP, F555W, F814W and

F160W. This dataset gives us a unique insight into the variability of the quiescent

progenitor prior to explosion. We see that even in quiescence (arbitrarily defined as

when the progenitor is fainter than mag∼-10), the progenitor displays strong vari-

ability. In particular in the best-sampled F350LP light curve, the progenitor varies in
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brightness by 1.9 mag in only 20 days. As discussed by K18, such rapid variability

is hard to explain (although there is some similarity to the fast variability seen in the

pre-explosion light curve of SN 2009ip; Pastorello et al. 2013). While it is impossible

to know if the variability is periodic on the basis of the short time coverage available

for AT 2016jbu, if it is periodic then the apparent period is around 45 days (found

via a low order polynomial fit to the F350LP light curve).

The variability seen in F350LP in early 2016 is also seen in other bands, which

appear to track the same overall pattern of brightening and fading. Fig. 4.2 shows

the colour evolution of F350LP-F555W, F350LP-F814W, F350LP-F160W. In all

cases (with the exception of the earliest F350LP-F160W colour, which is likely

due to a spurious F350LP magnitude) we see a relatively minor colour change

over three months. In fact, it is possible that the apparent small shift towards bluer

colours is simply due to Hα growing stronger, which would cause the F350LP mag-

nitude to appear brighter, rather than any change in the continuum temperature.

At late times the progenitor candidate for AT 2016jbu is still present. In 2019,

over two years since the epoch of maximum light, a source is found at approximately

the same F814W magnitude as was seen in 2006. It is unlikely that this source is a

compact cluster, as the pre-explosion photometric variability can only be explained

if a single star is contributing most of the flux. Moreover, we compared the 2006

F814W and 2019 F814W images, and find that the position of the source is consis-

tent to within 17 mas between the two epochs. This implies that the same source is

likely dominating the emission at both epochs, and if there is an underlying cluster

it must be much fainter than the progenitor source.

4.2.2 Physical properties of the progenitor In order to determine the luminosity

and effective temperature of the progenitor of AT 2016jbu, we consider the WFC3

photometry taken in early 2016. As a first step, we normalize out the variability seen

over this period so that we can build an SED from photometry taken in different fil-

ters at different epochs. To do this, we fit a linear function to the colour curves of

our HST observations. We disregard the first epoch for the F350LP−F160W colour

(which is significantly redder than the other epochs); this measurement is unre-

liable as the progenitor was affected by bad pixels in two of the three individual

exposures. We then use the fitted functions to interpolate or extrapolate the magni-

tude of AT 2016jbu in F555W, F814W or F160W as necessary. Finally, we shift the

SEDs up or down in magnitude so that they all have the same F814W magnitude as

the 2006 value. The resulting normalised progenitor SEDs can be seen in Fig. 4.4.
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Figure 4.4: HST SEDs for AT 2016jbu based on the early 2016 WFC3 imaging are
shown in black. All SEDs have been shifted so that their F814W magnitudes match,
as discussed in the text. The F350LP filter magnitudes have not been included in the
SED as they are strongly affected by Hα emission. We also plot a number of SEDs
derived from MARCS models. In the lower panel we show the 15 M� MARCS models
appropriate to cool red supergiants. As this model grid does not extend above 4500 K,
we also plot a set of 5 M� models with slightly higher log(g) in the upper panel. All
models have been shifted so that they match the F814W filter magnitude of the progen-
itor, and we can see that while the cooler models can match the NIR part of the SED,
hotter temperatures are required to match the optical.
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In order to determine a progenitor temperature from the observed SED, we com-

pare to MARCS stellar atmosphere models (Gustafsson et al. 2008). We used the

pysynphot package to perform synthetic photometry on the surface fluxes of the

models and hence calculate their magnitude in each of the F555W, F814W, and

F160W filters. We shifted each model so that it matches the 2006 MW extinc-

tion corrected F814W absolute magnitude of the progenitor. In the lower panel of

Fig. 4.4 we compare to the spherically-symmetric MARCS models for 15M� red

supergiants (RSGs; log(g)=0) at solar metallicity. While we can see that the models

provide a reasonable agreement, it is clear that the warmest model (at 4500 K) is

still too red to match the F555-F814W colour of the progenitor, implying that the

progenitor is hotter than this. Conversely, the 4000 K model provides a good match

to the F814W-F160W colours of the progenitor. As the 15 M� super-giant models

cover a relatively small temperature range, we also explored the 5 M� spherically

symmetric MARCS models at log(g)=1.0 which span a broader range (upper panel

in Fig. 4.4). We find that a 5000 K model can reproduce the optical colours of the

progenitor, while the NIR is better matched with a cooler 4000 K model.

While AT 2016jbu does not appear to suffer from high levels of circumstellar

extinction around maximum light, we cannot exclude the possibility that the progen-

itor colours are caused by close-in CSM dust that was subsequently destroyed. To

explore this possibility, we used the dusty (Ivezic & Elitzur 1997) code to calculate

observed SEDs for a grid of progenitor models allowing for different levels of CSM

dust. dusty solves for radiation transport within a dusty medium.

Since a dust-enshrouded progenitor could be hotter than the range of tempera-

tures covered by the MARCS model grid, we used the PHOENIX models4 (Husser

et al. 2013) as our input spectra. The PHOENIX models cover the temperature

range from 6000–12000 K in 200 K increments, and have log(g) between 1 and 2

dex. MARCS models covering a temperature range from 2600–7000 K in 100 K

increments and log(g) between 1 and 2 dex were also tested as input to dusty.

These models were then processed by dusty, assuming spherically symmetric dust

comprised of 50 per cent silicates and 50 per cent amorphous carbon. The dust

density followed a r−2 distribution, with a radial extent varying between 1.5 and 20

times the inner radius of the dust shell. The dust mass is parameterized in terms

of the optical depth in V-band, τV , which varied between 0 and 5. We expect the

dust temperature to be relatively hot (Foley et al. 2011; Smith et al. 2013). We

vary the dust temperature at the inner dust boundary between 1250-2250 K. For

each temperature and dust combination, we calculated synthetic F555W − F814W

4http://phoenix.astro.physik.uni-goettingen.de
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and F814W −F160W colours, and compared to the foreground extinction corrected

colours of the AT 2016jbu progenitor. In Fig. 4.5 we plot all models that have colours

within 0.1 mag of the progenitor.
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Figure 4.5: Hertzsprung–Russell (HR) diagram showing single star evolutionary
tracks from BPASS (Eldridge et al. 2017; Stanway & Eldridge 2018). We include
SN 2009ip at log(L/L�) = 5.9 and log(Te f f ) = 3.92 (Smith et al. 2010b; Foley et al.
2011), as well as SN 2015bh (Boian & Groh 2018), IRC+10420 (Klochkova et al.
2016), and UGC2773-OT (Smith et al. 2016b). η Car is plotted (red triangles) at several
phases given in parentheses (Prieto et al. 2014). We include the progenitor estimates for
AT 2016jbu from K18, in both the “low” and “high” states as green stars . We highlight
the Yellow-Void between 7000 K and 10000 K (de Jager 1998) and include the out-
put of our dusty modelling for AT 2016jbu using PHOENIX models (multi-coloured
triangles) and MARCS models (multi-coloured squares). The colour of each point cor-
responds to its optical depth (τν) which is provided on the colour bar on the right. We
include an inset of the region around the progenitor in the top left of the plot.

We find that we are able to match the progenitor colours with models with tem-

peratures of between 103.7 and 103.9 K, for a circumstellar dust shell with optical

depth τV between 0.7 and 1.5, and a dust temperature between 1500-2000K, in

agreement what was seen in the environment of SN 2009ip (Smith et al. 2013), as

well as the SN Imposter, UGC2773-OT (Foley et al. 2011). Additionally we find little

influence of the radial extent of the dust on matching models.

We calculated a luminosity for each of these models by integrating over its spec-

trum, and find that the progenitor had a luminosity log(L) between 5.1 and 5.3 dex
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(depending on temperature and extinction). Comparing to the BPASS single star

evolutionary tracks at Solar metallicity in Fig. 4.5, we find that these correspond to

approximately the luminosity of a 22–25 M� star as it crosses the HR diagram to be-

come a RSG. We plot the DUSTY models that match our progenitor measurements

in Fig.4.5.

4.3 Evidence for Dust

We present a SED model fitted to our −11 day dataset in Fig. 4.6. We fit at this

phase as it has the broadest wavelength coverage without the need for interpola-

tion. We fit two blackbody models to the photometric points; one representing a

hot photosphere, and the second fitted to the IR excess seen in H, K, W1, and

W2. A single blackbody does not fit observations seen at −11 d before maximum.

Allowing for a second cooler blackbody at a larger radius gives a model that fits

the data well. This additional blackbody is consistent with warm dusty material at

a distance of 170 AU and TBB ∼1700 K. This material provides an additional lumi-

nosity of 2.7 × 107 L�. The hot blackbody has a radius of 36 AU, a temperature

of TBB ∼ 12000 K, and has an integrated luminosity of 1.3 × 108 L� and repre-

sents RBB at this time. We find the second, cooler blackbody gives a dust mass

of Mdust ≈ 2.27 × 10−6 M� (Using Eq. 1 from Foley et al. 2011). In comparison,

Smith et al. (2014) finds a lower dust mass of (3 − 6) × 10−7 M� for SN 2009ip with

a similar temperature. Additionally we note a similarity to the SED for SN 2009ip

presented in Margutti et al. (2014). Smith (2010) alos finds hot 1400–1700 K dust

around η Car which is correlation with the near and after periastron passage of the

binary companion. We can compute the radius within which any dust will be evap-

orated/vaporised at the phase of our SED fitting. The radius of this dust-free cavity

is given by:

Rc =

√
LS N

16 π σ T 4
evap 〈Q〉

(4.1)

where Rc is the cavity radius, LS N is the luminosity of the transient, taken to be

1.3 × 108 L�, σ is the Stefan-Boltzmann constant and 〈 Q 〉 is the averaged value

of the dust emissivity. Assuming radiation is absorbed with efficiency ∼unity by the

dust, we find a cavity radius of ∼ 245 AU for graphite grains (Tevap = 1900 K) and

∼ 400 AU for silicate grains (Tevap = 1500 K) (Fox et al. 2010). Both values are

significantly larger than what we find from our warm blackbody radius (∼ 170 AU).

A dust destruction radius larger than the blackbody radius of our putative warm dust

component appears at first glance to be inconsistent. To ameliorate this we suggest

that the dust may not be homogeneously distributed, and could be in either optically
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Figure 4.6: SED fit of AT 2016jbu at -11 days before Event B maximum. Extinction
corrected photometry are grouped to 1 day bins and weighted averaged. Flux errors are
given as standard deviation of bins. Horizontal error bars represent approximate filter
band-pass. Hot blackbody is given in blue, the cooler blackbody in red, and the black
line is compound model. We also include the expected flux from free-free emission
(S ν ∝ ν

2/3) as the orange dashed line (Wright & Barlow 1975). We note a similarity
the SED for SN 2009ip presented in Margutti et al. (2014).

clumps or an aspherical region that provides some shielding from evaporation.

For AT 2016jbu, the IR excess may be caused by thermal radiation of pre-

existing dust in the CSM re-heated by an eruption at the beginning of Event B,

i.e. an IR echo. Over time, we expect that the dust is further heated and destroyed

during the rise to Event B maximum. We find that by maximum brightness that

this additional blackbody component is no longer needed, suggesting that the dust

causing this NIR excess has been evaporated. As discussed in Paper I, as well

as K18, there are Spitzer+IRAC observations of the progenitor site of AT 2016jbu,

which show tentative detections in 2003 and 2018. Using 2003 Spitzer/IRAC and

2016 HST/F160W observations, K18 find fits consistent with a compact dusty CSM

component with mass Mdust ≈ 7.7 × 10−7 M� at 72 AU. This may represent a dusty

shell that is later seen as our 170 AU warm blackbody. However, due to the time
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frame between Spitzer/HST observations there are large uncertainties on dust pa-

rameters from K18. Fitting Spitzer data only gives a slightly higher Mdust value of

∼ 10−6 M� at 120 AU. Due to the erratic variability seen in AT 2016jbu it is uncertain

as to whether these dust shells are the same, as AT 2016jbu may have a stratified

CSM environment resulting from successive outbursts.

