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Abstract

The rate at which massive (& 8 M�) stars explode as core collapse supernovae (CCSN) can act as

a tracer of the cosmic star formation history, independent from the conventional galaxy luminosity

methods. However, estimates of the CCSNe rate suffer from significant statistical and systematic

uncertainties. While upcoming next-generation optical survey telescopes will dramatically improve

the statistics for determining the CCSN rate, they will still be prone to poorly understood systematic

effects due to dust extinction and the restricted spatial resolution of seeing-limited observations.

In this thesis I present the methodology and results of project SUNBIRD (Supernovae UN-

masked By Infra-Red Detection), in which we aim to characterize the population of CCSNe that

remain hidden in the nuclear regions of galaxies due to bright background emission and significant

dust extinction. Improved limits of this missed fraction will be crucial in reducing the systematic

uncertainties of current and future CCSN surveys. We have observed a sample of luminous infrared

galaxies (LIRGs), which have high star formation rates and host bright and complex nuclear regions,

but so far have shown a prominent shortfall of CCSN discoveries. To uncover CCSNe in this regime,

we observed in the near-infrared (near-IR), which is less affected by dust extinction compared to the

optical, using state-of-the-art laser guide stars adaptive optics (LGS-AO) imagers GeMS/GSAOI

on the Gemini South telescope and NIRC2 on the Keck II telescope. These combined capabilities

provide diffraction-limited image quality on 8-10m class telescopes, and at wavelengths with an

order of magnitude less dust extinction than in the optical, allowing us to sensitively probe the

complex star-forming and nuclear regions of these dusty galaxies in a completely new way.

Over the course of project SUNBIRD we discovered four photometrically confirmed CCSNe

and an additional five CCSN candidates. This has doubled the sample of AO-assisted CCSN

discoveries in LIRGs, and includes one of the most nuclear CCSNe ever discovered in a LIRG

(SN 2013if at 0.5′′ or 0.2 kpc projected radial offset) and one of the most dust-extincted CCSN

discovered in any galaxy (AT 2017chi with ∼12 magnitudes of extinction inV-band). Additionally,

I discovered an extremely near-IR bright transient (AT 2017gbl) superimposed on its host’s nucleus,



xiv Abstract

believed to be a tidal disruption event.

By comparing the total sample of AO CCSNe discovered in LIRGs with all documented seeing-

limited optical and near-IR discoveries, I show that our method is singularly effective in uncovering

CCSNe in the nuclear regions. Whereas seeing-limited optical and near-IR discoveries drop off in

the central kpc of LIRGs, AO-assisted CCSN discoveries increase dramatically, as expected from

their centrally peaked star formation.

Finally, we have observed one of the SN factories in our sample, IRAS 18293-3413 with three

CCSNe discoveries, with the cutting-edgeAO-assistedMUSE integral field spectrograph at the ESO

VLT. I show that, contrary to expectations, the CCSNe in this LIRG do not trace star formation well,

but instead align with ‘raw’ Hα. This is likely due to the effects of dust extinction, implying that

even when using near-IR observations, detailed knowledge about the distribution of star formation

and dust will be a crucial factor when converting observed CCSNe to a supernova rate.
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1
Introduction

The study of transients occupies a unique space in astronomy because transients, as opposed to

the evolution of the most common building blocks in the Universe such as galaxies and stars, in

general evolve over periods much shorter than human life times. As such it is only natural they

intrigue astronomers and the public alike, in particular those transients that can be observed at

extragalactic distances and are typically related to violent physical processes of stellar explosions

or black holes. By now many different types of extragalactic transients have been identified and

categorized, including supernovae (SNe), gamma-ray bursts (GRB), fast radio bursts (FRB) and

tidal disruption events (TDE). Our understanding of the origin andmechanism of these extragalactic

transients has not progressed as quickly as their rate of discovery, however, in large part due to the

observing limits imposed by the large distances at which they occur. These types of transients are

not exclusive to galaxies other than our own, but have only been observed at extragalactic distances

because for a single galaxy such as the Milky Way the occurrence rate is very low. For example

the expected core-collapse SN (CCSN) rate for the Milky Way is one every hundred years (Adams

et al., 2013). The last SN observed in the Milky Way dates back to 1604, thought to have been a

Type Ia SN instead (Vink, 2017), a SN type not brought about by core collapse. The best studied

CCSN in history is SN 1987A in the Large Magellanic Cloud, not coincidentally also the most
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nearby SN in recent history.

However, these limitations in our understanding concerning their nature and mechanism has

not kept astronomers from utilizing transients as a means to understand the Universe through

their observed properties. A prime example for this contrast in extragalactic transient research is

thermonuclear Type Ia SNe. Type Ia SNe are believed to be the result of a thermonuclear explosion

of a degenerate carbon-oxygen white dwarf (WD) accreting mass in a binary system until the

Chandrasekhar limiting mass (∼1.4 M�) is reached (Whelan and Iben, 1973). Despite hundreds

of SN discoveries, progenitors to Type Ia SNe have never been observed and to this day there

is no consensus whether the binary companion of the WD is a main sequence star/red giant star

losing mass to the WD through Roche Lobe overflow, or if the explosion is the result of a double

degenerate system with two merging WDs. But despite this lack of understanding, by using their

well defined standard luminosity with empirical corrections to the light curve shape and colour,

Type Ia SNe prove to be accurate distance indicators, or “standard candles” (Cadonau et al., 1985).

This led to the ground-breaking discovery that the expansion of the Universe is not slowing but

accelerating (Perlmutter et al., 1999, Riess et al., 1998)

Similarly to Type Ia SNe, the explosion mechanism of CCSNe (Type Ib/c and Type II) is a

long-standing problem in astronomy, with various models attempting to predict the systematics of

the SN explosion and remnant properties (Müller, 2017). While the progenitors of Type Ia SNe

are long-lived low-mass stars, a CCSN is believed to be the result of the collapse of a short-lived

massive (&8 M�) star at the end of its lifetime (Smartt, 2009). When the star develops an iron core

larger than the Chandrasekhar limiting mass, the core is unable to support itself through electron

degeneracy pressure and undergoes gravitational collapse at relativistic velocities. This contraction

is halted once the density reaches the point where the strong nuclear force becomes repulsive, the

inner core “bounces”, and the subsequent outgoing shock waves accelerate material outwards, aided

by a fraction of the vast number of neutrinos created under the extreme conditions in the core. The

different observational subclasses of CCSNe are based on spectral and light curve features, and are

believed to be related to the composition of the progenitors’ envelope, mass loss history, presence

of a binary companion, and initial mass. The progenitors of Type II SNe retained their hydrogen

envelope resulting in a SN spectrum dominated by Balmer features, further subdivided into SNe

showing a long plateau phase in their light curve (IIP) or linear decliners (IIL). Type Ib SNe have no

Balmer lines, but still show helium features indicating the progenitor retained its helium envelope,

while Type Ic SNe do not show hydrogen or helium spectral features (Gal-Yam, 2017). Figure 1.1

shows on the left typical spectra for different types of SNe with identifying features highlighted,
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and on the right the structure of their corresponding progenitors (Modjaz, 2011).

Figure 1.1: Typical spectra for different types of SNe with spectral features highlighted, and their

corresponding progenitor shell structures, from Modjaz (2011).

The study of CCSNe, as well as their progenitors and remnants, can provide clues in many

different areas. CCSNe and their progenitors play a significant role in the enrichment of the

interstellar medium with heavier chemical elements, and using explosion mechanism models the

nucleosynthesis of CCSNe can be determined (Umeda and Yoshida, 2017). The study of SN

remnants allows for the study of the circumstellar and interstellar medium, as well as the mass

loss history of the CCSN progenitor (Long, 2017). Based on theoretical calculations CCSNe are

thought to be a significant source of dust formation, and observations in the IR help constrain this

expectation (Williams and Temim, 2017). Finally, CCSNe and the rate at which they explode can

also be used as cosmological tracers, for example of star formation.

1.1 CCSNe as a cosmological tracer of star formation

Just like Type Ia SNe, cosmological applications of CCSNe have been investigated that are inde-

pendent from their explosion mechanism. Because CCSNe are typically not as bright as Type Ia

SNe, and display a wide variety of luminosities and light curve evolution, there are limits to their

usefulness as standard candles. Still, there have been attempts made to complement the current
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measurements of the Hubble constant by using Type IIP SNe as distance indicators. This involved

relating the photospheric angular size of the SN with its expansion velocity (the expanding pho-

tosphere method, e.g., Eastman et al., 1996), or using an empirical correlation between plateau

luminosity and expansion velocity (Hamuy and Pinto, 2002). So far these methods have not been

as accurate in determining distances (∼20%; Gall et al., 2018, Kasen and Woosley, 2009) as Type

Ia SNe (.6%; Howell, 2011).

A different cosmological application of CCSNe relates to their progenitors. Because CCSNe

are the result of the collapse of massive stars that have cosmologically short lives (7-45 Myr,

e.g., Xiao et al., 2018), the rate of CCSNe should reflect the ongoing massive star formation

(SF) at the explosion site. As such the rate of CCSNe can act as a probe of the SF rate of their

hosts and, given the high peak luminosities of CCSNe, provide a determination of the cosmic star

formation history (SFH) up to high redshift (Dahlen et al., 2004, Madau and Dickinson, 2014).

The advantage of this method is that, while there are uncertainties in converting CCSNe rates into

star formation rates (SFR), these uncertainties are observationally independent from conventional

methods using galaxy luminosities, such as Hα, infrared (IR) and ultraviolet (UV). Additionally,

an accurate determination of the evolution of the CCSN rate with redshift would constrain the

chemical enrichment of galaxies, as CCSNe are the source of all metals heavier than iron in the

universe.

For this method to be viable, it has to be accurately calibrated against other known SF tracers,

which so far has been done by comparing observed CCSN rates with the rates predicted from the

cosmic SFH as determined through galaxy luminosities.

1.1.1 Predicted CCSN rate

The predictedCCSN rate as a function of redshift is determined bymultiplying the SFR as a function

of redshift by the fraction of stars that form CCSNe. Madau and Dickinson (2014) determined the

cosmic SFH from ultraviolet (UV) and infrared (IR) data to be:

ϕ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M� year−1 Mpc−3 (1.1)

Given an assumed initial mass function (IMF) φ(m), the number of CCSN progenitors per unit

formed stellar mass k is:

k =

∫ mu

ml
φ(m) dm∫ mmax

mmin
m φ(m) dm

(1.2)
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with ml and mu the lower and upper mass limits for a CCSN progenitor, and mmin and mmax the

lower and upper mass cut-off of the IMF φ(m). Note that while k depends on the adopted IMF,

so does the derived SFR ϕ(z) through the SF indicators used, including Hα, UV and IR. These

indicators directly (UV) or indirectly (optical/UV light reprocessed by dust and emitted in the IR)

probe the young massive end of the stellar mass range, which is similar to the mass range of stars

exploding as CCSNe. This means variations in the adopted IMF should only have a minor effect

on the expected CCSN rate derived this way. Assuming a Salpeter IMF with cut-offs of 0.1 and

125 M�, and SN progenitor mass limits of 8 and 40 M� (Smartt, 2009), the number of stars that

explode as CCSNe per unit mass is k = 0.0068 (Madau and Dickinson, 2014). The comoving

volumetric CCSN rate is then defined as RCC(z) = ϕ(z) × k.

1.1.2 Observed CCSN rates

There has been a lot of work done on determining the CCSN rate at different redshifts. The study

of Cappellaro et al. (1999) was one of the first measurements of CCSN rates based on a relatively

large number of SNe, by combining the logs of several SN searches at the time and a long-term

amateur visual search by Evans (1997). The sample consisted of ∼67 local (z∼0) unobscured

CCSNe discovered in normal galaxies and was expressed in terms of optical galaxy luminosity.

Dahlen et al. (2004) extended the observed CCSN rates with redshift using 17 CCSNe across

two redshift bins discovered with the Advanced Camera for Surveys (ACS) on the Hubble Space

Telescope (HST). They showed an overall increase by a factor of ∼7 compared to the local rate, in

reasonable agreement with a compilation of SFR data derived from UV-luminosity densities and

IR data sets (Giavalisco et al., 2004).

Based on a refined normalization of the cosmic SFH, Hopkins and Beacom (2006) concluded

the CCSN rate measurements derived in Cappellaro et al. (1999) and Dahlen et al. (2004) were

lower than the CCSN rates inferred from the cosmic SFH. Botticella et al. (2008) observed a

similar difference between the SFH from Hopkins and Beacom (2006) and their CCSN rate at 〈z〉

= 0.21 derived as part of the Southern inTermediate Redshift ESO Supernova Search (STRESS),

concluding that in order to probe the link between SN and SF rates it was necessary to reduce the

uncertainties in the cosmic SFH. The Lick Observatory Supernova Search (LOSS Leaman et al.,

2011a,b), conducted with the Katzman Automatic Imaging Telescope (KAIT; Filippenko et al.,

2001), significantly improved the local CCSN rate measurement based on 440 CCSNe discoveries

(Li et al., 2011b) from a volume limited sample of 14882 galaxies monitored for 10 years. The

Supernova Legacy Survey increased the sample at higher redshift, using 117 CCSNe with a median
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redshift of z = 0.29, see Table 1.1.

Horiuchi et al. (2011) proceeded to collect the cosmic CCSN rate measurements determined

in the aforementioned studies and compared them with the CCSN rate prediction using the cosmic

SFH from Hopkins and Beacom (2006). Their results suggested that the measured CCSN rate

was a factor of ∼2 smaller than the prediction from the cosmic SFH, up to a redshift of ∼1; the

so-called ‘Supernova rate problem’, shown in Fig. 1.2. However, locally this discrepancy was

not seen. Using 14 CCSNe within 11 Mpc, Botticella et al. (2012) compared the local CCSN

rate with standard SFR measurements based on Hα, far UV and total IR galaxy luminosities.

Good agreement of the CCSN rate was found with the SFR as derived through the FUV and IR

luminosities, although the SFR based on Hα was lower by a factor of almost 2.

Figure 1.2: The ‘Supernova Rate problem’, from Horiuchi et al. (2011). The comoving CCSN rate

as predicted by the cosmic SFH from Hopkins and Beacom (2006) is a factor of 2 larger than the

cosmic CCSN rate measured by SN surveys.

At higher redshift Dahlen et al. (2012) and Melinder et al. (2012) bridged the gap between

observed and predicted CCSN rates by applying the empirically derived missed-fraction correction

from Mattila et al. (2012) (further discussed in Section 1.3). Dahlen et al. (2012) completed the

HST/ACS study of Dahlen et al. (2004) with an increased sample of 45 CCSNe at redshift 〈z〉 =

0.39, 0.73 and 1.11. Melinder et al. (2012), based on a sample of 9 CCSNe as part of the Stockholm
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VIMOS Supernova Survey (SVISS), determined a CCSN rates at redshift 〈z〉 = 0.39 and 0.73,

respectively, see Table 1.1. Based on their results Melinder et al. (2012) stressed the importance

of systematic effects and dust extinction in particular, when trying to estimate the CCSN rate at

moderate to high redshift.

Figure 1.3: CCSN rates per unit volume, from Cappellaro et al. (2015). Solid lines show the

predicted CCSN rates based on the cosmic SFH from Hopkins and Beacom (2006) in blue and

Madau and Dickinson (2014) in green. The dashed lines show the predicted rates, corrected for the

missed SN fraction from Mattila et al. (2012).

Finally, Cappellaro et al. (2015) (SUDARE VST-OmegaCAM SN search) and Strolger et al.

(2015) (CANDELS/CLASHSN surveys) compared CCSN rates with the updated cosmic SFH from

Madau and Dickinson (2014), based on samples of 50 and 44 CCSNe at redshift 0.2 < z < 0.8 and

0.1 < z < 2.5, respectively (see Table 1.1). Both studies found their rates in good agreement with

the prediction from the cosmic SFH. Fig. 1.3 shows the CCSN rate as fitted by Cappellaro et al.

(2015) including the cosmic SF histories by Hopkins and Beacom (2006) andMadau and Dickinson

(2014) and CCSN rate measurements obtained previously. This figure also includes the results

from Graur et al. (2011), Taylor et al. (2014) and Graur et al. (2015), see Table 1.1 for the reported
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rates. Note that not only the SN rate measurements have considerable uncertainties, but also the

cosmic SF histories are affected by uncertainty as is clearly shown by the two cosmic SF histories

displayed in Fig. 1.3. Some sources of uncertainty in the cosmic SFH are the interpretation of light

as mass, the measurements of star formation that is obscured by dust, and a possible evolution of

the stellar IMF (Madau and Dickinson, 2014, Wilkins et al., 2008).

Study Redshift (z) CCSN rate (10−4 yr−1 Mpc−3)

Li et al. (2011a) 0 0.62+0.07+0.17
−0.07−0.15

Taylor et al. (2014) 0.072 1.06 ± 0.19

Graur et al. (2015) 0.075 1.04+0.33+0.04
−0.26−0.11

Strolger et al. (2015) 0.08 0.72 ± 0.06

Cappellaro et al. (2015) 0.1 1.13+0.62+0.49
−0.53−0.49

Cappellaro et al. (2015) 0.25 1.21+0.27+0.47
−0.27−0.47

Bazin et al. (2009) 0.29 1.42 ± 0.3 ± 0.3

Melinder et al. (2012) 0.39 3.29+3.08+1.98
−1.78−1.45

Dahlen et al. (2012) 0.39 3.00+1.28+1.04
−0.94−0.57

Graur et al. (2011) 0.66 6.9+9.9
−5.4

Melinder et al. (2012) 0.73 6.40+5.30+3.65
−3.12−2.11

Dahlen et al. (2012) 0.73 7.39+1.86+3.20
−1.52−1.60

Dahlen et al. (2012) 1.11 9.57+3.76+4.96
−2.80−2.80

Strolger et al. (2015) 2.0 3.7+3.1
−1.6

Table 1.1: A selection of recent measurements of CCSN rates at different redshifts. Reported

statistical errors are shown first, followed by systematic errors. All studies apply a Hubble constant

of H0 = 70 km s−1 Mpc−1.

1.2 CCSN rate uncertainties

Cappellaro et al. (2015) argued that the systematic errors in the SN and SF rates remain too large to

invoke a supernova rate problem in the first place, something that is well reflected in Fig. 1.3. The

supernova rate problem resulted from comparing CCSN rates to the cosmic SFH prediction from

Hopkins and Beacom (2006) marked with the blue line, which clearly lies above almost all CCSN

rate measurements before or since. The predicted rates based on the cosmic SFH from Madau and

Dickinson (2014) marked with the green line shows a better alignment at higher redshift, but it
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shows a surplus of predicted CCSNe in the local Universe. The CCSN rates in the local Universe

appear better fitted by the dashed lines, which indicate the two cosmic SFH predictions taking into

account the fraction of hidden SNe from Mattila et al. (2012). An essential step to resolving this

mismatch is to improve the errors associated with CCSN rate measurements, especially at high

redshift. Fig. 1.3 also shows how an accurate cosmic CCSN rate evolution in turn can provide an

independent consistency check of the cosmic SFH, given the significant difference between the two

presented cosmic SFHs. Two main sources of uncertainty in the measurement of CCSN rates are

SN statistics, and the missed-fraction correction. Here we describe each of these in more detail.

1.2.1 Poor supernova statistics

An important source of uncertainty contributing to the large error bars of the CCSN rates shown

in Fig 1.3 is the statistical error, in particular at high redshift. For example, the CCSN rate derived

in Dahlen et al. (2012) is based on one of the largest samples of CCSNe past z∼0.1 for a total of

45 CCSNe, of which only 11 fall in the highest redshift bin centred on z = 1.1. This is an issue

that cannot be easily resolved, but history has shown that it is likely just a matter of time. Fig. 1.4

shows the detections of SNe per year dating back to the 1880s, from Stritzinger and Moriya (2018)

and courtesy of M. Sullivan, for a total of 20,000 SN discoveries so far. The numbers in this figure

also include Type Ia SNe, but the trend is very clear.

There is no reason to believe this trend will not continue. Currently ∼5 SNe are discovered and

confirmed each day through wide-field all sky surveys such as CRTS, Drake et al. (2009); ASAS-

SN, Shappee et al. (2014); Pan-STARRS1, Chambers et al. (2016); (i)PTF, Rau et al. (2009);

and SkyMapper, Scalzo et al. (2017). However, this pales in comparison with the expected rates

produced by the large next-generation survey telescopes currently being designed or built. The

Zwicky Transient Facility (ZTF; Smith et al., 2014) has just started observations and observes the

entire Northern sky ∼300 times a year for transients. The Large Synoptic Survey Telescope (LSST)

is nearing first light, and is forecast to produce 100,000 transient alerts per night and three to four

million photometric SN discoveries during its ten-year survey1. The 4MOST survey2 on the VISTA

telescope is expected to produce a sample of 30,000 spectroscopically confirmed SNe (Stritzinger

and Moriya, 2018) during its lifetime. And finally the James Webb Space Telescope (JWST) has

surveys designed to detect SNe up to redshift z = 7.5 (Hartwig et al., 2017, Wang et al., 2017).

However, one of the most important systematic uncertainties in measurements of CCSN rates

1https://www.lsst.org/science/transient-optical-sky/supernovae
2https://www.4most.eu/cms/
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Figure 1.4: Histogram of supernovae discoveries since the 1880s. From Stritzinger and Moriya

(2018), figure courtesy of M. Sullivan.

will not easily be resolved by an increased number of SN detections. All the aforementioned

ground-based surveys will monitor for SNe at optical wavelengths in natural seeing conditions. It

will be necessary to correct for the fraction of SNe that are not being observed in regimes of high

dust extinction and in spatially complex crowded fields. This is critical for CCSN rates, since these

conditions are most prominent in starburst galaxies, which are host to exceedingly high CCSN

rates.

1.2.2 Missed SN fraction correction

In order to determine the intrinsic SN rate based on a limited sample of discoveries, it is critical

for any SN rate measurement to account for the fraction of SNe that are systematically not being

observed. Typically the dominant factors for missing SNe are dust extinction and reduced detection

efficiency in regions of bright background such as the nuclear regions of galaxies. The degree of

dust extinction a SN will be subject to depends on the dust content of the galaxy, and the relative

position of the SN in the galaxy. Hatano et al. (1998) presented a semi-analytical model to account

for dust extinction and inclination effects in normal spiral galaxies, by simulating SN positions
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within a spiral galaxy with a given dust content. They predicted a strong deficit of bright CCSNe

inside a projected radius of a few kiloparsec (kpc). Bazin et al. (2009) adopted this model to find

it increased their CCSN rate at z = 0.29 by 15%, while Dahlen et al. (2004) combined it with a

starburst extinction law to reflect the increase of starburst galaxies with redshift, resulting in a 60%

rate increase at z ∼ 0.3 and a 100% increase at z ∼ 0.7.

The impact of starburst galaxies on the observed CCSN rate as a function of redshift was further

explored by Mannucci et al. (2007). They argued that a missed-fraction correction to CCSN rates

based on a sample of local galaxies is not appropriate to use at all redshifts, because at higher

redshift the SF activity does not predominantly occur in relatively clean environments as it does

locally, but in dusty starburst galaxies. This is supported by Magnelli et al. (2009, 2011) who

showed that by a redshift of z ∼ 1 SF in starburst galaxies like luminous and ultraluminous infrared

galaxies (LIRGs and ULIRGs) dominates over that in normal galaxies, see Fig. 1.5.

Figure 1.5: From Magnelli et al. (2009), showing the total comoving IR energy/SFR density as

a function of redshift in grey. In yellow, orange and red are shown the relative contribution of

normal galaxies, LIRGs and ULIRGs, respectively. The triangles represent the earlier results from

Le Floc’h et al. (2005) of the same properties.
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1.3 SN rates in luminous infrared galaxies

LIRGs and ULIRGs are defined as galaxies with IR luminosities of LIR > 1011 L� and LIR > 1012

L�, respectively (Sanders et al., 2003). They exhibit high SF rates and are host to large amounts of

dust. SF in starburst galaxies such as LIRGs and ULIRGs is believed to be well traced by their IR

luminosity (e.g., Le Floc’h et al., 2005), with the high luminosity a result of dust absorption of UV

light from hot young stars getting re-emitted in the IR. (U)LIRGs constitute only a small fraction

of galaxies in the local Universe, but at higher redshift (U)LIRGs are the main contributor to SF, as

shown in Fig. 1.5. (U)LIRGs display a wide variety in morphology, including both normal spiral

galaxies as well as galaxies disturbed due to mergers or interactions with one or more companion

galaxies, enhancing SF in the nuclear regions in particular (Väisänen et al., 2012). As a result of

their high SF rates, starburst-dominated (U)LIRGs have an elevated expected CCSN rate of the

order of one per year (Mattila and Meikle, 2001), which is ∼100 times larger than the Milky Way

CCSN rate.

In addition to CCSNe, (U)LIRGs also appear to have an over-abundance of tidal disruption

events (TDE), where a star in close approach to a supermassive black hole is ripped apart by the

large tidal forces, resulting in a bright flare (Rees, 1988). Recently, Tadhunter et al. (2017) presented

the discovery of a TDE candidate in LIRG IRAS F01004-2237, a result from monitoring a sample

of 15 (U)LIRGs over 10 years. Based on this detection in such a limited sample they suggested

that the rate of TDEs is intrinsically higher in (U)LIRGs than in the general galaxy population,

especially considering the view of the nucleus of IRAS F01004-2237 is unusually clear of dust.

With most (U)LIRG central starburst regions enshrouded in dust, the true rate could be even higher.

This was further supported by the discovery of an extremely luminous dust-obscured TDE in LIRG

Arp 299 (Mattila et al., 2018).

With dust extinction and SF strongly correlated (Choi et al., 2006), the fraction of missed SNe

will be severe in (U)LIRGs. This was well shown by Richmond et al. (1998), who conducted a

search for SNe in LIRGs and starburst galaxies at optical wavelengths. Despite intrinsically high

SF rates in LIRGs, they failed to observe an elevated CCSN rate with respect to ‘normal’ galaxies,

and none of the CCSN discoveries occurred in the host galaxy’s nucleus.

This led to multiple studies to determine the CCSN rate in LIRGs and other starburst galaxies

in the near-IR, since in the near-IR extinction is vastly reduced compared to optical wavelengths

(AK ∼ 0.1×AV). Grossan et al. (1999) obtained a large sample of observations of starburst galaxies

in K′-band, but failed to discover any SNe, which they attributed to a lack of spatial resolution

(typical point spread function (PSF) of 2.2′′ Full Width at Half Max (FWHM)). Mannucci et al.
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(2003) observed 46 local LIRGs in natural seeing conditions in K’-band and detected three CCSNe,

including two that had not been observed in the optical. Still, this was an order of magnitude

smaller than the rate estimated from the galaxies’ LFIR, which they claimed demonstrated that even

at near-IR wavelengths 80% of CCSNe in LIRGs are still undetected. Cresci et al. (2007) observed

17 LIRGs with HST/NICMOS in the F160W filter and did not find any confirmed SNe. Miluzio

et al. (2013) observed 30 LIRGs across three semesters in service time with HAWK-I on the VLT

in natural seeing conditions in K-band and detected five CCSNe. They claimed good agreement

with the expected rate, but assumed a large fraction (∼60-75%) remained hidden in the nuclear

regions (<2 kpc) due to reduced search efficiency and extinction. Currently the SPIRITS (SPitzer

InfraRed Intensive Transients Survey; Kasliwal et al., 2017) survey employs the use of the Spitzer

space telescope to discover transients in the mid-IR in starburst galaxies and LIRGs, resulting in

several dust-obscured CCSNe discoveries (Jencson et al., 2018, 2017) and a determination of a

missed fraction of CCSNe missed in nearby galaxies of 38.5+26.0
−21.9% (Jencson et al., 2019).

Mattila et al. (2012) presented new empirical limits on the fraction of CCSNe missed by optical

surveys as a function of redshift, based on monitoring of LIRG Arp 299. Arp 299 is one of the

most IR luminous LIRGs within 50 Mpc and a prolific SN factory with 7 CCSN discoveries since

1992. Mattila et al. (2012) used an approach somewhat similar to the previous modelled estimate

from Mannucci et al. (2007), but used a larger sample of CCSNe and an improved understanding

of the evolution of LIRGs and ULIRGs with redshift (Elbaz et al., 2011). For rest-frame optical

surveys they found a missed SN fraction of ∼19% locally, rising to ∼38% at a redshift of z = 1.2,

see Fig. 1.6.