We note the relatively high expected dust temperature and investigate the possibility

that this IR excess is due to free-free emission from ionised gas in the stellar wind of

AT 2016jbu (Wright & Barlow 1975; Daley-Yates et al. 2016). We find an IR free-

free power law spectrum (S ν ∝ ν
2/3; Wright & Barlow 1975) can provide reasonable

matches to the photometric IR excess for AT 2016jbu (given as the orange line given in

Fig. 4.6).

This excess is no longer detected around peak brightness, and the blackbody is

consistent with a single blackbody. If this excess is caused by free-free emission from

ionised material, the disappearance may be associated with this material being swept

up by the faster moving ejecta. If caused by dust, the disappearance of this excess

around a peak brightness is consistent with the destruction of the rapidly heated dust.

Without IR spectra it is difficult to distinguish between these two scenarios. How-

ever comparing to SN 2009ip, Margutti et al. (2014) and Smith et al. (2014) conclude

dust being the likely cause of this excess, with the latter finding free-free emission is

inconsistent with the early appearance of SN 2009ip.

Although there is possible evidence for pre-existing dust, we do not see any

signature for newly formed dust in the environment around AT 2016jbu (Meikle et al.

2007; Smith 2008; Smith et al. 2011). We see no NIR excess in late time J and K

bands in late time photometry nor an IR excess evident in spectra. Furthermore,

there is no blue-shift in the core emission component in Hα (Paper I), which is

another indicator of newly formed dust.

4.4 The environment of AT 2016jbu

Along with direct detections of progenitors, analysis of the resolved stellar popu-

lation in the vicinity of a SN has also been used to infer the progenitor age and

hence initial mass (Gogarten et al. 2009; Maund 2017; Williams et al. 2018). An

advantage to this technique is that it will not be affected by any peculiar evolution-

ary history or variability of the progenitor that may cause it to appear less or more

massive than it truly is. On the other hand, using the environment around a SN is

an indirect proxy for the progenitor age, and is predicated on the assumption that

the local stellar population is coeval. This method is also complicated by possible

140



contamination from other stellar populations from multiple star formation episodes.

4.4.1 Hubble Space Telescope imaging of the environment In order to study the

population in the vicinity of AT 2016jbu we require sources to be matched between

different filter images. While this is straightforward for bright sources such as the

progenitor of AT 2016jbu it is more challenging for fainter or blended sources, es-

pecially when images have different pixel scales or orientations. We hence re-ran

the photometry on a subset of the HST images (F435W, F658N and F814W from

2006 Oct 20; F350LP and F555W from 2016 Jan 31), using a single drizzled ACS

F814W image as the reference image for all filters.

We chose a projected radius of 150 pc (1.48′′) around AT 2016jbu as a com-

promise between identifying sufficient stars to be able to constrain the population

age and ensuring we are still sampling a local population that is plausibly coeval

with the progenitor. We also create a less restrictive catalog of sources within a

projected distance of 300 pc from AT 2016jbu, as well as a more limited catalog of

sources within 50 pc. After applying cuts to select only sources with a point source

PSF, dolphot detects 84 sources at S/N> 3 within 150 pc of AT 2016jbu, and 255

sources within 300 pc.

In Fig. 4.7 we compare our 50 pc, 150 pc and 300 pc populations to a set of

PARSEC isochrones5 (Marigo et al. 2017; Bressan et al. 2012) in three different

filter/colour combinations. We use the most recent version of the PARSEC models

(version 1.2S; Chen et al. 2015), and for the purposes of the comparison we have

applied our foreground reddening and distance modulus to the PARSEC models.

The progenitor of AT 2016jbu clearly stands out from the local population, both

in terms of its bright apparent magnitude and unusual colours. The colour of

AT 2016jbu should not be compared to these isochrones; not only will the F350LP

filter be strongly affected by Hα emission, but as the various filter combinations plot-

ted do not come from contemporaneous data, the variability seen in the progenitor

will significantly affect the apparent colour.

Turning to the 150 pc population, it is clear that no source is found to be brighter

than the 10 Myrs isochrone, constraining the population to be older than this age.

We find a similar result looking at the wider environment within 300 pc of AT 2016jbu

as well as the closer in population within 50 pc.

5http://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 4.7: Color magnitude diagram (CMD) of the stellar population around the
site of AT 2016jbu. We show three different colour combinations each with PARSEC
isochrones with population ages (solid colored lines) given in the upper legend. Yellow
squares are point sources within 150 pc and green diamonds are within 300 pc, while
sources within 50 pc of the progenitor are plotted in red with error bars. The progenitor
of AT 2016jbu from the early 2016 HST observations is given as a gold star in each
panel.

Using AgeWizard and BPASS models (Eldridge et al. 2017; Stevance et al.

2020a,b), we obtain a probability distribution for the age of the resolved stellar pop-

ulation within 150 pc around AT 2016jbu (see Fig. 4.8). The 90 percent confidence

interval is found to be 15–200 Myrs. Additionally, we can ascertain that the neigh-

bouring population of AT 2016jbu is older than 10 Myrs (5 Myrs) with over 95 (99.8)

percent confidence.

Therefore, there is no evidence for a very young environment which would be

expected for a 80 (or even 150) M� progenitor as proposed for SN 2009ip and η Car

(Smith et al. 2010b; Foley et al. 2011).
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Figure 4.8: Probability distribution of the age of the 150 pc stellar neighbourhood of
AT 2016jbu found using AgeWizard. The 90 percent confidence interval is highlighted
in grey.

4.4.2 MUSE-ing on the local environment We further investigate the nature of

AT 2016jbu by looking at its local environment in Integral Field Unit (IFU) data.

AT 2016jbu was observed on 2017 Dec 2 (+303 d) using the VLT equipped with

the MUSE instrument in Wide Field Mode. The date cube was obtained as part of

a survey of SN late-time spectra in conjunction with the AMUSING survey of SN

environments (Galbany et al. 2016; Kuncarayakti et al. 2020). We downloaded the

pre-calibrated data cubes from the ESO archive and present our data analysis for

the environment around AT 2016jbu in Fig. 4.9.

We fit for spectral features at each spaxel using a Gaussian emission profile

with a linear pseudo continuum over a small wavelength range. For measuring the

ratio of Hα and Hβ for the extinction map we constrain the ratio of the two emission

lines such that Hα/Hβ ≤ 2.85 (Case B recombination). To exclude the effects of

AT 2016jbu on the analysis, we exclude any pixel within 3′′ of AT 2016jbu. We do not

account for any stellar absorption effects and as such, values here are lower limits.

For completeness we include the extracted spectrum of AT 2016jbu in Fig. 4.10.
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Figure 4.9: IFU analysis of the environment of AT 2016jbu. The spectral cube was
corrected for Milky Way extinction and redshift. Observations were taken on 2017 Dec
2 (+303 d). Data is orientated such that north is up and east is to the left. Included in
each panel is a horizontal scale bar showing 500 pc. We include a white light image
(5000–7000Å) (top left), an extinction map (top middle) based on Domı́nguez et al.
(2013), a velocity field plot from Hα corrected for recessional velocity (top right), star
formation rate based on Kennicutt (1998) (bottom left) and a metallicity map (bottom
right) based on Dopita et al. (2016). The location of AT 2016jbu is marked with a red
circle of radius 3′′. We also include the location of SN 1999ga as a square to the south
west of AT 2016jbu. Data is not shown where EW < 1 Å or within 3′′ of AT 2016jbu.
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We show the extinction map across the field of view (FOV) using the method

in Domı́nguez et al. (2013), measured using the Balmer decrement. A proxy for

the star formation rate (SFR) is measured using LHα (Kennicutt 1998). LHα was

corrected for extinction using the Balmer decrement (Vale Asari et al. 2020). We

also plot a metallicity map using the metallicity indicators given by Dopita et al.

(2016).

Fig. 4.9 does not include the core of the host galaxy, nor the southern arm.

AT 2016jbu is located north of the southern distorted spiral arm of NGC 2442 and is

still clearly present in NGC 2442 almost a year after maximum as seen in the white

light image constructed from the datacube. The FOV (1′×1′) does however include

the location of SN 1999ga (Pastorello et al. 2009) as well as a luminous region in the

center frame. This “Super-Bubble” has been noted by previous authors (Pancoast

et al. 2010), and is seen in the irregular kinematic pattern seen in the center of the

FOV. Placing an age on this region is difficult, but it is likely to have formed within the

last 150–250 Myr (Mihos & Bothun 1997). This is a spherical-looking area within the

diffuse region to the south-west of the nuclear region, with a diameter of ∼ 1.7 kpc.

This Super-Bubble region is in the vicinity of both AT 2016jbu and SN 1999ga

(Ryder et al. 2001; Pastorello et al. 2008; Pancoast et al. 2010). This region shows

a high SFR and is bright in B-band, both signs of massive star formation. High SFR

is linked with a high SN rate (Botticella et al. 2012) and it is a fair assumption that

the general location of this Super-Bubble is likely to host CCSNe, as is obvious from

SN 1999ga.

The top middle panel in Fig. 4.9 maps the extinction across the FOV using the

Balmer Decrement (Domı́nguez et al. 2013). We find a value for the local extinction

(EB−V < 0.45) within 500 pc of AT 2016jbu with a similar value seen across the FOV.

The top right panel in Fig. 4.9 gives the velocity dispersion across the FOV. The

location of AT 2016jbu lies in an area moving at ∼ −100 km s−1 (image corrected for

red-shift: z = 0.00489). The bottom left panel shows a pseudo SFR based on the

extinction corrected Hα emission (Kennicutt 1998). The figure shows two bright re-

gions of star formation, which is clear from the white light image. AT 2016jbu is situ-

ated on the outskirts of a moderate star-forming region, ∼ 10−6 M� yr−1. SN 1999ga

lies on the edge of the brighter star forming region. We include a metallicity map

(bottom right panel) following the metallicity indicators from Dopita et al. (2016).

The full FOV yields an approximately solar environment, with the median metallicity

across the field as 8.66 dex (Z ≈ 0.015).
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Figure 4.11: Blackbody luminosity (top panel), temperature (middle panel), and ra-
dius (lower panel) of AT 2016jbu calculated using SuperBol (Nicholl 2018). In the
second and third panel, we include TBB and RBB fits to our optical spectra (Paper I).
We include approximate epochs where specific Hα features emerge in the RBB panel,
as discussed in the text. The green shaded region shows the linear distance travelled by
the slower moving material, Ejecta 1, causing the P Cygni absorption. The blue shaded
region is the same for the faster moving material, Ejecta 2. The lower and upper bounds
for each band are bulk and max velocities respectively.

4.5 Bolometric evolution of AT 2016jbu

The bolometric light curve for AT 2016jbu is computed using ugiz, UBVR, JHK,

Gaia G, W1 and W2 from WISE, as well as Swift+UVOT UVW2, UVM2, UVW1,

U, B, and V. All calculations were carried out using Superbol6 (Version 1.7; Nicholl

2018). Effective wavelengths were taken from Fukugita et al. (1996) and zeropoint

flux energies were taken from Tonry et al. (2018), while Superbol was modified to

also handle our WISE data. Extinction values in each filter were computed using

the York Extinction Solver (McCall 2004). All magnitudes were converted to Fλ, and

interpolated where necessary to account for epochs without specific filter coverage,

taking r-band as the reference filter. Black body fitting is performed for photometric

bands that are centered on λ > 3000 Å to avoid the effects of strong line-blanketing.

We also obtain a pseudo-bolometric light curve by directly integrating Fλ using the

trapezoidal rule between 0.2 and 4.5 µm (UVW2 to W2). We present the results of

our blackbody fitting in Fig. 4.11.

AT 2016jbu is an interacting transient showing strong emission lines. Interpret-

6https://github.com/mnicholl/superbol
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ing the blackbody evolution of photometry alone may be misleading, due to the un-

certainty as to whether the photometry is continuum-dominated or line-dominated.

For completeness we investigate blackbody fits from our optical spectra. A black

body function was fitted to the optical spectra presented in Paper I while exclud-

ing strong emission features and only fitting for λ > 3000 Å. We find excellent

agreement with the blackbody evolution from photometric and spectroscopic data

until ∼+125 d. After this time, our observations become strongly line-dominated

and blackbody fitting becomes unreliable.