These corrections were successfully applied to bridge the gap between observed and predicted

CCSN rates in several studies (e.g., Dahlen et al., 2012, Melinder et al., 2012), or used as a high

extinction scenario for CCSN rates at high redshift (z=2; Strolger et al., 2015). However, as is

shown in Fig. 1.6 with the dashed lines indicating the systematic uncertainties, and the results

from the targeted near-IR LIRG SN surveys, there remains considerable uncertainty in the CCSN

rate from LIRGs. With a dozen CCSN discoveries in total, the number of discoveries from near-

IR studies in natural seeing conditions have also lagged behind the expected CCSN rate. This

was typically attributed to limitations in temporal coverage, lack of contrast against the extremely

luminous background and/or inadequate spatial resolution in order to resolve the crowded and

complex nuclear regions in LIRGs.
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Figure 1.6: The fraction of CCSNe that will be missed by rest-frame optical surveys as a function of

redshift, from Mattila et al. (2012). The solid red line shows the nominal estimate, and the dashed

lines the low and high estimates as described in the paper. The grey line indicates the modelled

estimate from Mannucci et al. (2007).

1.4 Adaptive optics

It is clear that in order to improve the constraints on themissed fraction of CCSNe, a larger statistical

sample of CCSNe in obscured and clumpy galaxies is required. Recent studies have used near-IR

ground-based laser guide star (LGS) adaptive optics (AO) imaging to overcome the limitations in

spatial resolution and contrast issues affecting the earlier near-IR surveys (Kankare et al., 2008,

2012,Mattila et al., 2007). Although the studies employing AOwere limited in scope, they have had

considerable success uncovering SNe in LIRGs with an additional five near-IR CCSN discoveries.

Promisingly, several of these CCSNe have been within a few hundred pc from the hosts’ nuclei,

with extinctions up to 17 magnitudes in V-band (Kankare et al., 2008).

Adaptive optics is a technique where distortions caused by atmospheric turbulence are corrected

for in real-time by deformable mirrors, providing a spatial resolution close to the telescopes

diffraction limit (∼0.06′′ in K-band on an 8 metre-class telescope). The shape of the wavefront,

distorted by the turbulent atmosphere, is determined by a wave front sensor using a point source

as a reference beacon. The wavefront is then restored by applying a correction opposite to the

distortion through the use of a deformable mirror, whose surface shape is changed by actuators

several hundred times a second. Classical AO uses a guide star of sufficient brightness very close

to the target as a reference beacon. As a sufficiently bright star will not always be available, this
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severely limits sky coverage, and the correction degrades quickly with distance from the guide star.

By using a laser to create artificial guide stars instead, a much larger fraction of the sky can be

accessed with AO (e.g., d’Orgeville et al., 2012, Wizinowich et al., 2006). Additionally, through

the application of multiple deformable mirrors correcting for aberrations produced by different

layers of atmosphere, the corrected FOV can be significantly increased. This technique is called

multi-conjugate adaptive optics (MCAO) and is used by the Gemini South Adaptive Optics Imager

(GSAOI; Carrasco et al., 2012, McGregor et al., 2004) with the Gemini Multi-Conjugate Adaptive

Optics System (GeMS; Neichel et al., 2014b, Rigaut et al., 2014) on the Gemini South telescope.

Fig. 1.7 shows the improvement of MCAO over classical AO and seeing-limited observations in

an image of NGC 288 observed with GeMS/GSAOI3.

Figure 1.7: First light image of GeMS/GSAOI, showing the globular star cluster NGC 288. The

right panels show a comparison of the GeMS/GSAOI image with classical AO and seeing-limited

observations of the same field.

Another application of AO uses multiple wavefront sensors to measure wavefront aberrations

towardsmultiple guide star directions, which can be natural or laser guide stars. A single deformable

mirror is then used to correct for the average wavefront signal at ground level, which is typically the

most turbulent layer in the atmosphere. This technique is known as ground layer adaptive optics

(GLAO) and is used to achieve moderate seeing enhancement over a large FOV.

3https://www.gemini.edu/node/11715
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1.5 This thesis

Building on the results of the programs employing AO, we commenced in 2015 project SUNBIRD

(Supernovae UNmasked By Infra-Red Detection): a systematic search for CCSNe in a sample of

LIRGs within 150 Mpc using laser guide star AO imaging. We use state-of-the-art laser guide star

AO imagers on two of the largest optical/IR telescopes in the world: GeMS/GSAOI on the Gemini

South telescope, and NIRC2 on the Keck II telescope (Wizinowich et al., 2006). This allows us

to achieve a spatial resolution that lets us probe close in to the nuclear regions. We observe in the

near-infrared 2.15 µm Ks-band, which is less affected by dust extinction compared to the optical.

The SUNBIRD project aims to characterise the population of CCSNe in the dusty and crowded

star forming regions of LIRGs and in this way improve the constraints on the fraction of CCSNe

missed due to dust obscuration and/or nuclear vicinity.

In this thesis project SUNBIRD is described and the current results presented. The first two

chapters focus on the methodology of the project, and the CCSNe discovered with GeMS/GSAOI

on the Gemini South telescope (Chapter 2) and with NIRC2 on the Keck telescope (Chapter 3). The

chapters include a new method to obtain a uniform data quality across the full field of view (FOV)

of widefield AO data to optimize SN recovery, and a description of the fitting procedure used to

identify dust-obscured CCSNe based on sparse photometric data. Across the Gemini and Keck

programs four photometrically-confirmed CCSNe and three CCSN candidates were discovered, as

well as an extremely luminous transient superimposed on its LIRG host’s nucleus, the luminosity

and light curve of which did not conform with any CCSN scenario, but instead is thought to be a

TDE.

The results are put into context in Chapter 4, where the impact of the CCSN discoveries and

methodology of project SUNBIRD is investigated by comparing themwith all reported near-IR and

optical CCSN discoveries in LIRGs in the literature. The discoveries made in project SUNBIRD

represent a significant increase of the sample of CCSNe discovered in the near-IR with AO, and

as such preliminary conclusions can be drawn about the effectiveness of the method employed in

project SUNBIRD, and the implications of the projects discoveries on the fraction of CCSNe that

are missed by optical surveys.

Finally, in Chapter 5 a case study is presented of the environment of three CCSNe discovered

in SN factory IRAS 18293-3413, a well monitored LIRG from project SUNBIRD. The study is

based on optical integral field unit (IFU) spectroscopic data obtained during science verification of

the MUSE facility, the combination of the MUSE IFU instrument and its cutting-edge AO system

GALACSI on the Very Large Telescope (VLT) in Chile. The local conditions at the SN sites in



1.5 This thesis 17

terms of SF rate, metallicity, stellar population age and dust extinction are compared against the

rest of the galaxy and discussed.

In Chapter 6 the findings are summarized. Throughout this thesis we assume H0 = 70 km s−1

Mpc−1,ΩΛ = 0.7, andΩM = 0.3. Unless stated otherwise, a Salpeter IMF with α = 2.35 is assumed.
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2
Project SUNBIRD: Gemini South

2.1 Introduction

At the start of 2015 we commenced project SUNBIRD (Supernovae UNmasked By Infra-Red

Detection): a systematic search for CCSNe in a sample of LIRGs within 150 Mpc using laser guide

star adaptive optics (LGS-AO) imaging with the Gemini South Adaptive Optics Imager (GSAOI,

Carrasco et al. 2012, McGregor et al. 2004) with the Gemini Multi-Conjugate Adaptive Optics

System (GeMS, Neichel et al. 2014b, Rigaut et al. 2014) on the Gemini South telescope. Project

SUNBIRD aims to characterise the population of CCSNe in the dusty and crowded star forming

regions of LIRGs and in this way improve the constraints on the fraction of CCSNe missed due to

dust obscuration and/or nuclear vicinity.

In this chapter project SUNBIRD is introduced. The sample selection and observing strategy

are laid out, and the methodology of the project explained, which includes image processing of

GeMS/GSAOI data, image subtraction, photometry and light curve fitting. Finally we present the

first CCSN discoveries made in project SUNBIRD with GeMS/GSAOI, and present a detection

efficiency case study. This chapter is in large part based on Kool et al. (2018), published inMonthly
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Notices of the Royal Astronomical Society (MNRAS). An analysis of the recovery efficiency of the

full sample of project SUNBIRD, and the conversion into an observed CCSN rate and subsequent

comparison with the rate expected from SF rate tracers will be conducted when the project has

finished, and does not fall within the scope of this thesis.

LIRG RA Dec. Distance log LIR rCCSN Epochs

(J2000) (J2000) (Mpc) (L�) (yr−1) #

Arp 256 00 18 50.9 -10 22 36 114 11.48 0.81 1

NGC 1204 03 04 40.5 -12 20 26 64 10.96 0.25 1

ESO 491-G020 07 09 47.0 -27 34 10 43 10.97 0.25 1

MCG +02-20-003 07 35 42.5 +11 42 36 72 11.13 0.37 1

IRAS 08355-4944 08 37 02.3 -49 54 32 115 11.62 1.12 2

NGC 3110 10 04 02.7 -06 28 35 79 11.36 0.14† 4

ESO 264-G036 10 43 07.0 -46 12 43 99 11.34 0.59 4

ESO 264-G057 10 59 02.4 -43 26 33 82 11.15 0.38 1

NGC 3508 11 03 00.1 -16 17 23 61 10.97 0.25 2

ESO 440-IG058 12 06 53.0 -31 57 08 111 11.45 0.51∗ 4

ESO 267-G030 12 14 12.6 -47 13 37 96 11.26 0.49 5

NGC 4575 12 37 52.1 -40 32 20 63 11.03 0.29 2

IRAS 17138-1017 17 16 36.3 -10 20 40 83 11.49 0.75∗ 5

IRAS 18293-3413 18 32 40.2 -34 11 26 85 11.74 1.97∗ 4

NGC 7674 23 27 57.0 +08 46 44 122 11.56 0.98 1

Table 2.1: SUNBIRD GeMS/GSAOI LIRG sample. Distances are from the NASA/IPAC Extra-

galactic Database (NED1), Virgo/GA corrected. CCSN rates are based on the empirical relation

with LIR from Mattila and Meikle (2001), unless otherwise indicated: CCSN rate based on SED

fits from Herrero-Illana et al. (2017), denoted by ∗, or this work, denoted by †. Values of log LIR

are from Sanders et al. (2003), adjusted for updated distances. Final column shows number of

epochs obtained with GeMS/GSAOI.

2.2 Galaxy Sample

The sample of LIRGs observed with GeMS/GSAOI for project SUNBIRD was selected from the

IRAS Revised Bright Galaxy Sample (RBGS; Sanders et al., 2003). The main constraints to the
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sample selection originated from the instrument we used, GeMS/GSAOI on the Gemini South

telescope, which requires guide stars of sufficient brightness and vicinity for the AO correction (see

section 2.3). Additionally we limited the sample to galaxies that are closer than 150 Mpc (z=0.027)

in order to be able to resolve the central regions as close to the nucleus as possible. At this distance

a typical AO corrected FWHM of 0.1′′ corresponds to ∼75 pc. We omit LIRGs where a significant

contamination due to an active galactic nucleus (AGN) to the IR luminosity could be expected, and

thus exclude targets with ‘warm’ IRAS colours, requiring f25/f60 < 0.2 (e.g. Farrah et al., 2005).

The only exception is IRAS 08355-4944 with f25/f60 = 0.24, which is included in the sample based

on SED fitting results, where it was shown to have a high SF rate of ∼85 M� yr−1 (Dopita et al.,

2011), typical for a SF dominated LIRG. We included targets with IR luminosities L(8-1000µm)

in RBGS of log(LIR) > 10.9, see Table 2.1. LIRGs are defined as having log(LIR) > 11.0, but we

decided to include some slightly less IR-luminous galaxies to fill out the coverage in R.A. of the

sample.

2.3 Observing Strategy

The near-IR observationswere obtainedwithGeMS/GSAOI on theGemini South telescope. GSAOI

is a near-IRAO imaging camera fed byGeMS and records images in a 85′′× 85′′ field-of-view (FOV)

with a pixel scale of 0.0197′′ pixel−1, delivering close to diffraction limited images between 0.9 -

2.4 µm. Adaptive optics is a technology where atmospheric distortion of an incoming wave-front

is corrected through the use of tip-tilt and deformable mirrors. A first order correction of the tilt of

the wave-front is done with the use of a tip-tilt mirror. Higher order aberrations are then corrected

with deformable mirrors. Natural guide star (NGS) AO requires a sufficiently bright guide star

nearby to the science target, severely limiting the sky area accessible by AO. Using a laser tuned

to the sodium D line at 589.0 nm to create an artificial star by stimulating sodium atoms at ∼ 90

km altitude enables access to a much larger sky area. LGSAO does require a natural guide star for

tip-tilt correction, since tip-tilt derived from the laser guide star includes tip-tilt up- and downwards,

but this guide star may be much fainter than for NGS AO and further from the science target. An

optimal uniform AO correction across the FOV of GeMS requires three NGS for tip-tilt correction

in addition to the 5-point sodium laser guide star (LGS) pattern. The minimum requirement for AO

correction at the time of the observations was at least one NGS of sufficient brightness (mR < 15.5

mag) available within the 1′ radius patrol field of the wave front sensor probes and one on-detector

guide window star (mH < 13.5 mag) within the 40′′ FOV of any of the four GSAOI detectors at all

dither positions. This proved to be the main restriction in target selection, as a relatively bright star
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was required within a limited patrol field.

The SN search was conducted in Ks-band, as this is where, compared to J- and H-band, AO

performs best and extinction due to dust is lowest. Each target was imaged with a 9 step dither

pattern for 120s at each position with a step size large enough (>5′′) to cover the gaps between

the detectors. The targets were typically centred on one of GSAOI’s four arrays, with orientation

depending on the galaxy and the locations of the NGS. Employing the efficient cadence strategy

fromMattila andMeikle (2001) for near-IR CCSN searches, we aimed to observe each galaxy twice

each semester. In practice we achieved this cadence for half of the sample while the remainder of

the sample galaxies was observed less frequently, due to seasonal weather variations, sodium layer

return, and interruptions due to aircraft and satellite avoidance (see Table 2.1). If a night did not

allow for coverage of all observable targets, priority was given to galaxies with a high expected SN

rate and those for which at least one GeMS/GSAOI epoch was already available for the purpose of

optimal image subtraction. Expected SN rates were based on the empirical relation from Mattila

and Meikle (2001):

rSN = 2.7 × 10−12 × LIR/L� yr−1 (2.1)

The targets in our sample with just one epoch were checked for SNe against archival high-

resolution VLT/NACO (Nasmyth Adaptive Optics System Near-Infrared Imager and Spectrograph,

0.055′′ pixel−1; Lenzen et al. 2003, Rousset et al. 2003) AO images, obtained by members of the

SUNBIRD collaboration as part of a predecessor program (Randriamanakoto et al., 2013) and

available for the whole sample.