4.5.1 Radius and Kinematics We show the blackbody luminosity (LBB), radius

(RBB), and temperature (TBB) fits from Superbol in Fig. 4.11. The H emission for

AT 2016jbu shows two distinct absorption components (see Paper I). The first com-

ponent is seen in a P Cygni profile that is present up until ∼0.5 years after Event B

maximum. The second component is present for ∼1 month with respect to its first

emergence, and suggests some absorbing, High Velocity (HV) material. A similar

feature has been seen in other SN impostors (Tartaglia et al. 2016a, e.g.) and is

common in SN 2009ip-like transients. The presence of two regions of material with

different velocities lends credence to the idea that the interaction with some material

during, or prior to, Event A is the main source of energy input for Event B (Fraser

et al. 2013a; Thöne et al. 2017; Elias-Rosa et al. 2016; Benetti et al. 2016).

To explore this scenario further, we assume some optically thick material caus-

ing the P Cygni absorption was ejected at ∼-90 d (first detection of Event A , see

Paper I), although this ejection may have occurred earlier.

Fitting a P Cygni absorption profile gives a maximum velocity of ∼ −850 km s−1,

with a bulk velocity of ∼ −600 km s−1 for the slower absorption feature seen in the

Balmer lines. We refer to this material as Ejecta 1. The higher velocity absorption

(which we refer to as Ejecta 2) has a maximum velocity from the blue edge of the

line of ∼ −10000 km s−1 with the bulk of the material at ∼ −4500 km s−1. Using these

velocities, we attempt to constrain ejection/collision times.

The ejection epoch for the material causing the second high velocity absorption

component is open to debate. There is no evidence for this additional absorption

in optical spectra at −24 d and it is only seen on −15 d. Under the presumption

that we do not see this shell of material (i.e Ejecta 2) until it interacts with the pre-

existing material or until it is no longer occulted by an existing photosphere, we

find that a shell moving at ∼4500 km s−1 for ∼3 days can reach the distance of

RBB ∼0.1 × 1015 cm. We include the distance travelled by Ejecta 2 in Fig. 4.11 as

a blue band. We can constrain the ejection date of this HV material to ∼21 days
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before maximum light with the collision date (when Ejecta 2 catches up to Ejecta 1)

at ∼19 days before maximum light.

We draw attention to the blackbody evolution over the period −19 d to −13 d.

During this timeframe we see an inflection between the decline of Event A and

the rise of Event B. Although we have low-cadence coverage during Event A , the

distance travelled by Ejecta 1 follows RBB quite well during Event A . RBB then con-

tracts slightly beginning around −30 d to a minimum at −19 d. At ∼ −19 d RBB

increases at a velocity similar to the velocity profile of Ejecta 2. This implies that the

blackbody radius now follows this material, which is likely Ejecta 2 with additional

material swept-up from Ejecta 1 and some CSM material. While this is undoubt-

edly a simplified picture, it appear that AT 2016jbu is potentially consistent with two

successive eruptions (either non-terminal or a CCSN) where the collision of ejecta

powers the luminosity of Event B.

We initially find TBB at ∼ 5700 K, which is roughly constant up until ∼ −30 d.

TBB evolves exponentially from 6000 K at −30 d to 12000 K at −12 d. After Event

B maximum (marked as Decline in Fig 4.11), TBB cools to ∼ 5100 K at the Knee

epoch and slightly increase to ∼ 6000 K at the beginning of the Ankle epoch.

It is important to note that we see both components in spectra during the first

month of Event B. Additionally, the FWHM and velocity offset does not significantly

evolve during the first few months (see Paper I).

This is likely due to Ejecta 1 or the CSM or both being highly asymmetric. We

are motivated by the spectral evolution of the Hα profile, the evolution of RBB and

the degenerate appearance of the Hα emission lines in SN 2009ip-like objects, see

Paper I for further discussion. If Ejecta 2 is spherically symmetric (e.g. possibly

a CCSNe), some material of Ejecta 2 would not interact with Ejecta 1 and expand

freely along the lower density regions.

We include labels indicating when certain spectral components appear in the

Hα in Fig. 4.11, bottom panel. We see that the HV blue absorption feature coin-

cides with the evolution of Ejecta 2; this absorption is clearly seen at −18 d and is

detected until +5 d with fitting-model dependent tentative detections up to +10 d.

This second absorption component appears during the rise in RBB during Event B

and vanishes when RBB reaches its maximum at ∼+7 d. At ∼+9 d, RBB remains at a

constant value and we see the emergence of a broad, red shoulder emission in Hα

at ∼ 1400 km s−1, FWHM ∼ 4000 km s−1. This may follow material expanding at

∼ 1400 km s−1, a receding photosphere or both. Several days later the blue emis-

sion feature appears in Hα and remains until late times. At +18d this blue emission
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is centered at ∼ − 2400 km s−1 with FWHM ∼3800 km s−1.

Photons from the interaction site between Ejecta 2 and Ejecta 1/CSM may be

diffusing outwards at this epoch. We see that the red shoulder emission only ap-

pears after RBB reaches its maximum values, shortly followed by the blue shoul-

der emission a week later. This leads to our conclusion that Ejecta 1 is partially

asymmetric and when Ejecta 2 collides with it, Ejecta 1 is partially engulfed. The

interaction between these two shells then becomes apparent at ∼+7 d when the

asymmetric emission features are clearly seen in Hα.

The RBB peaks at 1.2 × 1015 cm, at ∼ 1 week after Event B maximum and

remains roughly constant until the Knee phase. Thereafter, there is a drop of ∼

−5 × 1013 cm/day until the beginning of the Ankle phase. RBB remains roughly

constant at ∼ 0.3 × 1015 cm up until the seasonal gap begins at +140 d. This

epoch coincides with a narrowing of both red and blue emission features and an

increase in Equivalent Width (EW) of both components. This may represent a time

when opacities drop significantly and there is less photon scattering. Using this

collision scenario as the dominant energy input for this transient, we will explore

the necessary energy budget in Sect. 4.6. Using the evolution of RBB we can better

understand the nature of the explosion of AT 2016jbu, and we will further discuss

this in Sect. 4.7.2.

4.6 Powering AT 2016jbu

The nature of the energy input of AT 2016jbu and SN 2009ip-like transients is de-

bated. If AT 2016jbu is indeed a CCSN then this energy comes from an imploding

iron core and the early light curve is powered by the fast moving SN ejecta material.

Ejecta interacting with a dense CSM can power the light curve for many years (see

Fraser 2020, and references therein). If the transient is a CCSN, after the ejecta

expands and cools, the late time light curve is powered by the radioactive decay of
56Ni. We discuss the possible presence of 56Ni in Sect. 4.6.1.

If AT 2016jbu is a CCSN, then it is spectroscopically classed as Type IIn, mean-

ing we see strong signs of interaction with a dense, slow-moving CSM. We discuss

the energy input from ejecta/CSM interaction in Sect. 4.6.2.

4.6.1 56Ni mass A product of CCSNe is explosively synthesised radioactive 56Ni,

whose decay can power the late time light curve of H-rich supernovae, after the

hydrogen ejecta have fully recombined and any additional interaction has stopped.

Anderson (2019) find that for H-rich, Type II SNe, the median value for the amount
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Figure 4.12: Pseudo-bolometric luminosity of AT 2016jbu using SuperBol (Nicholl
2018). We include the luminosity shock function (Eq. 4.4; solid red line) and a ra-
dioactive decay tail fit (green solid line). Both functions are extrapolated until the end
of observations (dashed lines). Both function are fitted to the post-ankle stage and we
include a zoom-in of this area in the top right. We find a 56Ni mass of 0.016 M� (as-
suming the SN explosion date as −21 d) and Ṁ is 0.05 M� yr−1 for Eq. 4.4.

of 56Ni synthesised is 0.032 M�. We show our attempt to fit for a nickel decay tail

in Fig. 4.12 (green dashed line). We find that the pseudo-bolometric light curve

shows a decay that is consistent with that of radioactive nickel decay during the

Ankle stage.

Determining an explosion epoch for AT 2016jbu is contentious. The transient is

clearly detected at -90 d in VLT+FORS2 imaging. We determine in Sect. 4.5.1 that

a second eruption (that may represent a genuine CCSN) occurred at ∼-21 d. Using

eq. 6 from Nadyozhin (2003), and taking the explosion epoch as ∼-90d, we find a

value of MNi ≤ 0.033 M� and taking ∼ −21 d we find a value of MNi ≤ 0.016 M�.

Following the arguments made in Sect. 4.5.1 we will take the latter explosion date

as the more plausible motivated by the apparent second eruption at −21 d (this

is the explosion epoch typically assumed in the literature), indicating a potential

CCSN.

This limit on 56Ni is consistent with other SN 2009ip-like transients. However, it

is clear that during this time there is still on-going CSM-interaction, as demonstrated

from the multi-component Hα profile in Paper I, and as such, this value should be

considered a conservative upper limit, assuming any 56Ni is produced at all.

4.6.2 CSM-ejecta interaction A previously explored scenario for the double-

peaked light curve of SN 2009ip-like objects is Event A represents a low energy

eruption from the progenitor star and Event B is powered by the interaction be-

tween the ejecta from this eruption, and some pre-existing CSM that was ejected
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in the preceding years (Mauerhan et al. 2013a; Fraser et al. 2013a; Thöne et al.

2017).

We measure the radiated energy released from Event A (−90 d to −21 d) as

3.15 × 1047 erg and the energy from Event B (−21 d to +450 d) as ∼ 1.81 × 1049 erg.

Fraser et al. (2013a) find a similar value for SN 2009ip at ∼ 1.8 × 1049 erg.

If we assume that Event A is a symmetric explosion (similar to that proposed

in Mauerhan et al. 2014) we can approximate it using an Arnett Model (Arnett &

Chevalier 1996). Taking the diffusion timescale for a photon to be td ≈
L2

D , where D

is a diffusion coefficient with D ≈ λc = c
ρ κ

. Assuming that Event A corresponds to

the adiabatic expansion of a photosphere, and assuming L ≈ R, we can describe

the diffusion timescale as:

τd =

(
3 κ Me j

4 π c ve j

)1/2

, (4.2)

by substituting in R ≈ τd × vsh and ρ ≈
3 Me j

4 π R3 , where Me j and ve j are the ejecta

mass and velocity respectively, κ is the opacity of the ejecta, and c is the speed

of light. We take the rise time in r-band of Event A to be similar to the diffusion

time, and we get a value of ∼60 days. We assume the P Cygni minima follows this

dense material ejected prior to, or during, the beginning of Event A , as suggested

by Thöne et al. (2017) for SN 2015bh. Using Eq. 4.2 and taking ve j ≈ 700 km s−1

and assuming a mean opacity of κ = 0.34 cm2g−1 (assuming e− scattering dominates

in the H-rich ejecta) we find Me j for the Event A is ∼0.35 M� giving a kinetic energy

of ∼ 1.7 × 1048 erg.

This value is a factor 10 less than is required to power Event B. This is a crude

approximation as we invoke spherical symmetry. To fully investigate the mass of

Ejecta 1, detailed hydrodynamic simulations are needed (e.g. Vlasis et al. 2016;

Suzuki et al. 2019), which are beyond the work presented in this paper.

Assuming free expansion, the constrained ejection times, and velocities for our

multiple shell models given in Sect. 4.5.1, the beginning of Event B coincides with

material from both shells being at the same location RBB ≈ 0.7 × 1015 cm (Fig. 4.11).

This suggests that Event B is powered from the collision at ∼ −19 d of Ejecta 2

which interacts with the slower moving material ejected at the beginning of Event

A , (Ejecta 1).

It is difficult to measure the mass of Ejecta 2. If we assume that Event B is

powered solely by CSM interactions, we calculate that Me j ∼ 0.37 M� travelling
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at ∼ 5000 km s−1 can account for the energy seen, while allowing for an extremely

low porosity (or overlapping surface area between the colliding material) of 10%.

This value will change depending on the opening angle of the interaction site, as

explored in disk interaction models (Vlasis et al. 2016; Suzuki et al. 2019; Kurfürst

et al. 2020).

Even with this conservative estimate, our values of Me j are much lower than

those seen in CCSNe or η Car. However, extremely low porosity (e.g. 1%) would

allow for a few M� of ejected material if we assume no input to the light curve from

radioactive decay.

Although observed after peak luminosity, both SN 2013L and SN 2010jl showed

a plateau phase after maximum light (Ofek et al. 2014b; Taddia et al. 2020). This

trend is discussed by Chevalier & Irwin (2011); SN ejecta interacting with a dense

mass loss region can form a plateau in luminosity lasting the duration of the shock

interaction, and ending when the entire interaction material is shocked. As the

photon mean free path increases with the geometric expansion of the CSM, the

innermost regions of the interaction are revealed. This was suggested to explain

the double-peaked spectral profiles of SN 2010ij (Ofek et al. 2014b), SN 2013L

(Taddia et al. 2020), and iPTF14hls (Andrews & Smith 2018; Sollerman et al. 2019;

Moriya et al. 2020) at late times. We use the emergence of the blue emission

feature and the decrease of the peak velocity offset as a proxy for the shock front.

We discuss the evolution of this feature in Paper I. We fit a declining power law

function to the peak velocity of the blue emission from +20 to +120 days which is

well fit by:

vblue(t) ≈ (1375 ± 25) ×
( t
100d

)−0.40±0.03
km s−1, (4.3)

Both red and blue emission components follow Eq. 4.3 well (the red component

has a different normalisation constant) up until the seasonal gap (+140 days). After

that both components maintain at a higher velocity and coast at ∼ ±1300 km s−1 up

until the end of our spectroscopic observations (+575 days), see Paper I. Under the

assumption of steady-state mass loss, the luminosity from CSM-shock interaction

can be described by:

Lsh = ε
1
2

Ṁ
vwind

v3
e j, (4.4)

where Lsh is the luminosity from CSM-ejecta interaction, ε is the conversion effi-

ciency from kinetic to thermal energy (taken to be 50%, typical of Type IIn SNe
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(Smith 2017)), ve j is the ejecta velocity, which is set to Eq. 4.3, and vwind is the

wind velocity. We fit Eq. 4.4 to our bolometric light curve during the period from

the Knee stage up until the beginning of the seasonal gap. Fitting to this time-

frame gives an upper limit for Ṁ ≈ 0.05 M� yr−1, if we assume an LBV wind

with vwind ≈ 250 km s−1 (we find a similar value for vwind from our earliest Hα

profile). Setting vwind ≈ 700 km s−1, the value of the P Cygni minima, we obtain

Ṁ ≈ 0.14 M� yr−1.

We base the above calculations on the assumption that the luminosity between

+70 d to +140 d is shock-CSM interaction dominated, with no other major contribut-

ing energy source i.e. no major contribution from radioactive decay. If AT 2016jbu

is surrounded by a dense, disk-like CSM, the assumption that this phase is interac-

tion dominated is motivated by models (e.g. Fig. 11 from Vlasis et al. 2016). These

models show a similar light curve shape to AT 2016jbu, including a tail resembling

radioactive 56Ni decay at ∼+80 days past maximum brightness (these models as-

sume no 56Ni). Symmetric ejecta and disk interaction models show that the energy

input at the Knee stage is dominated by this ejecta-disk interaction. We will return

to the possibility of disk-like CSM in Sect.4.7.2.

After the seasonal gap (+140 days), the velocity of the red/blue emission does

not follow Eq. 4.3 and the bolometric luminosity does not follow Eq. 4.4. At this

point the light curve has increased in brightness, which is clearly seen in Fig. 4.12.

However by ∼ 400 d, Lbol fades below the extrapolated value from Eq. 4.4.

After the seasonal gap both red and blue emission lines have similar FWHM,

∼1500 km s−1, with the red emission having a slightly larger width, but converging

to the FWHM of the blue component at ∼400 d. If the red/blue emission follows the

shock interaction, this suggest an increased velocity of the shock front. Conserving

mass flux in the shock we have ρ1 v1 = ρ2 v2 where subscript 1,2 represent the post-

and pre- shock regions respectively. If the shock transverses to a lower density CSM

environment this can account for the increased velocity seen. This might indicate

that the shock has now reached a lower density environment, perhaps created by

the series of outbursts in the years prior. However, it is not obvious how interaction

with a less dense region of CSM would account for the increased luminosity as well

as the increased strength of He I emission lines (also seen in SN 1996al; Benetti

et al. 2016) at this time (Paper I).
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4.7 Discussion

In the following section we will discuss the nature of AT 2016jbu. There is much

debate as to the nature SN 2009ip-like objects (Pastorello et al. 2008; Smith &

Mauerhan 2012; Fraser et al. 2013a; Smith & Tombleson 2015; Margutti et al.

2014; Graham et al. 2014; Pastorello et al. 2019). Any scenario for AT 2016jbu

or SN 2009ip-like transients needs to account for all of the following points:

1: Outbursts reaching an absolute magnitude of Mr ∼ −11 ± 2 mag seen in the

historic light curve of the transient.

2: A faint event, reaching an absolute magnitude of Mr ∼ −13 ± 2 mag.

3: An second event a few weeks later, reaching an absolute magnitude of Mr ∼

−18.5 ± 0.5 mag and ejecting material with velocities up to ∼ 10, 000 km s−1.

4: Ejected 56Ni mass of . 0.02 M�.

5: No directly observed synthesized material, either from explosive nucleosyn-

thesis or late-stage stellar evolution.

A possible addition to this list is double-peaked emission lines. This is seen in

the majority of SN 2009ip-like transients although, ironically, not SN 2009ip itself.

We address the probable progenitor in Sect. 4.7.1. Using our high cadence

multi-chromatic photometry presented in Paper I, and the bolometric evolution from

Sect. 4.5, we will present a likely explosion model and circumstellar (CS) geome-

try for AT 2016jbu, that can be extrapolated to other SN 2009ip-like transients in

Sect. 4.7.2. We will discuss the validity of a CCSN scenario in Sect. 4.7.3 and

Sect. 4.7.4, and the possibility of the progenitor being in an interacting binary sys-

tem in Sect. 4.7.5.

4.7.1 The Progenitor of AT 2016jbu and SN 2009ip-like transients The events

of SN 2009ip-like transients may represent a critical step in the late time evolution of

massive stars. A dramatic increase in luminosity allows for supper-Eddington winds

and high mass-loss rates, however the mechanism resulting in these outburst is

unknown. Observations of shock features in the Homunculus Nebula around η Car

may even point to explosive mass loss. Furthermore, in the classical picture, LBVs

should not be SN progenitors as they have just transitioned to the He-core burning

stage in their core
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It is generally thought that SN 2009ip-like transients arise from very massive

stars (Foley et al. 2011; Pastorello et al. 2013; Fraser et al. 2013a; Smith et al. 2014;

Fraser et al. 2015; Smith et al. 2016a; Elias-Rosa et al. 2016; Pastorello et al. 2019).

The progenitor of SN 2009ip is thought to be a 60–80 M� LBV from pre-explosion

images (Smith et al. 2010b; Foley et al. 2011). However, this was measured in a

single band only, which may be strongly affected by Hα emission. As shown in

Fig. 4.4, the bright contribution of Hα in F350LP will provide misleading SED fitting

results. While LBVs experience erratic mass loss as they undergo a short transition

from O-Type to the WR stars, AT 2016jbu appears to be too low mass (∼22 M�) to

be consistent with the SN 2009ip progenitor. We note that this relatively low mass

was found while taking into account the effect of Hα emission on the SED.

Our analysis on the progenitor mass for AT 2016jbu is the most secure for any

SN 2009ip-like transient in literature, as it is based on a broad optical to NIR SED,

as well as on the local neighbourhood. From our SED fitting to the early 2016 HST

data, we find the color of the progenitor is consistent with a yellow hyper-giant.

Using dusty modelling and matching the output spectra to these colour values we

find values for L and T which are consistent with a mass of single star of 22–25 M�,

consistent with the results from K18. Moreover, the local environment, which can

be be assumed to be composed of a similar stellar population, demonstrates that

we can effectively rule out a very young population (expected for a 60–80 M� star).

In order to explore the progenitor further, we turn to a grid of stellar models

created with the BPASS code. The BPASS stellar model library contains the time

varying properties of over 250,000 star systems for a grid of initial parameters and a

population containing a realistic fraction of binary and single star systems (Eldridge

et al. 2017; Stanway & Eldridge 2018). Using hoki7 (Stevance et al. 2020a), we

searched for models matching the observed temperature and luminosity of the pro-

genitor of AT 2016jbu, considering both the possibility of a terminal core-collapse

supernova and of a non-terminal event.

For the CCSN (non-terminal explosion) scenario we find 12 (1668) matching

stellar models, and 0 (3) of these models correspond to single star systems.

The ZAMS and final mass distributions, as well as the evolutionary tracks for

both interpretations, are presented in Fig. 4.13. We can evaluate the mean and

standard deviation for the two scenarios: M = 12.3 M�, σ = 1.9 M� and M = 22 M�,

σ = 3.4 M� for CCSN and non-terminal explosion cases, respectively.

7https://github.com/HeloiseS/hoki
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Figure 4.13: Mass distributions (ZAMS and final) and evolutionary tracks of BPASS
models matching the L and T derived from dusty modelling. Upper (lower) panel
shows the CCSN (Non-terminal) scenario. Each evolutionary track is plotted at a low
transparency and therefore the lighter the tracks, the rarer they are in our matches. We
mark the search area in T and L from Sect. 4.2 in each HR diagram.

We find a mean lifetime of 7.3+0.1
−.1 Myr and 7.0+0.1

−0.1 Myr for the CCSN and non-

terminal explosion scenarios, respectively. Very massive stellar progenitors (e.g.

classical LBVs with > 50 M�) are confidently excluded for AT 2016jbu.

There are numerous suggestions in the literature that LBVs can be the di-

rect progenitors of CCSNe (e.g. Trundle et al. 2008; Dwarkadas 2011; Smith &

Tombleson 2015; Humphreys et al. 2016; Ustamujic et al. 2021). It has been sug-

gested that the LBV phenomenon may occur in stars with initial masses as low as
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20−25 M�, particularly when rotation is included in models (Groh et al. 2013). Such

LBVs may appear similar to F-type yellow super giants during their eruptive stage

(Kilpatrick et al. 2018; Humphreys et al. 2016). So, it is possible that the progen-

itor of AT 2016jbu is a low-mass LBV. However, we still require a high mass-loss

of ∼0.05 M� yr−1 to explain the light curve of AT 2016jbu. This is not dissimilar to

the mass loss rate of η Car during its Great Eruption (∼ 0.1 M� yr−1; Davidson &

Humphreys 1997), but it remains unknown whether lower mass LBVs can sustain

such a high mass loss rate.

4.7.2 Geometry of AT 2016jbu and SN 2009ip-like transients An interesting

problem to solve with the CCSN scenario is that of the presence and geometry

of the CSM, as discussed in Sect. 4.5. The LBV-type winds invoked in Sect. 4.6.2

do not apply to lower mass progenitors; indeed we find an average mass-loss rate

over the last 1 Myr of log(Ṁ) = −5.4+0.2
−0.8 M� yr−1 and log(Ṁ) = −4.9+0.2

−0.3 M� yr−1 for

the CCSN and non-terminal scenario, respectively.

One can sustain a dense CSM even with a low mass loss rate provided the

wind velocity is sufficiently small. Using log(Ṁ)/vwind as a proxy for wind density, we

compare the average ratio found in our models to that assumed in Sect 4.6.2. We

find that for both sets of progenitor models Ṁ/vwind ≈ 10−6, compared to a value of

≈ 10−4 found for AT 2016jbu. Thus, we can confidently assert that steady winds are

not able to create the CSM observed in AT 2016jbu.

The alternative is episodic mass loss resulting from Roche lobe overflow (RLOF)

or common envelope evolution (CEE). We examined the CCSN progenitor models

found in BPASS and find that 3 models are in a CEE phase at the time of CCSN

explosion; furthermore we find another 2 undergoing mass transfer. Similarly, for

the non-terminal models we find that 937 models are in the CEE phase and 501 are

undergoing stable mass transfer at the point where they match the observed L and

T of the AT 2016jbu progenitor. Consequently, the BPASS models reveal that the

peculiar combination of properties and environment of AT 2016jbu can be explained

by binary interactions.

A radially confined, dense, disk-like CS environment has been suggested for

SN 2009ip-like transients (Smith & Tombleson 2015; Margutti et al. 2014; Levesque

et al. 2014; Margutti et al. 2014; Fraser et al. 2015; Benetti et al. 2016; Tartaglia

et al. 2016b; Pastorello et al. 2018; Andrews & Smith 2018) as well as other Type

IIn SNe (van Dyk et al. 1993; Benetti 2000; Stritzinger et al. 2012b; Benetti et al.