Our total sample of LIRGs covered with GeMS/GSAOI, from the pilot program in 2013 until

2017, consists of 15 galaxies up to a distance of 122 Mpc. Our 2013 pilot program and the first

semester of 2015 were observed in queue mode, where observations are executed by telescope staff

when the required observing conditions are met. In total we were awarded ∼27 hours of queue

mode time, which resulted in 18 epochs of LIRGs. In contrast in 2016 and 2017 we were awarded a

total of six classically scheduled nights for ∼60 hours of observing time, but due to poor observing

conditions and technical issues we only obtained 10 epochs during these nights. The other 10

epochs from Table 2.1 were obtained from the archive or through other programs. Even though for

some LIRGs there were only one or two NGS available and AO correction was not optimal, across

our full data set a typical point-spread function (PSF) of ∼0.07′′ - 0.12′′ FWHM was achieved.

1The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California Institute

of Technology, under contract with the National Aeronautics and Space Administration.



2.4 Multi-wavelength follow up 23

2.4 Multi-wavelength follow up

Following a potential SN detection in Ks, the source was first checked for proper motion between

exposures, to exclude a passing minor planet2. Follow up with GeMS/GSAOI in H and J was done

as soon as possible, which due to observing constraints typically occurred in the next GeMS/GSAOI

observing window. As these observing windows were two to three months apart, rapid follow up of

the SN candidate in the near-IR/optical was done with other instruments: in JHK with NACO on

the VLT (PI: S. Mattila), or contemporaneously with the Nordic Optical Telescope (NOT, Djupvik

and Andersen 2010, PI: S. Mattila) in r’- and i’-band with ALFOSC3 (Andalucia Faint Object

Spectrograph and Camera, 0.19′′ pixel−1) and in JHK with NOTCam (Nordic Optical Telescope

near-infrared Camera and spectrograph, 0.234′′ pixel−1).

In addition to near-IR and optical imaging, two SN candidates were observed at radio wave-

lengths with the Karl G. Jansky Very Large Array (JVLA, PI: M. Pérez-Torres). A detection would

provide important information about the nature of the SN and rule out a Type Ia SN, as even

the most nearby Type Ia have yet to be detected at radio wavelengths (e.g. Chomiuk et al., 2016,

Hancock et al., 2011, Perez-Torres et al., 2015). The intrinsic rate of Type Ia SNe in LIRGS is

estimated to be ∼5% of that of CCSNe (Mattila et al., 2007). As a final step, when possible near-IR

spectroscopic coverage was obtained, under natural seeing conditions using the cross-dispersed

mode of the Gemini Near Infra-Red Spectrograph (GNIRS, PI: S. Ryder) on Gemini North (Elias

et al., 2006a,b). The follow up observations are described in more detail in Section 2.7.

2.5 Data reduction

2.5.1 GeMS/GSAOI data reduction with theli

The GeMS/GSAOI data were reduced using data reduction package theli4 (Erben et al., 2005,

Schirmer, 2013), generally following the procedures described in Schirmer (2013) and Schirmer

et al. (2015). GeMS/GSAOI exposures suffer from a distortion pattern with a static component

introduced by the AO system GeMS, and variable distortion components depending on NGS

configurations, position angle and elevation (Neichel et al., 2014a, Schirmer et al., 2015). theli uses

Scamp (Bertin, 2006) for astrometric calibration and distortion correction of individual exposures

2http://www.minorplanetcenter.net/cgi-bin/checkmp.cgi
3The data presented here were obtained in part with ALFOSC, which is provided by the Instituto de Astrofisica de

Andalucia (IAA-CSIC) under a joint agreement with the University of Copenhagen and NOTSA.
4https://www.astro.uni-bonn.de/theli/
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prior to final co-addition, based on reference catalogues of point sources measured in distortion-

free images of the same field, such as from HAWK-I on the VLT or VIRCAM on the VISTA

telescope. In this way an optimal data quality across the FOV is obtained. As the GeMS/GSAOI

data set required non-standard data processing, we will describe the optimisations and adaptations

we applied of the procedures as described in Schirmer (2013) and Schirmer et al. (2015) in detail

in the following paragraphs. The focus is on astrometric calibration of images with low number

source density, required for correcting the distortion pattern present in GeMS/GSAOI data.

Calibration and background modelling

The science exposures were divided by a master flat combined from typically 10 dome flats, and

the background removed by running a two-pass background model. In short, the first pass is a

simple background model subtraction of a median combination of all exposures without masking to

remove the bulk of the signal, whereas in the second pass objects are masked by applying SExtractor

(Bertin and Arnouts, 1996) for source identification. A static background model was used if the

exposure sequence did not last longer than 1 hour. In a few cases a dynamic model was warranted

using a running median of 6 images. In contrast to Schirmer et al. (2015) nomask expansion factor

or collapse correction was deemed necessary for this work.

Astrometric calibration

The astrometric calibration of individual dithered images prior to coaddition in theli enables the

distortion correction of GeMS/GSAOI data, but also requires the most attention to properly process

the data. Because of the low number source density, no single combination of parameter settings

for the packages that theli employs (Scamp, Swarp: Bertin et al. (2002) and SExtractor) proved

to be sufficient for all GeMS/GSAOI data sets, some informed adjustments were always required.

Most settings are well covered in the theli documentation and aforementioned procedures, but

the following adjustments were not obvious and were vital for the astrometric calibration of our

GeMS/GSAOI data.

In all of the datasets the comparatively small FOV of GSAOI in combination with sparsely

populated fields meant all-sky astrometric reference catalogues were insufficient for astrometric

calibration of the individual frames. Instead secondary reference catalogues were first created with

theli based on Ks-band archival data of ground-based widefield instruments: HAWK-I on the VLT

or VIRCAM on the VISTA telescope. These were calibrated against typically 100-1000 sources

in the FOV from the Two Micron All Sky Survey (2MASS), which have individual uncertainties
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of ∼100 milliarcseconds (mas), resulting in astrometric uncertainties of the reference images of

. 10 mas. After successfully constructing a distortion corrected coadded GeMS/GSAOI image,

subsequent GeMS/GSAOI epochs were calibrated against a reference catalogue extracted from this

image. Depending on field crowding of the astrometric reference image and its spatial resolution,

the parameter deblend_mincont in postcoadd.conf.sex in the theli reduction folder needed to be

adjusted (decreased when working with a GeMS/GSAOI reference image).

The WCS header information in our raw GeMS/GSAOI data was generally accurate within ∼5′′

but this proved to be not precise enough in fields with few matching reference sources. In almost all

cases it was necessary to update the crpix1/2 keywords in the headers to match with the coordinates

of the reference catalogue. Then, as described in section 3.5.1 in Schirmer et al. (2015), a refined

median estimate of the relative array positions and orientations from all exposures in a night is used

(mosaic_type = fix_focalplane), and as we have adjusted the reference pixel manually no WCS

matching is required: match = n.

theli uses SExtractor to create a source catalogue from the science images, which are then

fitted to the corresponding sources (within crossid_radius) in the reference catalogue to obtain

a distortion correction. This process is done for each array separately and the SExtractor settings

might not be appropriate for both the array containing the galaxy (high source number density) and

an array covering a sparse field. In some cases in order to recover all four arrays it was necessary

to run the source extraction individually with appropriate settings (most importantly detection

thresholds detect_thresh and detect_minarea and de-blending parameter deblend_mincont).

This can be achieved by suspending the parallel manager script and the details are described in the

theli documentation5.

Astrometric errors were calculated by taking the square root of the quadratic sum of the

astrometric uncertainty of the constructed reference catalogue and the astrometric errors produced

by theli.

2.5.2 NOT and NACO data reduction

The near-IR NOTCam instrument data were reduced with a slightly modified version of the external

notcam package6 (v. 2.5) within iraf7. The reduction steps included flat field correction, distortion

5https://astro.uni-bonn.de/$\sim$theli/gui/advancedusage.html
6http://www.not.iac.es/instruments/notcam/guide/observe.html
7iraf is distributed by the National Optical Astronomy Observatory, which is operated by the Association of

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

(Tody, 1993)
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correction, sky subtraction, and stacking of the individual exposures for increased signal-to-noise

ratio. The optical r’- and i’-band ALFOSC images were reduced using the quba pipeline (Valenti

et al., 2011), including bias subtraction and flat field correction.

The near-IR data taken with VLT/NACO were reduced using the NACO pipeline, which is

based on the ESO Common Pipeline Library (CPL)8. The jittered on-source images were flat field

corrected, then median-combined to create a sky frame. Bad pixels were removed and the sky was

subtracted from the individual images. The images were then stacked using a 2-D cross-correlation

routine.

2.5.3 GNIRS near-IR spectroscopy data reduction

We used the cross-dispersed spectroscopy mode, providing a complete spectrumwithin 0.8-2.5 µm

at an instrumental resolution of R ∼ 1700. The data were reduced using version 2.6 of the

XDGNIRS pipeline9. Briefly, the spectra were cleaned of pattern noise caused by the detector

controller, using the python code from the Gemini website10. Radiation events from the radioactive

lens coatings on the GNIRS short camera were identified and interpolated over using iraf’s fixpix

task. Files were divided by a combined master flat field, created from a combination of quartz-

halogen and IR flats taken after each science observation. Subtraction of a sky frame removed night

sky emission lines as well as other static artefacts in the detector, such as stable hot pixels. The

orders were rectified using daytime pinhole flats, wavelength calibrated using an argon arc frame

and 1D spectra were extracted from each order using iraf task apall. Telluric correction and flux

calibration were done using an A-type star, which was observed immediately before or after each

science object. Each order of the science target was multiplied by a black body spectrum of the

telluric star’s effective temperature, scaled to theK-band flux of the standard star for an approximate

2MASS flux calibration, and the orders were joined together using the iraf task odcombine.

2.6 Methods

2.6.1 Image subtraction

Supernova candidates were identified by image subtraction, where a newly obtained galaxy observa-

tion is subtracted from an observation of the same galaxy obtained at an earlier epoch. Subtraction

8http://www.eso.org/sci/software/cpl/
9http://drforum.gemini.edu/topic/gnirs-xd-reduction-script/
10http://www.gemini.edu/sciops/instruments/gnirs/data-format-and-reduction/cleanir-removing-electronic-pattern-0
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of different epochs was done using a slightly modified (to accept manual stamp selection) version

of image subtraction package ISIS 2.2 (Alard, 2000, Alard and Lupton, 1998), where the software

matches the PSF as well as flux and background levels of a previously aligned pair of images by

deriving an optimal convolution kernel based on a selection of small windows (or “stamps”) around

objects with high signal-to-noise. See Figs. 2.1-2.3 for the subtractions of the galaxies where SN

candidates were identified. In the case of IRAS 18293-3413 the subtraction process resulted in

considerable residuals at locations of high signal-to-noise, such as the nucleus and other bright

compact sources. This was a result of having to prioritise an optimal subtraction for the central

regions, as the SN is located very close to the nucleus. AO is optimized for point sources, but for a

bright nuclear region with some intrinsic morphology the PSF is likely to vary between epochs. As

such, the extraction of a SN signal in a location with such a steep background gradient is non-trivial,

because any deviations from a perfect PSF match will produce large residuals. Despite our best

efforts it was not possible to obtain a uniform subtraction across the full image. The smoothest

subtraction of the nucleus was obtained by selecting a large number (>10) of small stamps near and

in the galaxy to map the PSF around the SN location as well as possible, but this resulted in the

residual patterns visible in the subtraction at the locations of bright compact objects in the field.

2.6.2 Photometry

The photometry of the objects was measured using the snoopy11 package in iraf, where a PSF is

fitted to the SN residual in the subtracted image. The PSF was derived from 10 isolated field stars

in the FOV of the one image that was not convolved during subtraction (i.e. the image with poorest

image quality). snoopy removes a simple background estimate from the region surrounding the

SNe (excluding the innermost region around the object) during PSF fitting, but as the SN detections

are generally located in nuclear regions with large and variable background signal, the PSF fitting

is performed on the SN residual in the subtracted image, where the complex background has

already been removed. The photometry was calibrated against 5 2MASS stars in the FOV, when

available, resulting in a typical uncertainty in the zero point of ∼0.04 mags. Systematic errors in

the local background subtraction were estimated by simulating and PSF fitting nine artificial stars

in a three by three grid pattern around the SN position in the subtracted image. The photometric

uncertainty determined this way is a function of local crowding and source magnitude, increasing

with subtraction noise and poor signal-to-noise, and typically dominated the photometric errors.

11snoopy, originally presented in Patat (1996), has been implemented in iraf by E. Cappellaro. The package is

based on daophot, but optimised for SN magnitude measurements
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The FOV of NGC 3110 did not offer any suitable catalogue reference stars and only one clear

isolated field star for PSF fitting purposes. This field star acted as the PSF model and photometric

reference for SN 2015ca after the field star’s JHKs magnitudes were determined from NOT images

calibrated against 5 2MASS sources.

In case of a non-detection, a 5-σ upper limit was determined by simulating stars of decreasing

apparent magnitude in steps of 0.5 mags at the SN location using the taskmkobjects in iraf package

artdata, prior to subtraction. The signal-to-noise was based on the aperture flux of the residual of

the simulated star compared to 80 empty positions in the field around the SN location using iraf

task phot.

Photometric error analysis

Photometric errors were propagated from the 2MASS photometric reference stars. From each of

the five 2MASS reference stars a zero point was derived, with an error calculated as the square

root of the quadratic sum of the 2MASS error and aperture fit error produced by snoopy, where

the 2MASS error was typically dominant. Based on these five values a single weighted mean zero

point was derived, with an error equal to the standard error of the mean. The final photometric

error of the SN magnitude was calculated as the square root of the quadratic sum of the zero point

error and the PSF fitting error as produced by snoopy.

2.6.3 Light curve template fitting

To determine the type of the discovered SNe, the observed light curve data points during the rise

and fall of the SN were fitted using (reduced) χ2 minimization to three prototypical template light

curves, representing Type IIP, IIn and stripped envelope Type IIb and Ib/c SNe, similarly to Kankare

et al. (2014, 2008). The three prototypical CCSNe templates were chosen on the basis of being

well characterized and having a well sampled light curve in the near-IR covering the different stages

of SN evolution during at least the first 150 days since explosion. It should be noted that there is

non-negligible diversity in SNe even within a given type, and thus the sources detected here could

differ from the templates. We opted to use light curves of single SNe as templates due to the lack of

near-IR light curves of CCSNe in the literature covering all relevant stages of evolution, including

the rise and long term decline of the CCSNe. Future work will include light curve templates based

on samples of subtypes. The templates we used (see Fig. 2.6, 2.7 and 2.8) are as follows:

• Type IIP: A type IIP template fit was carried out based on the photometric evolution of SN

1999em. UBVRI light curves of SN 1999em (Leonard et al., 2002) were transferred into ugri
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using the conversions of Jester et al. (2005). JHK light curves were obtained from Krisci-

unas et al. (2009). The distance modulus µ, total V-band line-of-sight extinction AV, and

explosion date te of the used template SNe were adopted for the analysis from the literature.