2016; Andrews et al. 2017; Nyholm et al. 2017) and super-luminous supernovae

(SLSNe) (Metzger 2010; Vlasis et al. 2016).
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Double-peaked line profiles are signs of an asymmetric environments such as

a disk, rings, or bipolar outflows cause by an asymmetric explosion. This is similar

to the presence of double-peaked Hα (and other emission lines) originating from

an accretion disks in active galactic nuclei (e.g. Shapovalova et al. 2004) as well

as double-peaked emission from Be/shell stars (e.g. Andrillat et al. 1986), although

their formation and powering mechanism are extremely different. We show in Paper

I that AT 2016jbu and other SN 2009ip-like objects show a degree of degeneracy in

the appearance of their Hα profiles, which may be explained with a simple viewing

angle effect.

We suggest that AT 2016jbu has underwent a series of eruptions, such as has

been suggested for η Car (see review by Smith et al. 2009a) and SN 2009ip (Mauer-

han et al. 2014; Levesque et al. 2014; Margutti et al. 2014; Reilly et al. 2017), and a

significant portion, if not all, of the explosion energy is a result of a ejecta-ejecta or

ejecta-CSM interaction, which dominates around a month after maximum light. It is

uncertain whether any of these eruptions emanate from core-collapse.

Recently, several groups have modelled the interaction of ejecta with aspherical

CSM (Vlasis et al. 2016; McDowell et al. 2018; Suzuki et al. 2019; Kurfürst et al.

2020; Nagao et al. 2020). Vlasis et al. (2016) has modeled the light curve evo-

lution of a spherically symmetric eject colliding with a disk-like CSM. We find that

similarities between these models and AT 2016jbu. One important feature is after

∼ +80days these models seem to follow a decay similar to that expected from 56Ni.

The energy source at this time is solely powered from CSM interaction and not from

radioactive decay. However, these models cannot explain the increased brightness

in AT 2016jbu after the seasonal gap, although this likely reflects a clumpy CSM

and would require fine-tuning of the CSM density profile.

Models by Kurfürst et al. (2020) have modeled ejecta interaction with aspherical

CSM for a range of viewing angles (Model A and Fig. 12 in Kurfürst et al. 2020)

demonstrating a clear viewing angle degeneracy, with looking down through the

plane of the CSM showing the greatest “double-peaked”-ness and looking through

the material showing the least (i.e singularly peaked emission lines). This can nat-

urally explain the variations in Hα appearance found amongst SN 2009ip-like tran-

sients (see Paper I).

For SN 2009ip-like transients, there is some discrepancy as to the eruption

epoch of this asymmetric structure, with some authors suggesting this material was

ejected close to/during Event A (e.g. Margutti et al. 2014; Tartaglia et al. 2016a;

Thöne et al. 2017) whereas some authors speculative the disk has been ejected

much longer before (e.g. Mauerhan et al. 2013b; Mauerhan et al. 2014). This is
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Table 4.2: The parameters of the BPASS models exploded with SNEC.
M1 M2 Mfinal MCO

/M� /M� log(Pi/days) /M� /M�
17 11.9 3 5.9 4.0
18 16.2 3 6.5 4.1
19 13.3 3.2 7.2 5.4

difficult to understand without specific stellar evolutionary models.

As discussed in Sect. 4.5.1, we proposed a double eruption model, where an

first ejecta interacts with pre-existing CSM, followed by a second eruption some

months later. The collision of these two ejecta produce the spectral and light curve

evolution we present in Paper I and can be extrapolated to fit the observables of

several SN 2009ip-like transients. We provide an illustration in Fig. 4.14 with a

detailed outline of events in the provided caption.

4.7.3 Modelling the light curve using SNEC To further explore the plausibility of

the progenitor matching BPASS models from Sect. 4.7.1, we exploded a small sub-

set of these with the SuperNova Explosion Code (SNEC, Morozova et al. 2015).

The full details of how BPASS models are exported and exploded within SNEC can

be found in Eldridge et al. (2019). The key addition to using the progenitor model

structure is to add on a CSM component around the star. Here we use the values

derived in Sect. 4.5.1 of a terminal wind velocity of 250 km s−1 and a mass-loss rate

of 0.05 M� yr−1. For each of the input stellar models we use an explosion energy

of 5.6 × 1049 ergs, 0.016 M� of 56Ni, and an inner mass cut at 5 M� with nickel

mixing out to 0.6 M�. The resultant simulated bolometric light curves are shown in

Fig. 4.15 and model parameters are given in Table 4.2.

Our models are able to reproduce the magnitude of the peak luminosity, al-

though exact matching of the light curve post-peak is difficult. Phases of the swept

up wind becoming transparent, followed by the ejecta can be seen as the sudden

drop-offs in Fig. 4.15. We find that the width of the Event B peak is dependent to

some degree to how the density of the wind varies with distance from the star. The

figure shows the resultant models where we assume ρwind(r) ∝ r−1.6. We found that

the shallower the density gradient the wider the peak and a best match is found with

an exponent n = −1.6. In general, the models that best match the supernova light

curve have low ejecta masses on the order of 1 to 2 M�. Some models which have

experienced a merger during their binary evolution have a higher ejecta mass do
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Figure 4.14: Toy model depicting possible geometry and explosion scenario for
AT 2016jbu. This diagram illustrates the discussion in Sect. 4.5.1 and Sect. 4.6.2. Left
panels show a simplified illustration of the CS environment around the progenitor at
specific epochs. Middle column shows Hα profile at corresponding epochs. The upper
right panel shows the bolometric luminosity and the lower right shows the blackbody
radius. We include the distance travelled by Ejecta 1 (green shaded region) and Ejecta
2 (blue shaded region). Event A begins with an eruption of ejecta 1 which originates
from the progenitor system. The eruption and expansion of Ejecta 1 is seen in Lbol

and RBB, both peaking at ∼ −27 d. A dense disk-like CSM funnels, and is partially
engulfed by, Ejecta 1. At ∼ −21 d, Ejecta 2 is ejected with a velocity of ∼ 5000km s−1

(this could be the SN explosion) and almost immediately collides with Ejecta 1 wit
some fast moving material escapes along less dense polar regions. Lbol and RBB follow
the expansion of an opaque Ejecta 2 following the HV material seen in Hα. Ejecta 2
becomes optically thin and the photopshere begins to move inwards in velocity space.
There is a linear decay in RBB until ∼ +22 d or the beginning of the plateau stage.RBB

plateaus at ∼ +25 d due to effective internal heating from the site of interaction. Pho-
tons originating from the interaction site between Ejecta 1, Ejecta 2 and the CSM begin
to diffuse outwards, as the material becomes partially transparent. This coincides with
the metamorphosis of the blue HV absorption to an emission profile. At ∼ +45 d, the
Knee stage drops in Lbol and RBB with RBB at a slightly higher value when compared to
the beginning of Event B. Both red and blue emission lines narrow at this stage which
may signify any intervening material is now completely optically thin and any escap-
ing photons undergo minimal scattering. The dominant source of energy is now shock
interaction due to ejecta-csm interaction. In the bottom left panel we also include a line
of sight dependency. We expect the transient to show double-peaked emission lines
when observed near the equator (e.g. AT 2016jbu, SN 2015bh, SN 1996al) and more
singularly peaked when observed towards the polar regions (e.g. SN 2009ip). We note
the similarities between this toy model and those proposed for η Car (e.g. Smith et al.
2018). 160
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Figure 4.15: Diagram showing the observed light curve and light curves simulated
by SNEC from progenitors which match the pre-explosion constraints. All include
the circumstellar medium as described earlier. We include our pseudo-bolometric for
AT 2016jbu in black and the optical pseudo-bolometric light curve for SN 2009ip in
blue(Fraser et al. 2013b; Pastorello et al. 2013).

not match the light curve, being less luminous or evolving more slowly. Achieving an

exact match between the models and observed light curve would require significant

fine-tuning of the details of the CSM around the star, in terms of density profile,

wind velocity, and the details of the wind acceleration. An exact match may also

be impossible given the spherically symmetric assumptions of SNEC. However, we

take the reasonably close match between the model and observed light curves to

indicate that a subset of the BPASS models can explain AT 2016jbu.

Intriguingly, the low CO core mass of several of the progenitor models suggest

an explosion close to the electron-capture regime where lower nickel masses and

explosion energies would be expected.

4.7.4 Was AT 2016jbu a Core-Collapse Supernova? The main point of contro-

versy is whether AT 2016jbu and SN 2009ip-like transients are indeed CCSNe;

161



meaning the progenitor has been destroyed and the transient will eventually de-

cay following a radioactive decay tail. This begs the question; If these are indeed

CCSNe, when did core-collapse occur?

SN 2009ip-like transients display two broad, luminous events, rather than the

singularly peaked light curve, typically associated with SNe. Mauerhan et al.

(2013b) suggest that Event A is a CCSN and Event B is a result of ejecta inter-

acting with a dense CSM. In this scenario, with respect to AT 2016jbu, the duration

of Event A (∼ 60 days) is the time needed for this ejecta to reach the inner edge of

the CSM. This scenario would be consistent with the early evolution of RBB expand-

ing at ∼700 km s−1; however this velocity is implausibly slow for SN ejecta. More

problematic still, at −21 d we see an increase in velocity where RBB expands at

∼4500 km s−1. In the case of core-collapse, we hence regard it as more plausible

that Event B is the terminal explosion of the progenitor, where the ejecta interacts

with a non-terminal outburst that was ejected at ∼ 700 km s−1 around the start of

Event A . This scenario is also reinforced by the rise time (∼ 17 days) and peak

magnitude (MV ∼ −18.5 mag) of Event B (Nyholm et al. 2020).

We find a low value of 56Ni of . 0.016 M� for AT 2016jbu, consistent with other

SN 2009ip-like transients. Such a low 56Ni mass would be unusual for a normal

CCSN, although an exception would be a faint electron capture SN (ECSN) or a

sub-luminous Fe CCSN from a star with a ZAMS mass of around 8 – 10 M�. How-

ever, we find the mass of the AT 2016jbu progenitor to be significantly larger than

that expected for an ECSN progenitor (Doherty et al. 2017). Additionally the in-

ferred explosion energy of 5.6 × 1050 ergs (which may be a lower limit, as spherical

symmetry is assumed) is too high for a typical ECSN (Wanajo et al. 2009). A fi-

nal possibility that can explain such a low Ni mass (if this is a CCSN) is significant

fallback onto a compact remnant (Zampieri et al. 1998; Benetti et al. 2016).

Some challenges remain for the fallback scenario. A low metallicity environ-

ment is required, so that the progenitor star has retained much of its ZAMS mass

(e.g. Heger et al. 2003). This is hence an appealing scenario for SN 2009ip, due

to its remote location (∼5 kpc from its host Smith et al. 2016a) and naturally low-

metallicity environment. Conversely, this contradicts what we see for the environ-

ment around AT 2016jbu in Sect. 4.4.2, where we find an approximate solar metallic-

ity of 8.66 dex. It is hence expected that a ∼20 M� progenitor will loose a significant

fraction of its mass before exploding.

We see from Fig. 4.9 that AT 2016jbu is located near a moderately star-forming

region that is likely to host CCSNe, as seen from SN 1999ga. On the contrary,

SN 2009ip is located on the outskirts of its host spiral galaxy, NGC 7259, at a
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galactocentric radius of ∼ 5 kpc. Smith et al. (2016a) finds no strong indication of

massive star formation anywhere in the vicinity around SN 2009ip, unlike what is

seen for AT 2016jbu. If the progenitor of SN 2009ip and AT 2016jbu are similar, as is

suggested by their photometric and spectral evolution, then this begs the question

why SN 2009ip is on its own.

One of the biggest difficulties with AT 2016jbu as a CCSN is that it is in stark

contrast to the predictions of single star stellar evolutionary models. A 20 M� star

is expected to end its life as a RSG which undergoes Fe core-collapse (Heger

et al. 2003). From our dusty modelling in Sect. 4.2, we find that the progenitor of

AT 2016jbu is not situated at the end of any single star evolutionary track. This

suggests that the progenitor is not sufficiently evolved to undergo core-collapse.

Our conclusion in Sect. 4.2 also suggests that the progenitor of AT 2016jbu is not a

RSG but rather a YHG. We also note that if AT 2016jbu is indeed a CCSN, it is more

appropriate to compare to the luminosity of the progenitor to the terminal luminosity

of the models (typically corresponding to the end of core He-burning), in which case

we find that it must have been a 12–16 M� star. One must caution however that if

the progenitor of AT 2016jbu was in a binary, then the expectations from single star

evolution can be drastically altered. However, even if AT 2016jbu does arise from a

binary progenitor system, models do not necessarily predict outbursts or eruptions

immediately prior to explosion as seen in this case (discussed further in Sect. 4.7.5

below). Clearly, further detailed stellar evolutionary modeling is required to fully

explain the progenitor (or progenitor system) of AT 2016jbu.

A tantalising hint of a surviving progenitor is AT 2016jbu returning to its pre-

explosion magnitude in 2019, as shown in Fig. 4.2. However, this detection may

be serendipitous and further late time monitoring will be needed to confirm any

surviving progenitor.

4.7.5 Binary Interaction Several authors have suggested that SN 2009ip-like

transients are a result of binary interaction (Smith et al. 2014; Kashi et al. 2013;

Soker & Kashi 2013; Smith et al. 2018) as well as some other SN Impostors e.g.

SN 2000ch (Pastorello et al. 2010; Smith et al. 2011; Clark et al. 2013). Mass trans-

fer within a binary system could naturally explain an asymmetric CSM environment,

which we interpret as a circumstellar/circumbinary disk for AT 2016jbu.

Smith & Tombleson (2015) suggest that the isolated location of SN 2009ip may

be explained as they are Kicked Mass Gainers in a binary star system. For the

progenitor to travel ∼ 5 kpc within the required lifespan of a 50 – 80 M� star, a

binary companion may be required to provide an additional source of fuel after the
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stars have been ejected (Smith et al. 2016a).

Binary merger events have recently been associated with Red Novae (RNe)

and the more extreme, Luminous Red Novae (LRNe) (see review by Pastorello

et al. 2019, and references therein). These transients typically fall into the class of

Gap Transients (Kasliwal et al. 2012; Pastorello & Fraser 2019) and are amongst the

most powerful stellar cataclysms. LRNe span a wide range of absolute magnitudes,

from −4 – −15 mag (Pastorello & Fraser 2019), and show a wide range of light curve

shape and duration.

The physical interpretation of LRNe is debated. The progenitors of LRNe are

likely massive contact binaries, and the doubled peaked light curve is a conse-

quence of a stellar merger plus a Common Envelope Ejection (CEE) (Smith et al.

2016c; Metzger & Pejcha 2017; Pastorello et al. 2019). Pastorello et al. (2019)

suggest that there may be a continuum spanning between RNe to LRNe, with the

possibility that this range can reach to brighter magnitudes (most likely caused by

higher mass systems). SN 2009ip-like events may be some combination of a binary

merger where the system consists of a relatively massive primary where the stars

undergo a Common Envelope (CE) phase followed by a massive eruption.

AT 2016jbu and SN 2009ip-like transients show a common peak magnitude and

shape (i.e. Event B appear to be similar among SN 2009ip-like events). We do not

have adequate colour information for the peak of Event A for AT 2016jbu however,

Event B has a colour of B-V∼ 0, which is comparable to that seen in LRNe in their

first peak. AT 2016jbu never gets redder than B − V of . 0.8 and after ∼ 1.2 years,

when the transient returns to a B−V value of ∼ 0.2. If AT 2016jbu is indeed related

to LRNe, continued interaction in AT 2016jbu may be responsible for the relatively

blue colour at late times.

Soker & Kashi (2013) proposed that SN 2009ip is the result of the merger of

a massive LBV with a binary companion in their “mergerburst” model. This model

agrees with observations of SN 2009ip quite well, such as the moderate ejecta

mass (a few M�), most of which is moving at less than 5000 km s−1. They further

predict the remnant of their mergerburst will be a hot red giant star that will become

apparent years after the transient fades, as is commonly associated with RNe and

LRNe (e.g Pastorello et al. 2019). Kashi et al. (2013) discuss a similar explosion

mechanism to the scenario we discuss in Sect. 4.5.1 and conclude the double-

peaked light curve of SN 2009ip may be explained by two successive outburst,

separated by ∼ 20 days caused by periastron passages of the binary system.

It is appealing to conclude that AT 2016jbu is the result of a coalescing binary.
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This can naturally explain the historic variability, double-peaked light curve, and

(inferred) asymmetric CS environment i.e. disk or bipolar outflow. Metzger & Pejcha

(2017) proposed that LRNe can be well modeled by a single symmetric eruption in

an asymmetric CSM environment. This asymmetric CSM is fueled by mass transfer

within the binary over many orbits preceding the double-peaked event. The first

peak of LRNe can be comfortably powered via cooling envelope emission from fast

moving ejecta. Radiative shocks from the collision of this ejecta with material in

the equatorial plane then power the second peak. This would be inconsistent with

our proposed “catch-up” scenario for AT 2016jbu, although it cannot be ruled out

conclusively.

We can speculate that the events prior to Event B in AT 2016jbu and SN 2009ip-

like events are similar to LRNe, including as mass transfer / Roche Lobe Overflow

(RLOF) seen in the decade leading up to Event A , and a merger/CEE powering

Event A itself. To explain the homogeneity of Event B, the merging of the binary

system must cause a violent (and possibly terminal) eruption.

Each SN 2009ip-like transient remains relatively blue for a long period of time,

unlike what we see in LRNe, which is likely a sign of continued interaction. If we

assume that SN 2009ip-like transients are indeed an upscaled version of LRNe,

then this continued interaction at late times may reflect a more massive progenitor

than is commonly associated with LRNe. In this scenario would expect a surviving

star to become visible after this interaction has abated.

4.8 Conclusion

In this paper, we have investigated the progenitor and environment of AT 2016jbu

as well as modelling the transient itself. If AT 2016jbu is a single star, we find that

the progenitor is consistent with a ∼ 22 M� progenitor (e.g. Fig. 4 in Smartt 2009),

with a color consistent with a YHG, roughly consistent with K18. Modelling of cir-

cumstellar dust using dusty gives a luminosity and temperature of the progenitor

similar to known YHGs. We show that the local environment around the progen-

itor of AT 2016jbu is consistent with a CCSN from a progenitor with ZAMS mass

∼ 20 M�; as the stellar population has an age of 15–200 Myr. We confidently rule

out the possibility that the progenitor of AT 2016jbu is an LBV of 50–80 M�, as has

been proposed for SN 2009ip (Smith et al. 2010b; Foley et al. 2011).

We find that the Event A/B light curve can be modelled by two shells of mate-

rial, with the later Event B being powered by a “catch-up” scenario, involving two

eruptive mass loss events and pre-existing CSM. Spectroscopic and photometric
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evolution is consistent with a spherically symmetric ejecta colliding with, and tem-

porarily engulfing, previously ejected, asymmetric material. This interaction is the

dominant energy source after ∼ 2 months. After ∼ 200 days, AT 2016jbu shows

increased interaction, likely reflecting a clumpy CSM.

AT 2016jbu shows tentative evidence for core-collapse. We find a upper limit of
56Ni of . 0.016 M� but with strong on-going CSM interaction at this time, the real

value of 56Ni is probably much lower (if any at all). Almost 1.5 years after maximum

brightness, AT 2016jbu lacks signs of explosively nucleosynthesised material or

emission from the burning products of late time stellar evolution.

We explore the possibility that AT 2016jbu is the result of a binary system. We

compare our progenitor models with an extensive group of BPASS models, explor-

ing both CCSN and non-terminal events. We find that matching models have MZAMS

. 26 M�. Steady state mass loss due to the progenitor wind is unable to produce

the CSM density necessary to power the light curve and episodic mass loss may be

required. Using SNEC we find that a relatively low explosion energy (5.5 × 1049 ergs)
with a small ejecta mass (∼ 1-2 M�) can comfortably power AT 2016jbu (assuming

spherical symmetry). If we account for a high degree of asymmetry, we may have

an explosion energy on par with a typical CCSN.

It appears that there is not a simple explanation for these transients. Following

Hickam’s dictum, a low energy SN within a binary system with a disk-like CSM

can account for the rise and peak of Event B, low 56Ni, continued CSM interaction,

and unique spectral features of AT 2016jbu. Additional binary interaction might

explain Event A e.g. due to a merger or CEE. Detailed modelling of this proposed

scenario is beyond the scope of this paper and future work will involve exploring

these scenarios in a non-symmetric setting.

The true nature of AT 2016jbu (and other SN 2009ip-like transients) remains elu-

sive. Perhaps the ultimate answer will come if or when very late time observations

reveal a surviving progenitor. To date, no conclusive evidence exists as to whether

these transients destroy their progenitor. However, one must account for the possi-

bility that if the progenitor survived, it may be obscured by a significant amount of

dust. Deep images covering the full SED will hence be required to confidently rule

out surviving, but dust-enshrouded, star. To this end, future observations with the

upcoming James Webb Space Telescope will be essential. Alongside this, deep opti-

cal imaging from the Vera C. Rubin Observatory may capture similar pre-explosion

variability in the years/decades prior to future SN 2009ip-like events, perhaps even

allowing for a countdown timer before these events.
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Chapter 5

The impostor revealed: SN 2016jbu was a termi-

nal explosion

“Do not go gentle into that good night, rage, rage against the dying of the light.”

- Dylan Thomas



Declaration

This Chapter is given as published in A&A 664 L18. Additional text not in-

cluded in the published version of records in indicated in italics. Figures have

been adjusted for correct formatting. Several parts of this chapter were com-

pleted by co-authors. These include:

• HST WFC UVIS/IR photometry was performed by M. Fraser.

• The final section of chapter has been adjusted to include the a discus-

sion on gravity driven mass loss.

• Section 5.3.2 has been adjusted to include details on the DUSTY mod-

els.

5.1 Introduction

The final moments of massive stars’ (> 8 M�; Woosley et al. 2002) lives are often

not well understood. While the general picture of massive stars exploding as core-

collapse SNe is well understood, it is increasingly apparent that some of these stars

will experience enhanced mass loss before exploding (Fraser et al. 2013a; Yaron

et al. 2017).

In recent years, a group of transients has been classified, where it is uncertain

whether these are core-collapse supernovae (CCSNe) or giant non-terminal erup-

tions. These events have been dubbed SN 2009ip-like transients and include such

events as SN 2009ip (Foley et al. 2011; Smith et al. 2010b; Fraser et al. 2013a; Pa-

storello et al. 2013; Mauerhan et al. 2013a; Smith & Tombleson 2015), SN 2015bh

(Elias-Rosa et al. 2016; Thöne et al. 2017; Boian & Groh 2018; Jencson et al. 2022),

SN 2016bdu, SN 2005gl (Pastorello et al. 2018), LSQ13zm (Tartaglia et al. 2016b),

and SN 2016jbu (Kilpatrick et al. 2018; Brennan et al. 2021a,b).

These transients display several peculiar features that are challenging to explain

with current stellar evolutionary theory. These include a history of erratic variability,

followed by two luminous events (known as Event A and Event B), the latter reach-

ing a magnitude comparable to Type IIn supernovae (SNe) 1 (∼ −18.5 mag, Nyholm

et al. 2020), and a bumpy decline in their light curve. The late-time photometric

1SNe showing signs of interaction with circumstellar material, with narrow emission lines seen in
their spectra (Schlegel 1990; Filippenko 1997).
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evolution for these objects is slower than that expected for radioactive 56Ni decay

(Fox et al. 2015). Additionally, these objects display smoothly evolving asymmetric

Balmer emission lines, suggesting a complex, possibly disk-like, circumstellar ma-

terial (CSM) (Brennan et al. 2021b; Reilly et al. 2017). Curiously, their ejected 56Ni

mass is constrained to be relatively low (less than a few 0.01 M�) Smith & Tomble-

son (2015); Margutti et al. (2014); Brennan et al. (2021b). This has led some au-

thors to consider whether we are observing a core-collapse event unfold, or a giant

stellar eruption, perhaps similar to the non-terminal Giant Eruption of η Car, i.e. a

SN Impostor (Van Dyk & Matheson 2012; Pastorello et al. 2013; Elias-Rosa et al.

2016; Hirai et al. 2021).

SN 2009ip has recently been re-observed by Smith et al. (2022) using the Hub-

ble Space Telescope (HST), who reported a source with a luminosity significantly

lower than the progenitor observed in 1999 in F606W. Critically, Smith et al. (2022)

find a constant colour for the late-time light curve of SN 2009ip, indicating an ab-

sence of dust formation. This strongly disfavours the possibility that the massive

progenitor (∼ 60 − 80 M�, Smith et al. 2010b; Foley et al. 2011) is being obscured

by large amounts of newly-formed dust. Based on these recent observations, Smith

et al. (2022) conclude that SN 2009ip was indeed a SN and will continue to fade.