For SN 1999em, µ = 30.34 mag, te = 2451475.0 in JD, and AV = 0.34 mag were reported by

Krisciunas et al. (2009).

• Type IIn: A type IIn template fit was carried out using the published light curves of SN

1998S (Fassia et al., 2000, Liu et al., 2000, Mattila and Meikle, 2001). Similar to SN

1999em, the Johnson-Cousins light curves were converted into the SDSS system using the

transformations of Jester et al. (2005). For SN 1998S, µ = 31.15 mag, te = 2450872.5 in JD,

and AV = 0.68 mag were adopted from Fassia et al. (2000).

• Type IIb/Ib/Ic: Well-sampled multiband light curves of Type IIb SN 2011dh (Ergon et al.,

2015, 2014) were used as a general template for stripped-envelope SNe, since the photometric

evolution of Type IIb SNe appears to be fairly similar to that of Type Ib/c SNe (e.g. Arcavi

et al., 2012). Ergon et al. (2014) finds for SN 2011dh values of µ = 29.46 mag, te = 2455713.0

in JD, and AV = 0.22 mag.

All the bands are fitted simultaneously with three free parameters: the line-of-sight extinction

AV, time t0 between explosion date and discovery, and a fixed constant C applied to all bands,

representing the intrinsic magnitude difference between SNe. Upper limits are used to constrain

the template fits where necessary. Galactic line-of-sight extinction values are adopted from NED

based on the dust maps of Schlafly and Finkbeiner (2011) and are fixed in the fit. For host galaxy

and Galactic extinction, the Cardelli et al. (1989) extinction law was used. Kankare et al. (2014)

showed that based on limited light curve information as in the case for our SNe it is not trivial to

disentangle between different extinction laws, and we opted to use only Cardelli et al. (1989) for

consistency and because it is a genuine line-of-sight extinction law.

2.7 Observations and Discoveries

2.7.1 SN 2013if in IRAS 18293-3413

SN 2013if (Kankare et al., 2017a) in IRAS 18293-3413 was discovered with GeMS/GSAOI (PI:

S. Ryder) on 2013 April 21, see Fig. 2.1. Subtraction of a Ks-band image taken with NACO on
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UT Date Instrument Filter Magnitude

SN 2013if (IRAS 18293-3413)

2012 September 14.1 NACO Ks >19.2
2013 April 21.3 GeMS/GSAOI Ks 18.53±0.09
2013 May 8.4 NACO Ks 18.61±0.12
2013 May 8.4 NACO H 18.93±0.21
2013 May 24.3 GeMS/GSAOI Ks 19.22±0.11
2013 June 11.1 GeMS/GSAOI Ks 19.12±0.11
2013 June 11.1 GeMS/GSAOI H 19.03±0.16
2013 June 11.1 GeMS/GSAOI J >18.7

SN 2015ca (NGC 3110)

2015 March 11.1 GeMS/GSAOI Ks 18.73±0.11
2015 March 27.8 NOT r′ >20.0
2015 March 27.9 NOT i′ >21.0
2015 April 5.9 NOT Ks 17.91±0.22
2015 April 6.0 NOT H 18.63±0.19
2015 April 6.0 NOT J 19.39±0.21
2015 May 29.9 GeMS/GSAOI Ks 20.22±0.12
2015 May 31.9 GeMS/GSAOI H 20.67±0.09
2015 May 31.9 GeMS/GSAOI J 21.25±0.08
2016 Feb. 19.2 GeMS/GSAOI Ks >21.5
2016 Feb. 19.3 GeMS/GSAOI H >22.0
2016 Feb. 19.4 GeMS/GSAOI J >22.8

SN 2015cb (IRAS 17138-1017)

2015 March 6.3 GeMS/GSAOI Ks 16.56±0.09
2015 March 17.2 NOT r′ >22.5
2015 March 17.3 NOT i′ 21.10±0.12
2015 April 6.2 NOT Ks 17.12±0.22
2015 April 6.3 NOT H 17.06±0.10
2015 April 6.3 NOT J 18.34±0.18
2015 May 2.3 NOT J 18.71±0.57
2015 June 1.2 GeMS/GSAOI Ks 18.97±0.10

AT 2015cf (NGC 3110)

2015 March 11.1 GeMS/GSAOI Ks 20.97±0.13
2015 May 29.9 GeMS/GSAOI Ks 21.4±0.2
2015 May 31.9 GeMS/GSAOI H >22.7
2015 May 31.9 GeMS/GSAOI J >22.8

Table 2.2: GeMS/GSAOI-discovered supernova near-IR and optical photometry
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the VLT on 2004 September 13 (Mattila et al., 2007) showed a positive residual 0.2′′ North and

0.4′′West (200 pc projected distance) from the nucleus. WCS matching in theli with a catalogue

of 180 sources extracted from a VISTA image (VISTA Hemisphere Survey or VHS12) yielded

R.A. = 18h32m41.10s and Decl. = −34◦11′27.24′′, with 0.03′′ and 0.03′′ uncertainty in R.A. and

Decl., respectively. SN positions were determined using centroiding in iraf in the subtracted

images to avoid the effects of strong background. Follow-up observations were made with NACO

on 2013 May 8 in Ks and H, and with GeMS/GSAOI in Ks on 2013 May 24 and in Ks, H and J

on 2013 June 11. SN 2013if was detected in all the follow up images with the exception of the

final J-band image, see Table 2.2. Supernova-free comparison GeMS/GSAOI images required for

optimal image subtraction were obtained in Ks, H and J on 2015 June 2 (PI: S. Ryder).

Figure 2.1: SN 2013if in IRAS 18293-3413, discoveredwith GeMS/GSAOI in Ks-band, see Section

2.7.1. From left to right with linear scaling: Reference image (June 2015), discovery image (April

2013) and the image subtraction.

2.7.2 SN 2015ca in NGC 3110

The discovery image of SN 2015ca (Kool et al., 2016) in NGC 3110 was observed on 2015 March

11 (PI: S. Ryder), see Fig. 2.2. As a reference image a NACO Ks-band image from 2010 December

28 was used (Randriamanakoto et al., 2013). The subtracted image revealed a point source along

the northern spiral arm of the galaxy 4.3′′ North and 8.0′′ West from the nucleus, corresponding

to a projected distance of ∼3.5 kpc. WCS matching in theli with a catalogue of >300 sources

extracted from a HAWK-I image (Miluzio et al., 2013) yielded R.A. = 10h04m01.57s and Decl.

= −06◦28′25.48′′, with 0.03′′ and 0.04′′ uncertainty in R.A. and Decl., respectively. Follow up

observations with the NOT were carried out on 2015 March 27 in r′ and i′ and on April 5 in Ks, H

and J, and with GeMS/GSAOI in Ks, H and J on 2015 May 29 and 31 and in Ks, H and J on 2016

12http://www.vista-vhs.org/



32 Project SUNBIRD: Gemini South

Figure 2.2: SN 2015ca and AT 2015cf, discovered in NGC 3110 with GeMS/GSAOI, see Section

2.7.2. Top row, with linear scaling, shows the reference image (February 2016) and discovery

image (March 2015). Bottom row shows the full image subtraction and zoomed in around SN

2015ca, which shows AT 2015cf visible to the South-West.

February 19. SN 2015ca was detected in all near-IR bands in April and May 2015, but was not

detected in any optical bands; see Table 2.2. It had faded below our detection limits in February

2016.

2.7.3 SN 2015cb in IRAS 17138-1017

SN 2015cb (Kool et al., 2017a) in IRAS 17138-1017 was discovered with GeMS/GSAOI on 2015

March 6; see Fig. 2.3. Subtraction of a GeMS/GSAOI image from 2013 March 22 revealed a

residual point source 1.4′′ North and 0.6′′ East (600 pc projected distance) from the nucleus. WCS
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Figure 2.3: SN 2015cb in IRAS 17138-1017, discovered with GeMS/GSAOI, see Section 2.7.3.

From left to right, with linear scaling: Reference image (March 2013), discovery image (March

2015) and image subtraction.

matching in theli with a catalogue of 76 sources extracted from a VISTA image yielded R.A. =

17h16m35.84s and Decl. = −10◦20′37.48′′, with 0.04′′ and 0.04′′ uncertainty in R.A. and Decl.,

respectively. Follow up observations with the NOTwere carried out on 2015March 17 in optical (in

i’- and r’-band, FWHM ∼1.1′′), on April 6 in Ks, H and J (FWHM ∼1.0′′), and with GeMS/GSAOI

in Ks on 2015 June 1. SN 2015cb was detected in all follow up observations except in r’; see

Table 2.2.

2.7.4 AT 2015cf in NGC 3110

The discovery image of SN 2015ca in NGC 3110 from 2015 March 11 showed a second transient

source at R.A. = 10h04m01.53s and Decl. = −06◦28′25.84′′; see Fig. 2.2. AT 2015cf (Kool et al.,

2017b) is just 0.6′′ S and 0.4′′Wof SN 2015ca, as shown in the zoomed panel in Fig. 2.2. The PSF

of this source matches well with that of SN 2015ca and field stars in the image. The magnitude for

this source at this epoch, bootstrapped off of SN 2015ca, is 20.97±0.13. It is not visible in any of

the NOT epochs, which is not surprising as with a mere 0.7′′ separation from SN 2015ca it was

likely blended with it in the subtraction. The GeMS/GSAOI Ks image from 2015 May 29 does

show a residual at the same position with a magnitude of 21.4±0.2, confirming that it is in fact a

real transient. The H and J observations from the same epoch did not show the source, likely as

a result of poorer image quality and/or due to significant extinction. In February 2016 it was not

visible in any band.
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2.7.5 Radio observations

VLA observations

We observed IRAS 17138-1017 and NGC 3110 with the VLA on 2015 April 8-9 under program

15A-471 (PI: Pérez-Torres), while the VLA was in B-configuration. We observed IRAS 17138-

1017 at K-band (centred at 22 GHz) with a total bandwidth of 8 GHz, and NGC 3110 at X-band

(10 GHz), with 4 GHz of bandwidth, in both cases using full polarization.

We used the bright quasar 3C286 for flux and bandpass calibration, and J0943-0819 and J1733-

1304 to calibrate the phases of IRAS 17138-1017 and NGC 3110, respectively. We performed

a standard data reduction using the Common Astronomy Software Applications package (CASA;

McMullin et al., 2007). We imaged our datasets using multi-frequency synthesis (MFS) with

natural weighting, yielding a synthesized beam size and a root mean square (rms) of 0.56′′×

0.30′′and 9 µJy beam−1 for IRAS 17138-1017 and 0.96′′× 0.66′′and 15 µJy beam−1 for NGC 3110,

respectively.

Neither observation showed a local maximum coincident with the SN position. In the case of

SN 2015cb in IRAS 17138-1017, any point source was most likely blended with the significant

background signal in the central regions of the LIRG; see Fig. 2.5. SN 2015ca and AT 2015cf in

NGC 3110 also coincide with local radio emission potentially masking possible source detections;

see Fig. 2.4. For further details on the radio limits, see Section 2.8.

eEVN observation

We also observed the region around SN 2015ca and AT 2015cf in NGC 3110 with the electronic

European VLBI Network (eEVN, PI: M. Pérez-Torres) on 10 May 2016. We used the eEVN at

an observing frequency of 5.0 GHz, using an array of nine telescopes for about 2-hr, including

overheads for calibration purposes and slew time. We observed the transients phase-referenced

to the nearby source J0959-0828, using a typical duty cycle of four minutes. We used the strong

source 3C273B as fringe finder and bandpass calibrator. All the data were correlated at the EVN

MkIV data processor of the Joint Institute for VLBI in Europe (JIVE, the Netherlands), using an

averaging time of 2 s.

We used AIPS for calibration, data inspection, and flagging of our eEVN data, using standard

procedures. We then imaged a FOV of 1′′×1′′ centred at R.A. = 10h04m01.572s and Decl. =

−06◦28′25.480′′, and applied standard imaging procedures using AIPS, without averaging the data

either in time, or frequency, to prevent time- and band- width smearing of the images. We did not

detect any signal above 101 µJy/b (=5σ) in the field surrounding SN 2015ca. Several sources at the



2.7 Observations and Discoveries 35

3-σ level were detected, but repeated imaging with different cleaning schemes showed that these

were spurious detections, implying that there was no evidence of radio emission from SN 2015ca.

AT 2015cf was not covered in the 1′′×1′′ FOV.

Figure 2.4: X-band (10GHz) VLA contours overlaid on GeMS/GSAOI detection image of SN

2015ca and AT 2015cf. SN 2015ca is indicated by tick marks, AT 2015cf is separated by just 0.7′′.

2.7.6 Near-IR spectroscopic observations

We obtained near-IR spectroscopy of SN 2015ca and SN 2015cb through Director’s Discretionary

Time with GNIRS on the Gemini North telescope on 2015 May 23 (PI: S. Ryder). These obser-

vations were obtained in natural seeing conditions ∼70 days after discovery. We opted for near-IR

spectroscopy as the SNe were located in crowded regions and expected to be significantly dust

extincted. Image quality in the near-IR is typically better and less affected by dust extinction than

the optical. The SNe were too faint to acquire directly, so a blind offset from a bright star was

required. There was no clear indication of a point source in the slit, and the spectra did not show
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Figure 2.5: K-band (22GHz) VLA contours overlaid on GeMS/GSAOI detection image of SN

2015cb, with the SN indicated by tick marks.

any emission lines associated with CCSNe. As such the obtained spectra could not be used to

constrain the SN types of SN 2015ca or SN 2015cb.