Jencson et al. (2022) have concluded a similar fate to SN 2015bh, where the light

curve is now significantly fainter than the progenitor fading with a constant colour,

ruling out a dust-enshrouded surviving star.

This Letter presents new late-time observations of SN 2016jbu. SN 2016jbu

(a.k.a Gaia16cfr) offers a unique opportunity to search for a surviving star, as the

progenitor was detected at multiple wavelengths, and was well constrained by Kil-

patrick et al. (2018); Brennan et al. (2021b) to be a ∼ 22 M� Yellow Hyper Giant

(YHG).

Following Brennan et al. (2021a), we take the distance modulus for NGC 2442

to be 31.60 ± 0.06 mag. We adopt a redshift of z=0.00489 and a Milky Way (MW)

foreground extinction to be AV = 0.556 mag. We correct for foreground extinction

using RV = 3.1 and the extinction law given by Cardelli et al. 1989.

5.2 Observations

We observed the site of SN 2016jbu in December 2021 during Cycle 29 with HST

(ID: 16671, PI: N. Elias-Rosa) using the UV-Visible (UVIS) and Infrared (IR) chan-

nels of the Wide Field Camera 3 (WFC3/UVIS and WFC3/IR respectively). The

objective of our proposal was to re-observe SN 2016jbu with the same filters that
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were used in early 2016 and 2019. These include WFC3/UVIS F555W, F350LP,

F814W and WFC3/IR F160W. Serendipitously, the host of SN 2016jbu, NGC 2442,

was observed with WFC3/UVIS in F275W in March 2021 (ID: 16287, PI: J. D. Ly-

man). Pipeline reduced images were downloaded from Mikulski Archive for Space

Telescopes (MAST2), and photometry was performed on these images using the

dolphot package (Dolphin 2016).

In all cases, images were masked for cosmic rays and other artefacts using

the associated data quality files. Source detection was performed on a pipeline

drizzled reference image, before PSF-fitting photometry was performed on the in-

dividual flt / flc frames. For the WFC3/UVIS data taken in Dec 2021, the pipeline

drizzled F350LP image was used as a reference frame for source detection; for

the WFC3/IR data, the drizzled F160W image was used as a reference. The 2021

March F275W data were analysed separately, using the drizzled F275W image as

a reference.

Photometry for the point source at the position of SN 2016jbu is reported in

Table. 5.1.

Table 5.1: Observational log for HST + WFC3/UVIS and WFC3/IR images covering
the site of SN 2016jbu from December 2021. We also include F275W taken ∼9 months
prior. Measured photometry (in the Vega-mag system) for SN 2016jbu is reported with
1σ errors in parentheses.

Date Filter Exposure Mag (err)

2021-03-02 F275W 4 × 450s 25.305
(0.374)

2021-12-06 F350LP 4 × 385s 25.685
(0.039)

- F555W 4 × 390s 26.585
(0.112)

- F814W 4 × 390s 25.855
(0.146)

- F160W 3 × 420s 23.744
(0.086)

5.3 Discussion

5.3.1 Light curve evolution As shown in Fig. 5.1, SN 2016jbu has faded signif-

icantly since 2019 and its F555W magnitude is now ∼ 2.25 mag fainter than its

2mastweb.stsci.edu/
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minimum value seen in early 2016 (Brennan et al. 2021b). Similar to the recent

results from Smith et al. (2022) for SN 2009ip, we find a consistent colour (within

error) between 2019 and 2021. We measure (F555W − F814W)0 (approximately

V-I) to be 0.47± 0.04 mag in 2019; and 0.46± 0.18 mag in 2021. Moreover, we find

similar decay rates for F555W and F814W between 2019 and 2021 (∼ 991 days)

of −0.0027 ± 0.0001 and −0.0026 ± 0.0001 mag day−1 respectively. These decline

rates are almost identical for F555W and F814W, and are ∼10 times faster than

those observed for SN 2009ip (Smith et al. 2022) (although still ∼10 times slower

than the decline seen in the late time light curve of SN 1987A e.g. Woosley 1988).

F555W 2019

1”

F555W 2021

1”

F814W 2019

1”

F814W 2021

1”

Figure 5.1: HST cutouts of SN 2016jbu in F555W (upper) and F814W (lower) from
2019 (left) and 2021 (right). The position of SN 2016jbu is located centre frame. In
each panel, North is pointing upwards and East is pointing left.

In Fig. 5.2 we plot the V-band light curve, as well as the HST observations

of SN 2016jbu from 2016, 2019, and 2021. From the photometric and spectral

features of SN 2016jbu, it is obvious that CSM interaction plays a dominant role

in the late time evolution (Kilpatrick et al. 2018; Brennan et al. 2021b). Amongst

other members of the SN 2009ip-like transients, unique to SN 2016jbu is the re-

brightening in the light curve seen after ∼+130 d. Notwithstanding this bump, we
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also see that the decline rate of SN 2016jbu from peak is not linear, with a slower

decline between 780 and 1770 days compared to between 250 and 500 days (Fig.

5.2).
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Figure 5.2: Light curve of SN 2016jbu including HST observations from Table. 5.1 and
Brennan et al. (2021b), and V-band (black markers) observations from Brennan et al.
(2021a). We include the expected luminosity from 0.016 M� of 56Ni in the V-band
(Hamuy 2003; Brennan et al. 2021b) as the sloped dashed line. We connect points in
the late time light curve to visualize the non-linear decline.

The progenitor candidate identified by Brennan et al. (2021b) was a ∼22 M�

star which exploded as a YHG. One would expect a star with this ZAMS mass to

explode as a Type IIP SN, and experience a mass loss rate of ∼ 10−6M� yr−1 before

exploding. Binary evolution can strongly affect the location in the HRD where a star

will explode, and we hence investigate whether the light curve of SN 2016jbu can

be used to confirm or rule out the presence of a binary companion.

We compare our 2021 observations to the sample of terminal BPASS (Eldridge

et al. 2017; Stanway & Eldridge 2018) models used in Brennan et al. (2021b) and

plot these matching models in Fig.5.3. No single star models match the progen-

itor of SN 2016jbu. We find one binary model that matches the 2016 progenitor

temperature and luminosity. This model comprises a primary (secondary) with a

terminal-age main sequence (TAMS) mass of 17 (12) M�. Subsequently, the pri-

mary becomes a red supergiant, before loosing most of its mass to its companion

and evolving across the HRD to become a hot stripped star. As it crosses the HRD

to the blue it begins Helium burning, but then moves back across to the yellow when

Carbon burning begins (around 104 years before core-collapse) where it explodes

as a yellow hypergiant. When the primary explodes, it still has a significant hydro-

gen surface fraction (∼ 25%), consistent with a Type IIn SN. Encouragingly, Brennan

et al. (2021b) explode this model using the SNEC code (Morozova et al. 2015) and

find it can broadly reproduce the Event B light curve shape for SN 2016jbu.
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Figure 5.3: Terminal model matching the progenitor of SN 2016jbu from BPASS (El-
dridge et al. 2017; Stanway & Eldridge 2018). Coloured markers are the primary star
(MT AMS = 17 M�), assumed to be the progenitor of SN 2016jbu. The Blue line is its
binary companion (MT AMS = 12 M�). We note the evolutionary track for the compan-
ion has not reached core-collapse, as the BPASS models terminate when the primary
reaches the end of its life. Colour of primary denotes the primaries’ mass at each evo-
lutionary time-step, given in the colour bar. Inset shows colour magnitude diagram
(CMD) including the 2021 observations of SN 2016jbu (black marker) and the colour
of the binary companion from the BPASS model during the last evolutionary time-step
(blue marker).

We find the companion colour, taken as the last evolutionary time step in the

BPASS model, is too blue to match our 2021 observations, (F555W − F814W)0 ≈

+0.46. Additionally, our F555W0 observations are too bright to be associated with

the flux from the companion star alone (the companion magnitude in all bands is

fainter than our 2021 measurements). This is consistent with CSM interaction con-

tinuing to dominate over any binary companion. Once CSM interaction stops (and

if a surviving companion exists), we expect it to be detectable by HST at F555W

∼ 27.8 mag.
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5.3.2 Modelling the SED SN impostors, by definition, do not destroy the progen-

itor star (Van Dyk et al. 2000). We investigate the possibility that the progenitor of

SN 2016jbu still exists, but is now enshrouded by dust. Using the DUSTY radiative

transfer code (Ivezic & Elitzur 1997), we calculate the observed spectral energy dis-

tributions (SEDs) for a grid of progenitor models allowing for different configurations

of circumstellar dust, see Brennan et al. (2021b) for further details.

The input parameters for our DUSTY models are a a set of template spectra (each

with an corresponding effective temperature), the optical depth of the shell τV at V

band, and the dust temperature Td at the inner edge of the shell. Dust grain size is

given by the MRN distribution (see Mathis et al. 1977, for details) and calculated

within DUSTY.

To remain open to any sort of surviving source, we employ a range of synthetic

stellar spectra covering a wide temperature regime, which includes models from

MARCS (Gustafsson et al. 2008), PHOENIX (Husser et al. 2013), PoWR (Sander

et al. 2015), and CMFGEN (Hillier & Lanz 2001).

The dust density follows a r−2 distribution, with a radial extent varying between

1.5 and 20 times the inner radius of the dust shell, although we find our results are

insensitive to this parameter. The dust mass is parameterized in terms of the optical

depth in V-band, τV , which varied between 0 and 5 in 0.1 steps. We vary the dust

temperature at the inner dust boundary between 100-2000 K in 50 K steps.

For each model, we calculate synthetic F555W − F814W and F814W − F160W

colours of the ouput spectra produced by DUSTY, and compared them to the fore-

ground extinction corrected colours of the remnant of SN 2016jbu, see Table: 5.13.

Models with colours matching (within measurement errors) SN 2016jbu remnant

are scaled to match the F814W0 2021 observation. We then calculate the bolomet-

ric luminosity by integrating these scaled SEDs. Matching spectra are plotted in

Fig. 5.4.

We find our 2021 optical measurements can only match a dust-enshrouded

source with the luminosity of the progenitor if it is much hotter (upper panel, Fig.

5.4), but re-radiating much of its flux in the Infra-Red (IR) due to dust (lower panel,

Fig. 5.4).

The most salient parameter in our modelling is the dust mass. Following

Kochanek (2011), we find these models require 10−2 − 10−1 M� of graphitic dust

3We exclude F275W and F350LP from our colour matching due to the former being measured in
early 2021 and the later likely containing flux from Hα. We instead use these bands as upper limits.
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Figure 5.4: Upper panel: Hertzsprung-Russell diagram showing model luminosities
and effective temperatures. The colour of markers represents the necessary dust tem-
perature required to match the remnant colours. For reference, we overplot single-star
evolutionary tracks from the Binary Population and Spectral Synthesis (BPASS) mod-
els (Eldridge et al. 2017; Stanway & Eldridge 2018). Lower panel: Matching spectra
from DUSTY. Markers with error bars represent the extinction corrected flux from the
2021 data given in Table. 5.1. The colour of each spectral energy distribution rep-
resents the luminosity of the scaled model. We treat the F275W measurement from
March 2021 and the F350LP data from December 2021 as upper limits.

to obscure a surviving progenitor4. Such dust mass may be expected after

∼ 1800 days post-core-collapse (Wesson et al. 2015), but producing such a large

4Assuming an expansion velocity of 5000 km s−1, a travel time of 1790 days, and dust opacity of
500 cm2 g−1 (Kochanek 2011; Brennan et al. 2021b)
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amount of dust at this phase without core-collapse is non-trivial (Kochanek 2011)5.

Additionally, such a large dust mass would result in a noticeable colour change,

which is not seen in SN 2016jbu (or SN 2009ip, Smith et al. 2022).

5.4 Conclusions

In this Letter, we have presented and analysed HST/WFC3 images of the source at

the position of SN 2016jbu taken 5 years after the explosion.

Our main conclusion is that the point source is now significantly fainter

(∼2.2mag) than the progenitor (Kilpatrick et al. 2018; Brennan et al. 2021b). We

find the colour (F555W − F814W)0 has remained roughly constant for ∼2 years,

suggesting that significant quantities of dust have has not formed. Motivated by the

constant colour and non-linear decay seen in SN 2016jbu’s late-time evolution, we

also investigate the possibility that the light curve is fading to reveal a binary com-

panion (e.g. Zhang et al. 2004; Kashi et al. 2013; Fox et al. 2022). Comparing to

models from the BPASS code yields a single matching model. However, the binary

companion is too blue and faint to match our 2021 observations, although continued

follow-up is needed to confirm this or refute this scenario as the SN fades further.