2.8 Analysis

2.8.1 SN 2013if

The best template fit for SN 2013if with a χ̃2 of 4.7 is a Type IIP caught in the tail phase (see

Fig. 2.6 and Table 2.3), although the other templates fit the data with comparable values of χ̃2. A

Type IIP caught in the tail phase is deemed most likely as, in addition to the fitting results, it is

the only fit where no magnitude shift C is required and the SN discovery is not before or at the

maximum of the light curve. This means it does not require a sub-luminous supernova as opposed

to the Type IIn fit with similar χ̃2, and it does not require discovery during the very short-lived
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Template AV t0 C χ̃2

SN 2013if (IRAS 18293-3413)

IIP, plateau 0.0+2.8
−0.0 67+1

−14 1.8+0.1
−0.4 7.1

IIP, tail 0.0+2.5
−0.0 136+83

−13 0.0+0.5
−1.7 4.7

IIn 0.0+2.7
−0.0 19+12

−3 3.1+0.1
−0.5 5.0

IIb/Ib/Ic 0.0+2.9
−0.0 18+3

−2 1.5+0.1
−0.5 7.4

SN 2015ca (NGC 3110)

IIP 3.4+1.0
−1.7 58+14

−5 1.5+0.4
−0.3 3.8

IIn 2.7+0.2
−0.7 25+17

−9 3.0+0.2
−0.2 10.3

IIb/Ib/Ic 2.8+0.3
−0.4 16+5

−2 1.3+0.2
−0.2 5.0

Ia 6.9+0.1
−0.7 5+1

−1 0.4+0.3
−0.2 17.9

SN 2015cb (IRAS 17138-1017)

IIP, plateau 4.6+0.3
−0.1 64+11

−7 −0.7+0.1
−0.3 11.7

IIP, tail 3.6+0.4
−0.1 134+15

−4 −2.2+0.2
−0.3 29.0

IIn 5.2+0.3
−0.1 24+5

−4 0.5+0.2
−0.2 32.4

IIb/Ib/Ic 4.7+0.1
−0.6 19+10

−1 −1.1+0.1
−0.2 11.2

AT 2015cf (NGC 3110)

IIP > 7.0 > 139 < 1.6 -

IIb/Ib/Ic > 0.0 > 105 < 2.0 -

Table 2.3: Results from fitting light curve templates to the three SNe, with line-of-sight extinction

AV, time t0 between explosion date and discovery, and a fixed constant C representing the intrinsic

magnitude difference between SNe. The final column shows the resulting χ̃2 for each fit.

phase around maximum light.

The fit of the tail phase Type IIP is along a linearly extrapolated tail with a very slow colour

evolution, so the fitting parameter time t0 between explosion and detection is poorly constrained by

the data. However a NACO image from 2012 September 14, 219 days prior to discovery, does not

show a detection with an upper limit of 19.2 in Ks, allowing for the constraints on t0. Regardless

of SN type, it is noteworthy that all four template fits are best fitted with an extinction AV of ∼0.

This is surprising as the SN is very close to the nucleus where significant extinction would be

expected. Negligible extinction suggests we are observing the SN in the foreground of the host’s

nuclear regions. The projected distance to the nucleus of its host galaxy of 200pc makes SN 2013if

the second most nuclear SN discovered in a LIRG after SN 2010cu (Kankare et al., 2012).
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The follow up at radio wavelengths with the VLA and eEVN did not show any detections of

SN 2015ca. For the two likely scenarios the radio luminosity for Type IIP SNe typically peaks

between ∼20-70 days post explosion and are much fainter than stripped envelope SNe, which peak

between 10-150 days post explosion (Romero-Cañizales et al., 2014). In the case of the IIP fit,

the VLA non-detection would have been 86+14
−5 days post explosion, meaning the relatively faint

radio signature of the SN would already have been on the decline. For the stripped envelope fit,

the observation occurred 44+6
−2 days post explosion, which coincides more closely with radio peak

luminosities for the type. For instance for SN 2011dh, the prototypical SN used for the stripped

envelope template, the observation would have been at peak (∼40 days) with a luminosity forty

times brighter than SN 1999em, the SN used for the Type IIP template (∼8×1026 erg s−1 Hz−1 versus

∼2 × 1025 erg s−1 Hz−1, respectively). However, as the SN is coincident with strong host galaxy

signal, it is not possible to exclude certain SN types definitively based on the VLA observation.

The eEVN non-detection of SN 2015ca at 5 GHz with a 3σ upper limit of 60 µJy beam−1

(<4 × 1026 erg s−1 Hz−1) occurred 60 days post discovery. This would have been 118+14
−5 days for

the Type IIP fit and 76+6
−2 days post explosion for the stripped envelope fit. This means a Type IIP

SN would have been well past peak luminosity and at any point along the light curve below the

detection limit. On the other hand a stripped envelope SN would have been much closer in time to

peak with a luminosity well above the upper limit, This is shown in Fig. 4 of Romero-Cañizales

et al. (2014) for the majority of stripped envelope SNe with the exception of more extensively

stripped Type Ic SNe, like 2002ap or 2007gr. As such the eEVN upper limit rules out a large

fraction of stripped envelope SNe, implying a Type IIP scenario is more likely for SN 2015ca.

2.8.3 SN 2015cb

The SN 2015cb data is best fitted by the templates of a Type IIP caught in the plateau phase or

a stripped envelope SN, with χ̃2 = 11.7 and χ̃2 = 11.2, respectively; see Fig. 2.8 and Table 2.3.

In both cases a slightly more luminous than average SN has been observed (magnitude shifts

C = −0.7+0.1
−0.3 and C = −1.1+0.1

−0.2, respectively) with a moderate extinction of ∼4.5 magnitudes in V.

To take into account the r’-band limit, all template fits were required for the limit to at least match

the r’-band template curve. Similar to SN 2015ca, the lack of a radio detection with the VLA a

month after discovery favours a Type IIP scenario, but the presence of significant contamination

around the SN location prevents obtaining a strong upper limit to conclusively exclude a stripped

envelope SN. No eEVN observations were available for SN 2015cb.
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Figure 2.10: Best SED fitting model of NGC 3110, the host of SN 2015ca. The data points

are indicated by the dots, starburst contribution by the red line and disk component by the green

line. No AGN contribution was required to fit the data. The total fit is shown by the black line.

The results from the SED fit suggests a lower SF rate for NGC 3110 than expected based on IR

luminosity, see Section 2.8.5.

(2001). This results in a CCSN rate for NGC 3110 that is significantly lower (0.14+0.01
−0.01 SN yr−1)

than the expectation from the LIRG’s IR luminosity, which would be ∼ 0.6 SN yr−1 when applying

Eq. 2.1. The source of this discrepancy lies with the origin of the IR luminosity, which according to

the multi-wavelength SED fit in this galaxy is dominated by the the disk component, as opposed to

a starburst. The IR luminosity related to the disk component would then originate from reprocessed

radiation from old stars not massive enough to explode as SNe.

Finding two concurrent CCSNe in a galaxy with a CCSN rate of 0.14 yr−1 is peculiar, but

not impossible. If we assume a Poisson distribution and that SNe are detectable for 3 months in

near-IR, as has been the case for the discoveries in this chapter, the probability of discovering two

CCSNe in any of the four epochs of NGC 3110 is 4% and 0.2% for an expected yearly SN rate of

0.6 and 0.14, respectively. If we assume the same rates for our whole sample (36 epochs in total),

this increases to 30.8% and 1.8%, respectively.
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The CCSN nature of SN 2015ca is well established, see Section 2.8.2. The CCSN nature of AT

2015cf remains poorly constrained, but other plausible scenarios with sufficiently high rates are

not known to the author. One possible explanation for this discrepancy is that the starburst age is

significantly underestimated. A higher starburst age would give a higher CCSN rate. One important

difference between the model fit for NGC 3110 and the other LIRGs studied by Herrero-Illana et al.

(2017) is that in the case of NGC 3110 we lack Spitzer IRS data for the whole galaxy (because of

its large angular size), which would constrain our model further.

2.8.6 Detection efficiency

To evaluate how effective our detection method was at recovering SNe, we calculated the detection

efficiency in the data by simulating artificial sources in an epoch typical for our sample. We chose

to simulate SNe in the GeMS/GSAOI epoch from 2013 April 21 of IRAS 18293-3413, as it is a

fairly typical LIRG at a typical distance within our sample and host to SUNBIRD discovery SN

2013if. SNe were simulated in the central region of the galaxy, defined as containing 80% of the

galaxy light. We constructed a model PSF from three bright field stars, placed it in a random

position in this region and then performed a subtraction as described in Section 2.6.1. To recover

the source, aperture photometry was taken at the simulation location and a 3x3 grid of apertures

around it, separated by twice the FWHM. The source was considered recovered when the source

flux exceeded three times the standard deviation of the counts recorded in the surrounding aperture

grid. The results were split into three regions: the central 100 pc (<0.25′′), where the residuals

from subtraction are very large; a wider nuclear region of 300 pc omitting the central 100 pc (0.25′′

- 0.75′′); and the remaining area, which extended to 600-800 pc (0.5′′ - 2′′).

This was repeated for a range of magnitudes and an S-curve (e.g. Dahlen et al., 2008, Kankare

et al., 2012) was fitted to the data. We derive a preliminary 50% detection efficiency at magnitudes

of 16.7, 19.3 and 20.7 for the three regions referred to above, respectively. As expected, our

detection efficiency is significantly reduced in the central 100 pc of the galaxy. SN 2013if was

detected in this galaxy at magnitude 18.53 at 200 pc from the nucleus, halfway across the second

region, which agrees well with the derived 50% detection efficiency for the region. For LIRGs

such as this, there is significant variation in the chances of detection, heavily dependent on the

local galaxy structure and proximity to the nucleus. Additionally, differences in the data quality

between epochs affects detection efficiency. This is reflected by the non-detection of SN 2013if in

J-band (where AO-performance in near-IR typically is worst) from 2013 June 11, with an upper

limit magnitude of 18.7. An expanded approach to the evaluation of detection efficiency across
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multiple near-IR AO surveys, including project SUNBIRD, will be presented in a future publication

(Reynolds et al, in prep).

2.9 Summary

In this chapter the methodology and the first results of project SUNBIRD are introduced. We

discuss in detail our method of processing GeMS/GSAOI data to achieve a uniform image quality

across the full field of view, which to date is one of just a couple of methods to do so. We have

presented the first three CCSN discoveries from this project, as well as one candidate. With a radial

offset from the nucleus of 0.5′′ (200 pc projected distance) SN 2013if is the second most nuclear

SN discovered in a LIRG after SN 2010cu (Kankare et al., 2012). Based on light curve fitting and

radio limits we deem SN 2013if and SN 2015ca most likely to have been Type IIP SNe, but we do

not have sufficient data to confirm the subtype of SN 2015cb.
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3
Project SUNBIRD: Keck

3.1 Introduction

Project SUNBIRD was extended to the Northern Hemisphere at the start of 2016 through observa-

tions with the LGSAO supported near-IR imager NIRC2 on the Keck II telescope on Maunakea in

Hawai’i. While NIRC2 has a smaller FOV than GSAOI, as a single conjugate AO imager there is

less overhead involved and guide star requirements are not as strict as for GeMS/GSAOI. As a result

more LIRGs could be accessed and more epochs could be obtained on a given observing night. In

this chapter a description of the Keck program is provided and we report on the discoveries made

with NIRC2 in 2016 and 2017.

3.2 Galaxy Sample

The sample of LIRGs observed with NIRC2 on the Keck telescope was selected from the IRAS

Revised Bright Galaxy Sample (RGBS; Sanders et al., 2003), similarly to the Gemini South sample.

Keck has a single conjugate AO system where one deformable mirror corrects for one turbulent

layer in the atmosphere, as opposed to two with GeMS. LSGAO observing with NIRC2 requires
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one NGS of mR < 17.0 mag within 60′′ from the target, which allows access to a much larger sample

of LIRGs. As a result all targets in the Keck sample had IR luminosities L(8-1000µm) in the RBGS

of log(LIR) > 11.0. The sample was limited to LIRGs with distances up to 160 Mpc (z=0.037),

where a typical achieved image quality of 0.08′′ corresponds to ∼60 pc.

3.3 Observing Strategy

The instrument NIRC2 on the Keck II telescope is a near-IR imager designed for the Keck AO

system. NIRC2 operates from 1 to 5 µm with a FOV of 40′′× 40′′ when observing in wide-field

mode at a pixel scale of 0.04′′ pixel−1. We observed in wide-field mode to allow for enough sky in

the frame to dither on target without having to offset for sky frames. At a typical image quality of

0.07′′ - 0.1′′ this meant in most cases we were slightly under sampled.

Seven and a half classical nights with NIRC2 were awarded to project SUNBIRD between April

2016 and December 2017. Out of those nights, three full nights were lost due to clouds and/or

humidity. During the remaining 4.5 nights a total of 55 epochs were observed across 25 targets, see

Table 3.1. Under ideal circumstances a new target could be observed every 30minutes. Priority was

given to LIRGs with prior AO or HST observations available, followed by LIRGs with high CCSN

rates. Due to loss of observing time and limits in year-round visibility the maximum number of

epochs we could obtain of any LIRG was 4, with many targets observed less frequently. The targets

with just one epoch were checked for SNe against archival AO images observed with ALTAIR/NIRI

(ALTtitude conjugate Adaptive optics for the InfraRed/Near InfraRed Imager; Hodapp et al., 2003)

on Gemini North in a preceding program (Kankare et al., 2008). If not available, the observations

were checked against archival F160W HST/NICMOS images from the Hubble Legacy Archive1.

Each target was observed for 120s at 9 dither positions in Ks-band, with a typical 10′′ step size

to properly model the background while keeping the target within the FOV. The 120s observations

consisted of consecutive shorter exposures immediately coadded upon completion. The number of

exposures depended on the ADU count in a test exposure taken prior to the full observation, with

the default setting 6 coadds of 20s. Given the relatively large pixels in wide-field mode and the

brightness of LIRG nuclei, in some cases exposure times were reduced to as short as 3s (40 coadds)

to stay linear on the detector (.8000 ADU).

1https://hla.stsci.edu/
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3.4 Multi wavelength follow up

During an observing night the data were reduced with theli immediately after observing and

iraf was used to perform a basic coadd without distortion correction for the sake of efficiency.

This allowed us to check for transient sources against earlier epochs by blinking image pairs in

DS92 within an hour after obtaining the data. In case of a SN candidate discovery we could then

immediately follow up with NIRC2 in H- and J-band. This enabled us to obtain images in all

three near-IR bands at the night of discovery for three of the four transients discovered in the Keck

program.

On a longer timescale, we would observe the transient with NIRC2 in JHKs during the next

observing night if still visible, typically 3 months later. Additional follow up imaging of the

discovered transients was obtained in the near-IR with NOTCam on the NOT and in the optical

with ALFOSC on the NOT (PI: S. Mattila) and ACAM (Benn et al., 2008) on the William

Herschel Telescope (WHT, PI: P. Jonker). Spectroscopy follow up was obtained in the near-IR with

GNIRS on the Gemini North telescope (PI: E. Kool) and SpeX (Rayner et al., 2003) on the NASA

Infrared Telescope Facility (IRTF, PI: E. Hsiao), and in the optical with the Intermediate dispersion

Spectrograph and Imaging System (ISIS) on the WHT (PI: P. Jonker). At radio wavelengths we

followed up with the Very Long Baseline Array (VLBA, PI: M. Pérez-Torres) interferometer. Other

follow up included mid-IR observations with the IRAC (Infrared Array Camera; Fazio et al., 2004)

on the NASA Spitzer Space Telescope (PI: S. Mattila).

3.5 Data reduction

3.5.1 NIRC2 data reduction with theli and iraf

Data were reduced with theli using the procedures described in Chapter 2. Successful coaddition

with theli depends on having access to archival imaging such as VIRCAM/VISTA or VLT/HAWK-

I data to construct an astrometric reference catalogue. For our NIRC2 data these were not always

available. A further complication was the relatively small FOV (40′′ × 40′′) of NIRC2 compared

to GeMS/GSAOI, limiting the access to field stars to act as astrometric references. Some of the

observed LIRGs were bright and compact and lacked a sufficient number of compact objects spread

across the galaxy. As a consequence not all LIRGs in our sample could be fully reduced and

coadded using theli. In those cases the data were processed in two steps. First the data were

2http://ds9.si.edu/
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LIRG RA Dec. Distance log LIR rCCSN Epochs

(J2000) (J2000) (Mpc) (L�) (yr−1) #

IRAS 01173+1405 01 20 02.7 +14 21 42 131 11.69 1.33 3

NGC 695 01 51 14.0 +22 34 55 136 11.62 1.33 1

NGC 1275 03 19 46.7 +41 30 37 74 11.26 0.49 2

IRAS F03217+4022 03 25 05.2 +40 33 32 99 11.35 0.60 2

MCG+08-11-002 05 40 43.3 +49 41 41 82 11.46 1.07∗ 3

UGC 3351 05 45 48.6 +58 42 02 65 11.28 0.51 1

IRAS F06076-2139 06 09 45.1 -21 40 22 160 11.65 1.21 2

NGC 2388 07 28 54.2 +33 49 07 61 11.28 0.51 1

NGC 3110 10 04 02.7 -06 28 35 79 11.36 0.17† 1

IC 2810 11 25 47.3 +14 40 23 152 11.64 1.19 1

Arp 299 11 28 31.3 +58 33 42 50 11.45 1.45∗ 2

ESO 507-G070 13 02 51.3 -23 55 10 105 11.49 1.00 1

VV 250a 13 15 34.9 +62 07 26 138 11.81 1.72 1

UGC 8387 13 20 34.9 +34 08 24 107 11.73 1.78∗ 3

NGC 5331 13 52 16.6 +02 06 08 150 11.66 1.22 2

VV 340a 14 57 00.3 +24 37 01 152 11.75 1.50 3

NGC 6240 16 52 58.6 +02 24 03 113 11.92 1.80∗ 3

IRAS F16516-0948 16 54 24.2 -09 53 22 106 11.32 0.42∗ 2

IRAS F17138-1017 17 16 36.3 -10 20 40 83 11.49 0.75∗ 3

IRAS 17578-0400 18 00 32.0 -04 00 55 67 11.47 0.79∗ 4

IRAS 18090+0130 18 11 37.3 +01 31 40 131 11.65 1.22 4

IRAS 20351+2521 20 37 18.6 +25 31 42 147 11.61 1.11 2

NGC 7469 23 03 15.5 +08 52 25 70 11.65 1.21 3

IC 5298 23 16 01.7 +25 33 33 117 11.61 1.09 3

IRAS 23436+5257 23 46 05.8 +53 14 00 146 11.58 1.03 2

Table 3.1: Keck NIRC2 LIRG sample. Distances are from NED, Virgo/GA corrected. CCSN rates

are based on the empirical relation with LIR from Mattila and Meikle (2001), unless otherwise

indicated: CCSN rate based on SED fits from Herrero-Illana et al. (2017), denoted by ∗, or from

Chapter 2, denoted by †. Values of log LIR are from Sanders et al. (2003), adjusted for updated

distances. Final column shows number of epochs obtained with NIRC2.
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flatfielded and background subtracted using theli, but coadded in iraf with idedither_comb, a

task written by Seppo Mattila. In this task a compact object or star that is visible in all frames is

selected. The exposures are then stacked with shifts corresponding to the offset of the centroid of

the reference star compared to the centroid of the star in the first exposure. The resulting coadd

does not account for image distortion, which means it is optimized around the reference star but

image quality decreases with radius. If the reference star is near or in the compact galaxy, the loss

of image quality in the relevant regions is small. In the second step, the newly coadded image was

used to act as a reference image for coaddition of the original data set with theli. The advantage of

this method is that because a reference image with comparable image quality and FOV is available

(it is based on the same data set after all), it is trivial to extract a usable reference catalogue.

Given this reference catalogue, with theli the exposures can be coadded while accounting for

image distortion. Using this iterative approach, the resulting coadded images had an improved and

uniform image quality, when compared to the result from the intermediate simple image stack using

idedither_comb.

The downside of this approach is that the absolute astrometry of the image is not accurate,

because no external reference image with accurate astrometry was used. While absolute astrometry

is not required for image subtraction, it is vital when a SN candidate is discovered to allow for

accurate reporting and follow up. In this case an astrometric solution was found by manually

matching field stars in the image with coordinates from the Pan-STARRS1 data archive3 using iraf

task ccmap.

3.5.2 Other data reduction

The NOTCam and ALFOSC observations obtained with the NOT were reduced as described in

Section 2.5.2. GNIRS observations were reduced using the method described in Section 2.5.3.

SpeX observations were obtained through the NUTS survey4 and reduced by M. Shahbandeh at

Florida State University. VLBA data were reduced by members of our collaboration following the

procedures described in Section 2.7.5. Spitzer data was pipeline-reduced from the Spitzer Legacy

archive.

3https://panstarrs.stsci.edu/
4http://csp2.lco.cl/not/
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3.5.3 Image subtraction, photometry and light curve fitting

Image pairs were aligned and subtracted using image subtraction package ISIS 2.2, as described in

Chapter 2. Photometry of the discovered transients was measured using the snoopy package in iraf

in the same way as for GeMS/GSAOI data. However, given the smaller FOV of NIRC2 compared

to GSAOI, more often than not the discovery images lacked 2MASS photometric reference stars.

In some cases 2MASS stars were available, but were catalogued with magnitudes inconsistent with

the magnitudes of isolated 2MASS field stars located in a wide-field NOTCam image, likely due

to the impact of the nearby galaxy. These stars usually lacked an assigned error in the 2MASS

catalogue. Using these inconsistent 2MASS stars produced large errors in the derived zero point.

This was solved by (re)calibrating any photometric reference star used in the Keck FOV, whether

they were available in the 2MASS catalogue or not. Five isolated 2MASS stars, that included

photometry with errors in JHKs, were selected in a wide-field NOTCam image. After checking

if the individual photometric stars produced consistent zero points, new magnitudes were obtained

for the 2MASS and/or reference stars nearby to the galaxy within the NIRC2 FOV, using PSF fitting

with snoopy.

See Fig. 3.1 for an example of the recalibration of NIRC2 photometric reference stars (in

red) through field stars (in blue) in a wide-field NOTCam image. Obtaining magnitudes through

PSF fitting was deemed appropriate given the level of background emission from the galaxy at the

positions of the photometric reference stars in the NIRC2 image. The new photometric errors were

determined following the steps described in Section 2.6.2. This approach also had the advantage of

producing a consistent photometric reference frame between observations of the same transient with

instruments of vastly different image quality and FOV, as is the case with NIRC2 and NOTCam.

In some cases the transient was superimposed on a bright nucleus, the subtraction of which could

have introduced systematic errors, as suboptimal modelling of the background would have affected

all epochs of a transient in the same way. Finally the light curves were fitted to the prototypical

CCSNe templates described in Chapter 2.

3.6 Observations and Discoveries

3.6.1 AT 2016jhy in IRAS F06076-2139

A transient in IRAS F06076-2139 was discovered on 2016 October 19 with NIRC2 (PI: S. Ryder),

designated AT 2016jhy (Kool, 2018b). An archival VLT/NACO image from 2010 was used as a

subtraction reference, resulting in a point-like residual superimposed on the Southern nucleus of
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Figure 3.1: IRAS 23436+5257 as observed with NOTCam on the NOT. Blue circles indicate

2MASS photometric reference stars used to calibrate the field stars in the NIRC2 FOV, indicated

by red circles, as described in Section 3.5.3. The position of AT 2017gbl superimposed on the

Northern nucleus of its host galaxy is indicated by tick marks.

this interacting galaxy located at R.A. = 6h09m46.01s and Decl. = −21◦40′31.26′′, see Fig. 3.2.

Follow up in Ks-band with F2 on Gemini South (PI: E. Kool) on 2017 March 12 and with NIRC2

on 2017 December 12 similarly revealed a residual at the same position after subtracting the NACO

reference image, with PSF’s matching well with those of isolated field stars in the images. Between

the discovery epoch and the most recent epoch the source did not appear to have changed much in

magnitude, see Table 3.5.



54 Project SUNBIRD: Keck

Figure 3.2: AT 2016jhy superimposed on the Southern nucleus of IRAS F06076-2139, in Ks-band,

see Section 3.6.1. From left to right with linear scaling: Reference VLT/NACO image (October

2010), discovery NIRC2 image (October 2016) and the image subtraction.

3.6.2 AT 2017chi in NGC 5331

The host galaxy of AT 2017chi (Kool, 2017), NGC 5331, was part of the SUNBIRD Keck

sample of LIRGs. However, AT 2017chi was discovered with the near-IR imaging spectrograph

FLAMINGOS-2 (F2 Eikenberry et al., 2012) on Gemini South on 2017 March 13 during an

observing night allocated to the GeMS/GSAOI SUNBIRD program (PI: E. Kool). There were

technical issues with GeMS, but the seeing conditions were excellent (FWHM ∼0.35′′) so we opted

to continue our program with F2. F2 is a non-AO wide-field imager, so target selection was not

restricted by guide star requirements or limited to our GSAOI sample, but image quality was limited

to the seeing conditions. As a result priority was given to extended LIRGs with high expected

CCSN rates from the combined NIRC2 and GSAOI sample, such as the interacting LIRG NGC

5331.

Subtraction of the F2 discovery image with an archival Ks-band VLT/HAWK-I image from

2011 May 26 showed a positive residual 1.1′′ South and 2.1′′ West (1.7 kpc projected distance)

from the nucleus of the Southern component of this interacting galaxy, see Fig. 3.3. WCSmatching

in theli with a catalogue of 21 2MASS sources in the FOV yielded R.A. = 13h52m16.09s and

Decl. = +02◦06′03.96′′, with 0.04′′ and 0.04′′ uncertainty in R.A. and Decl., respectively. Follow

up observations were obtained with F2 on 2017 March 27 in H and J, and with NIRC2 on 2017

April 6 and 2017 July 8 in Ks, H and J (PI: S. Ryder). Transient-free imaging in H and J was
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obtained on 2018 May 12 with F2 through the Fast Turnaround program at Gemini South (PI: K.

Maeda). AT 2017chi was detected in JHKs in 2017 March and April, but only in Ks in the final

NIRC2 epoch in 2017 July, see Table 3.5.

An optical spectrum was obtained through the extended-Public ESO Spectroscopic Survey for

Transient Objects5 (ePESSTO) on 2017 March 24 with EFOSC2 (ESO Faint Object Spectrograph

and Camera; Buzzoni et al., 1984) on the ESO New Technology Telescope (NTT). The spectrum

did not show any SN signatures, likely due to the effects of dust extinction and a bright local

background.

Figure 3.3: AT 2017chi in NGC 5331 discovered with F2, in Ks-band, see Section 3.6.2. From left

to right with linear scaling: Reference HAWK-I image (May 2011), discovery image (March 2017)

and the image subtraction.

3.6.3 AT 2017gbl in IRAS 23436+5257

AT 2017gbl was discovered in IRAS 23436+5257 in Ks-band with NIRC2 (PI: S. Ryder) on 2017

July 8 (Kool et al., 2017c); see Fig. 3.1 and Fig. 3.4. Initially the host galaxy was observed

with 6 coadds of 20s per 120s exposure, as was deemed appropriate during the first NIRC2 epoch

from 2016 October 21. However at these settings the Northern nucleus now saturated the detector,

so exposure time was reduced to 3s to keep counts linear on the detector and the galaxy was

re-observed in Ks-band, directly followed by H- and J-band. Subtraction with Ks, H and J

observations from 2016 showed an extremely bright residual coincident with the Northern nucleus

of its host galaxy. Registering the image with 20 sources from the PanSTARRS-1 archive yielded

R.A. = 23h46m05.52s and Decl. = +53◦14′01.29′′, with 0.03′′ and 0.05′′ uncertainty in R.A. and

5http://www.pessto.org/
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Decl., respectively.

Figure 3.4: AT 2017gbl superimposed on the Northern nucleus of IRAS 23436+5257, discovered

with NIRC2 in Ks-band, see Section 3.6.3. From left to right with linear scaling: Reference NIRC2

image (October 2016), discovery image (July 2017) and the image subtraction.

Follow up imaging was obtained at an almost monthly cadence in the near-IR with NOTCam

on the NOT, from discovery of the transient until the latest epoch in January 2018 by the NOT

Unbiased Transient Survey (NUTS) collaboration6. The transient was revisited with NIRC2 in

Ks-band on 2017 December 5. In the optical AT 2017gbl was observed with ALFOSC on the NOT

in i′ and z′ on 2017 November 28, and with ACAM on the WHT (PI: P. Jonker) in g′, r′, i′ and z′

on 2017 July 10 and in i′ and z′ on 2017 August 27.

In the near-IR transient-free reference imaging was available from 2016 October 21, obtained

with NIRC2 on Keck as part of project SUNBIRD. As this was obtained with the same instrument

as the discovery data, image subtraction for the discovery NIRC2 epoch was robust. However, due

to the large difference in image quality between the AO reference epoch and further seeing-limited

follow-up imaging with NOTCam, it was necessary to smooth and rebin the NIRC2 reference

epoch using iraf tasks gauss and blkavg to better match the image quality of the NOTCam data

before image subtraction. In the optical transient-free reference imaging from WHT/ACAM and

NOT/NOTCam was used from 2018, after verifying the transient had fully faded from view at this

point by comparing with archival pre-outburst Pan-STARRS1 data.