We attempt to model a surviving progenitor enshrouded by dust using the

DUSTY code. While our HST photometry can be modelled with a dust-enshrouded

star, we cannot tightly constrain the remnant luminosity due to a lack of coverage

in the mid-IR (Fig 5.4). However, any model would require a significant dust mass

(10−2 − 10−1 M�) to obscure the surviving star and match our optical observations.

Such high dust masses are difficult to produce in a non-terminal eruption, and a

significant colour change would also be expected.

The above arguments strongly suggest that SN 2016jbu was indeed a terminal

explosion, and considering the recent observations of SN 2009ip (Smith et al. 2022)

and SN 2015bh (Jencson et al. 2022), strongly supports the conclusion that the

class of SN 2009ip-like transient are indeed genuine - albeit strange - SNe.

This provides a solid footing to explain the remaining observables for this class

of transients, in particular, the years-long erratic variability seen prior to explosion

in these events, and possibly Event A. The late time nuclear stages are postulated to

produce gravity-driven mass loss events, with the capabilities to remove a few M� of

material within ∼8 yrs before core-collapse (e.g. Quataert & Shiode 2012; Fuller

2017). This would naturally explain the variability seen in SN 2009ip-like transients,

5η Car has ∼0.6 M� of dust, although this is ∼150 yrs post eruption (Smith et al. 1998)
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and the complex CSM environments, although high velocity material, such as that seen

in the spectra of SN 2009ip in 2011, is difficult to produce using this mechanism (Fuller

2017).

And perhaps most puzzling, why is the class of SN 2009ip-like transients rel-

atively homogeneous if they come from such a wider range of progenitors (e.g.

25 M� yellow hypergiant for SN 2016jbu, and a 60 M� luminous blue variable for

SN 2009ip) Smith et al. 2010b; Foley et al. 2011; Thöne et al. 2017; Brennan et al.

2021b)?
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Chapter 6

Conclusions

“It is the unknown around the corner that turns my wheels.”

- Heinz Stucke



In this ultimate chapter, we summarise the work presented in this thesis, offer

general remarks on our findings, and briefly address future prospects.

6.1 Remarks on AutoPhOT and its future

In Chapter 2, we present the AutoPhOT code. Astronomers are often left with

a smorgasbord of images, spanning across the SED of an object (e.g. see Fig.

1.1), from various telescopes, with varying image quality. AutoPhOT was designed

with universality in mind, and provides a robust means to produce publication-ready

photometric data in a timely fashion.

AutoPhOT addresses a common issue with photometric analysis; that different

astronomers can report different measurements depending on their reduction pro-

cedures. From experience, this can vary by up to ∼ 0.5 mag, especially for faint

sources. AutoPhOT is built to work on an image-by-image basis, optimizing param-

eters to extract ideal photometric measurements.

We demonstrate that AutoPhOT can reproduce light curve data found in the lit-

erature in Fig. 2.17. Additional features, such as template subtraction and WCS

corrections, allow for a hands-off photometric reduction experience, while the mod-

ularity of the pipeline itself allows for the inclusion of future photometric packages,

and adaptions to suit specific scientific needs.

Moreover, AutoPhOT already has a suite of packages designed to add further

photometric capabilities and measurements. Perhaps the most important is the

limiting magnitude package. A non-detection is as important as a genuine detec-

tion,and this was paramount in searching for pre-explosion activity in AT 2016jbu

(see Fig. 3.2 and 3.5). The limiting magnitude tests are designed to find the most

meaningful value for how bright a source could be, and yet, not be detected. To

date, there is no dedicated software that can dynamically find this value without

major human intervention.

Unlike legacy software, AutoPhOT is built with the future in mind; being built on

Python 3 means AutoPhOT will receive continued support for many years. Being

built on the astronomer-friendly Python language, AutoPhOT allows for transparent

reductions, unlike a so-called “Black Box”. Additionally, the modular designed of

AutoPhOT allows for specific needs by need basis for individual photometric analy-

sis.

As an exciting aside, AutoPhOT has an encouraging use in Kilonova (KN) dis-

covery and follow-up. Due to their intrinsic fast decay time, searching for the optical
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counterpart to a Gravitational Wave requires speed and and optimum search strat-

egy. AutoPhOT has been used as a fast means to search for a KN, as images from

potential host galaxies are received every few minutes, AutoPhOT can perform au-

tometric photometric measurements in ∼seconds.

The future of the AutoPhOT code is bright. The code has already gained sig-

nificant attention from the transient community, and has appeared in several pub-

lications to date. Moreover, several institutes are interested in implementing the

AutoPhOT pipeline into their own photometric pipelines (private conversations).

Continued development will improve User experience and enhance and expand

the capabilities of the pipeline.

6.2 The transition of AT 2016jbu to SN 2016jbu

A large portion of this thesis focuses on the interacting transient, SN 2016jbu1.

An exciting prospect of modern astronomy is “watching a star explode”. In Chap-

ter 3, we see that SN 2016jbu does not go quietly into the night but rather displays

a dramatic demise.

SN 2016jbu displays erratic variability at least ∼10 years before its terminal end.

The explosion itself consists of two luminous events, the latter of which is likely the

terminal explosion itself (see Fig. 4.14, and further detail in Chapter 5.).

How, and why, this star exploded as it did is initially difficult to explain. There

is a growing sample of objects that display such features (SN 1996al, SN 2009ip,

SN 2013gc, SN 2015bh, SN 2016bdu, SN 2018cnf, and likely more), and the sam-

ple itself shows remarkable homogeneity (see Figs. 3.4, 3.12, 3.17, and 3.20). A

major goal of this work is to make progress on this class of transients, more specifi-

cally the progenitor scenario. We will briefly reiterate the major findings found during

this thesis.

SN 2016jbu displayed remarkable similarities to SN 2009ip and received an

intense multi-chromatic follow-up presented in Chapter 3. SN 2016jbu is similar

to a Type IIn SN, but shows erratic variability, a low (if any) ejected 56Ni, and two

luminous events. Similarities to η Car raised speculations as to whether SN 2016jbu

and similar transients are supernova at all, or rather supernovae impostors.

The site of SN 2016jbu was observed by the Hubble Space Telescope (HST)

roughly a year before its apparent demise. The progenitor displayed (apparently)

1For correctness, we will refer to this transient using the supernova classification, SN 2016jbu, rather
than AT 2016jbu
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smooth variability, which may be consistent with a binary system. We find in Chap-

ter 4 that the progenitor itself is consistent with a ∼ 22 M� Yellow Hyper Giant

(YHG), surrounded by warm dust. Strangely, this is in stark contrast to the com-

monly assumed progenitor for this class of transients, a massive Luminous Blue

Variable (LBV) star. Moreover, a YHG is not expected to explode as a typical CC-

SNe, but continue expanding to become a Red Super Giant (YHG) and explode as

a type II SN.

Asymmetries likely play a role in the evolution of SN 2016jbu. We note in Chap-

ter 3, that SN 2016jbu and other objects demonstrate a possible degeneracy in their

Hα profile, suggesting a line-of-sight effect is effecting how we perceived these ex-

plosions.

In Chapter 4, we present a toy model that aims to encompass the observa-

tional properties of SN 2016jbu, and is illustrated in Fig. 4.14. We speculate that

SN 2016jbu was a double explosion, or shell-shell collision, while surrounded by a

highly asymmetric environment, which we postulate is a dense, slow moving, disk

of material. This disk has likely been formed from multiple instances of eruptive

mass loss from the progenitor, along a preferred direction. The mechanism of this

double eruption remains unclear.

The progenitor of SN 2016jbu undergoes a precursor eruption that ejects a

moderate amount of slow moving material. Roughly 2 months later, SN 2016jbu

undergoes a large explosion (which we demonstrate in Chapter 5 is likely a termi-

nal explosion) and this ejecta interacts with previously ejected material, including

ejecta from the precursor eruption, as well as pre-existing material in the disk. As

SN 2016jbu evolves, material begins to become transparent, and various photons

from the interaction sites escape, leading to the complex Hα profile at later times.

Variations seen in the Hα profile between similar transients are then caused by the

observer looking at the transient along the direction of the disk (producing more

complex profiles) and down along the poles (producing single peaked emission

lines).

While our model can, in theory, reproduce the observables of SN 2016jbu, it

lacks any physical confirmation. Future work on this class object calls for radiative-

hydrodynamic simulations of the double eruption within a disk-like environment.

The most salient finding of this thesis involves the late-time observation of

SN 2016jbu. As a part of these thesis, the site of SN 2016jbu was re-observed

using the HST, almost 5 years after the transient was first detected. To test weather

SN 2016jbu was indeed a SN impostor, one would expect the observations to re-
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turn to the progenitor magnitudes (or bolometric luminosity). We find that the op-

tical (F555W) magnitude is ∼ 2 mag fainter than the progenitor. This suggest the

source is now significantly less luminous than the progenitor or there is a significant

amount of dust enshrouding the star. To test the latter, we model photons from a

stellar source travelling through a dusty shell in Chapter 5. Although the late time

observations can be modelled by a dust enshrouded star, it requires a large amount

of dust, which is unlikely to be present without a terminal explosion. Additionally,

the late time light curve has an almost constant color (F555W − F814W), which

would not be expected for a massive amount of dust.

When this thesis began, we were unsure whether SN 2016jbu was a the death

of a massive star. The findings from Chapter 5 show SN 2016jbu has faded beyond

the progenitor magnitude, and dust is unlikely to be hiding the progenitor star. We

therefore come to the conclusion that SN 2016jbu was indeed a terminal explosion.

Whether this was due to core-collapse or some other terminal mechanism remains

to be seen.

Referring to work presented in Chapter 4, we aim to learn more about the pos-

sible progenitor system for AT 2016jbu. In Fig. 4.13, we plot the matching terminal

models from the BPASS code. Matching the progenitor’s luminosity and effective

temperature (see Fig. 4.5), we find a single matching binary model, which is plotted

in Fig. 5.3.

This matching model from BPASS is encouraging. The system consists of a

binary system of a a 17 M� primary and 12 M� secondary. The pair undergoes

a dramatic mass transfer event, where the primary transfers ∼1/2 of its mass to

the companion, see Fig. 4.15. This mass transfer would be expected to have a

preferred direction, possibly forming a disk/torus like environment, as is postulated

for SN 2016jbu and SN 2009ip-like transients, see Chapter 4 for further details. This

mass transfer also causes the primary to explode “prematurely” as a YHG, rather

than RSG. Serendipitously, we exploded this model in Chapter 4 using the SNEC
code, and find it can roughly reproduce the Event B light curve, given in Fig. 4.15.

In this scenario, we naturally expect there to be some form of a surviving com-

panion. The current color and brightness of SN 2016jbu remains inconsistent with

the companion expected from BPASS, however, as SN 2016jbu continues to fade,

observations may reveal the binary star. This would make an exciting target for

space-base telescopes such as the HST and JWST.

This is an exciting development for transient astronomy. As shown in Chapter 3,

these objects show remarkable heterogeneity, and this may represent a currently
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unknown events taking place during the final moments of core-collapse, or even act

as a countdown to the death of a star.

More will be revealed with continued attention towards SN 2009ip-like transients.

Progress can be made using deep observations of the erratic eruptions during the

years prior to explosion. With the dawn of novel high cadence, all-sky surveys (e.g.

LSST), observations of the progenitor, prior to its demise, may be easily obtainable.

If these are indeed single stars, to the conclusion in Chapter 5, it seems gravity-

driven eruptions is a likely mechanism for producing extreme mass loss events

in the final ∼ decade prior to core-collapse, as discussed in Section 1.3. While

confirmation of gravity-driven mass loss in evolved massive stars is lacking, future

observations and continued theoretical work may shed light on this.

With higher cadence photometry of these eruptions, we may truly understand

the progenitor scenario and, as we report in Chapter 5, can these eruptions be ex-

plained by a binary companion. Although beyond the scope of this thesis, perform-

ing hydrodynamic simulations of possible scenarios for the Event A/B light curve,

will be an important step in progressing the field of transient and supernova astron-

omy.

I wager that the aforementioned comments will greatly improve the understand-

ing of these transients, and expand upon the current stellar evolutionary theory, in

particular, the final exciting moments of a massive stars’ life.
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