AT 2017gbl has steadily declined in magnitude in the near-IR since discovery but has remained

visible in all bands for all epochs obtained so far, see Table 3.2. In the optical the transient was

recovered in all four filters in the first epoch, and has remained visible in the subsequent follow up

in i′ and z′, see Table 3.3.

6http://csp2.lco.cl/not/
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UT Date Telescope/Instrument Magnitude

AT 2017gbl (IRAS 23436+5257)

J H Ks

2016 October 21.5 Keck/NIRC2 - - -

2017 July 8.5 Keck/NIRC2 16.03 ±0.03 14.45 ±0.04 13.22 ±0.07

2017 July 27 NOT/NOTCam 16.13 ±0.04 14.60 ±0.03 13.29 ±0.04

2017 August 18 NOT/NOTCam 16.50 ±0.02 14.84 ±0.03 13.47 ±0.05

2017 September 3 NOT/NOTCam 16.68 ±0.05 14.93 ±0.04 13.60 ±0.05

2017 September 29 NOT/NOTCam 16.80 ±0.05 15.17 ±0.04 13.74 ±0.04

2017 October 16 NOT/NOTCam 16.99 ±0.08 15.27 ±0.05 13.76 ±0.06

2017 December 5.2 Keck/NIRC2 14.26 ±0.04

2018 January 3 NOT/NOTCam 17.96 ±0.13 16.14 ±0.10 14.74 ±0.08

Table 3.2: AT 2017gbl near-IR photometry

UT Date Telescope/Instrument Magnitude

g′ r′ i′ z′

2017 July 10 WHT/ACAM 21.22±0.09 19.93±0.02 19.08±0.02 18.36±0.03

2017 August 27 WHT/ACAM - - 19.66±0.05 18.96±0.05

2017 November 28 NOT/ALFOSC - - 20.79±0.04 20.45±0.03

Table 3.3: AT 2017gbl optical photometry

Multi-wavelength and spectroscopy follow up

In addition to imaging we obtained spectroscopy in the optical and the near-IR. Optical spectra were

obtained with ISIS on the WHT on 2017 August 30 (PI: P. Jonker) and in the near-IR we obtained

spectra with GNIRS on Gemini North on 2017 September 1 through Director’s Discretionary

Time (DDT, PI: E. Kool) and with SpeX on the IRTF on 2017 October 28 through the NUTS

collaboration. In radio members of our collaboration observed AT 2017gbl with the VLBA on

2017 August 15 (Perez-Torres et al., 2017) and on 2017 October 20 at 4.4 and 7.6 GHz (PI: M.

Pérez-Torres). Bright et al. (2017) observed AT 2017gbl three times between 2017 July 12 and

Aug 10 with AMI (Arcminute Microkelvin Imager Large Array; Zwart et al., 2008) at 15.5 GHz,

and again on 2018 February 27. An unresolved source was detected at all radio frequencies.

Finally in mid-IR follow up imaging was obtained at 3.6 and 4.5 µm with IRAC on the Spitzer
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UT Date Telescope/Instrument Magnitude

3.6 µm 4.5 µm

2017 November 13 Spitzer 11.56 ± 0.11 10.84 ± 0.09

2017 December 19 Spitzer 11.75 ± 0.11 10.98 ± 0.10

2018 March 23 Spitzer 11.97 ± 0.13 11.18 ± 0.11

Table 3.4: AT 2017gbl mid-IR photometry after subtraction of the pre-outburst magnitude of the

host nucleus, see Section 3.6.3.

space telescope on 2017 November 11, 2017 December 19 and 2018 March 23 (PI: S. Mattila).

Table 3.4 shows the magnitude of AT 2017gbl at 3.6 µm and 4.5 µm after subtracting the pre-

outburst magnitude of the nucleus of 11.24 ± 0.05 and 10.84 ± 0.06 at 3.6 µm and 4.5 µm

respectively, based on an archival image from 2011.

3.6.4 AT 2017jzy in NGC 695

AT 2017jzy (Kool, 2018a) was discovered with NIRC2 on 2017 December 5 in NGC 695; see

Fig. 3.5. There was no previous (archival) AO imaging of the host available, so an archival

HST/NICMOS F160W image (Haan et al., 2011) was used to act as a subtraction reference for the

H-band discovery image. F160W is a broadband filter with a cut-on of 1.4µm and a cut-off of 1.8

µm, which is similar to H-band (1.49 to 1.78 µm). The subtraction revealed a transient at R.A. =

1h51m13.90s and Decl. = +22◦34′54.97′′, 4.4′′ South and 6.3′′ West (5.1 kpc projected distance)

from the nucleus. In the same night the galaxy was also observed in Ks- and J-band, with the

transient visible in all three bands. We followed up with NOTCam in Ks, H and J on 2018 January

3 in natural seeing conditions, but the transient was not discernible, likely due to the faint source

having blended with the background.

3.6.5 Archival NICMOS SN candidates

Many LIRGs in the SUNBIRD Keck sample were observed for the first time using AO, and as

such adequate reference imaging was not readily available. In that case, until a second epoch

could be obtained, newly obtained images were compared with archival HST/NICMOS images

when available. NICMOS filters do not extend to Ks, so in case of a clear image difference in Ks

we would also observe the target in H-band. This resulted in the discovery of AT 2017jzy, but

transients were also discovered in the archival NICMOS data. These data were not obtained with
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Figure 3.5: AT 2017jzy in NGC 695, discovered in H-band, see Section 3.6.4. Also indicated 4′′

North of AT 2017jzy is a transient visible in the archival NICMOS reference image. From left to

right with linear scaling: reference HST/NICMOS image (March 2008), discovery NIRC2 image

(December 2017) and the image subtraction.

the purpose of transient detection, so typically no follow up imaging was available.

The subtraction of the H-band discovery image of AT 2017jzy in NGC 695 with an archival

F160W NICMOS image from 2008 August 29 showed a second residual located in the NICMOS

image at R.A. = 1h51m13.90s and Decl. = +22◦34′54.97′′, 4′′ North of AT 2017jzy and 4.2 kpc

projected distance from the nucleus, see Fig 3.5. Just as with AT 2017jzy it has a PSF well matched

with isolated field stars in the discovery image, a good indication it is a real source. No further

HST/NICMOS epochs or other imaging of sufficient image quality could be found in the archives.

The subtraction of a Ks-band observation of NGC 1275 from 2016 October 21 with an archival

F160W NICMOS image from 1998 March 16 showed a clear point-like residual at R.A. =

3h19m48.87s and Decl. = +41◦30′46.89′′ in the NICMOS image, 5.0′′ North and 7.8′′ East of

the nucleus (3.3 kpc projected distance). We did not obtain an epoch in H-band to verify this

discovery, because an archival F160W image from the HST/WFC3 IR imager observed on 2015

February 22 was available to act as a reference image. While the F160W filters from NICMOS

and WFC3 are not identical, they are sufficiently similar to verify the source as a transient, see Fig.

3.6.

The two NICMOS transients will be unofficially designated as AT 1998xx and AT 2008xx

throughout this thesis.
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Figure 3.6: A transient in NGC 1275 observed with NICMOS on 1998 March 16, see Section

3.6.5. From left to right with linear scaling: HST/WFC3 subtraction reference image (February

2015), discovery NICMOS image (March 1998), and the subtraction. The residuals visible in the

subtracted image are due to a bright nucleus in NGC 1275 and artefacts (stripe and hot pixels) in

the NICMOS image. Image is cropped to exclude un-subtracted regions not covered by NICMOS.

3.7 Analysis

3.7.1 AT 2016jhy

At a distance of 160 Mpc the apparent discovery magnitude of AT 2016jhy corresponds to an

absolute magnitude MKs = -17.94 ± 0.06, adopting a Galactic line-of-sight extinction of AK =

0.021 (Schlafly and Finkbeiner, 2011). This is is well within the range of all the SN templates

we use to fit light curves with, see for example the light curve fits of SN 2015cb in Section 2.8.3.

However, the follow up observations showed no decline in brightness of AT 2016jhy, in fact after

419 days the transient appears to have gotten incrementally brighter (MKs = -18.16 ± 0.05), see

Table 3.5. The only SN template that fits such an evolution is the Type IIn template. Because AT

2016jhy was only observed in Ks-band and has a flat evolution, its light curve has not been fitted to

the IIn template because it would not constrain any of the fitting parameters. The comparison with

the SN on which the IIn template is based is easily made however: SN 1998S was discovered in

NGC 3877 with an absolute magnitude MK = -19.3 ± 0.2 and after 88 days declined to MK = -18.0

± 0.2. Afterwards the SN did not change significantly in magnitude until the end of the documented

monitoring, with MK = -17.5±0.3 354 days later (Mattila and Meikle, 2001). In terms of Ks-band

light curve evolution and absolute magnitude AT 2016jhy behaves in a very similar way. Long term

monitoring of the near-IR light curve would be required to confirm or refute a SN Type IIn scenario

for AT 2016jhy. As Type IIn SNe are among the most luminous SNe at radio wavelengths after

∼1000 days (Romero-Cañizales et al., 2014), radio follow up could provide additional constraints

on the nature of AT 2016jhy.

The location of AT 2016jhy superimposed on the Southern nucleus of its host galaxy suggests

an alternative scenario, where the additional flux is related to a supermassive black hole (SMBH)
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UT Date Telescope/Instrument Filter Magnitude

AT 2016jhy (IRAS F06076-2139)

2010 October 15.3 VLT/NACO Ks -
2016 October 19.6 Keck/NIRC2 Ks 18.10±0.06
2017 March 12 Gemini South/F2 Ks 18.07±0.09
2017 December 12.5 Keck/NIRC2 Ks 17.88±0.05

AT 2017chi (NGC 5331)

2017 March 13.3 Gemini South/F2 Ks 18.00±0.11
2017 March 27.2 Gemini South/F2 H 19.27±0.08
2017 March 27.3 Gemini South/F2 J 21.10±0.15
2017 April 6.4 Keck/NIRC2 Ks 18.58±0.06
2017 April 6.5 Keck/NIRC2 H 19.30±0.15
2017 April 6.5 Keck/NIRC2 J 21.55±0.23
2017 July 8.3 Keck/NIRC2 Ks 19.14±0.13
2017 July 8.3 Keck/NIRC2 H >20.5
2018 May 12 Gemini South/F2 H >21.0

AT 2017jzy (NGC 695)

2017 December 5.3 Keck/NIRC2 Ks -
2017 December 5.3 Keck/NIRC2 H 18.4±0.2
2017 December 5.4 Keck/NIRC2 J -

AT 2008xx (NGC 695)

2008 August 29.3 HST/NICMOS H 19.5±0.2

AT 1998xx (NGC 1275)

1998 March 16.8 HST/NICMOS H 19.9±0.2

Table 3.5: NIRC2 supernova candidates near-IR photometry

or active galactic nucleus (AGN) such as an event thought to be the explanation for AT 2017gbl.

According to an optical IFU study with VIMOS (Arribas et al., 2008) the Southern nucleus has

[NII]/Hα line ratios characteristic for HII-like excitation, in contrast with the AGN-like [NII]/Hα

line ratios of the Northern nucleus. Lacking any clear spectroscopic evidence for an AGN and the

long time scale of the transient means AGN related activity is a less plausible explanation.

3.7.2 AT 2017chi

AT 2017chi was best fitted with the IIn template, see Fig. 3.7 and Table 3.6. The main constraint on

the fitted subtypes is provided by the 2017 July Ks epoch. In order to accommodate this detection,
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AT 2017chi (NGC 5331)

Template AV t0 C χ̃2

IIP, plateau 11.2+1.1
−1.4 6+1

−3 −1.2+0.3
−0.2 15.7

IIP, tail 14.6+0.9
−1.7 157+47

−12 −3.6+0.3
−0.8 17.0

IIn 11.8+1.8
−1.2 64+3

−11 −0.42+0.23
−0.18 9.4

IIb/Ib/Ic 12.9+0.9
−1.6 81+7

−1 −3.2+0.3
−0.2 18.5

Table 3.6: Results from fitting light curve templates to AT 2017chi, with line-of-sight extinction

AV, time t0 between explosion date and discovery, and a fixed constant C representing the intrinsic

magnitude difference between SNe. The final column shows the resulting χ̃2 for each fit.

the Type IIb/Ib/Ic and IIP tail templates are fitted with large constant shifts C implying unusually

luminous SNe for the types. This is less so the case for the Type IIP plateau template fit, but here the

early epochs are poorly fitted, and it does not fit with the H-band limit from the 2017 July 8 epoch.

All three template fits also have large χ̃2 of 16-18. The Type IIn template fits the photometry much

better with a χ̃2 = 9.4, and only has a minor constant shift C, meaning it is similar in absolute

magnitude to the prototypical IIn SN used for this template, SN 1998S.

As discussed in Section 3.7.1 SN 1998S had a long extended flat tail in K-band and a slightly

declining long tail in H-band. AT 2017chi had faded from view in H and J at the time the transient-

free reference imaging was obtained with F2, on 2018 May 12. This is 425 days after discovery,

and assuming a time since explosion of 64 days as fitted for Type IIn, the F2 observations occurred

489 days since explosion. In H-band SN 1998S had declined ∼3.5 magnitudes after 450 days

(Mattila and Meikle, 2001). A similar decline would put AT 2017chi well below the detection limit

in H-band at the time of the F2 observations, so this does not provide constraints on AT 2017chi

as a Type IIn.

Finally, the Type IIn fit of AT 2017chi includes a large extinction AV of 11.8 magnitudes, which

makes it the most extincted SN in a LIRG except for SN 2008cs (Kankare et al., 2008). This

explains well why the optical spectrum obtained with the NTT did not show any SN features. It is

worth noting that although AT 2017chi is clearly fitted best as a Type IIn, the other three template

fits include similar extinction values. Similarly to Type IIn (candidate) AT 2016jhy, follow up

observations in radio could further confirm AT 2017chi as a Type IIn.
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Figure 3.8: IR and optical evolution of AT 2017gbl in apparent magnitudes. For clarity mid-IR

observations at 4.5 and 3.6µm are offset downwards with 1 magnitude, and H, J and i′ are offset

upwards with 1, 2 and 3 magnitudes, respectively. Discovery epoch and Ks-band epoch at Julian

Day 24571092 were obtained with NIRC2 on Keck, the mid-IR epochs with Spitzer, and the other

epochs with NOTCam or ALFOSC on the NOT.

nature, by fitting its SED, assuming it emits as a blackbody. When we plot the SED of AT 2017gbl

using the near-IR and mid-IR fluxes at the epochs of the Spitzer observations, we note that they

can be well described by a blackbody, see Fig. 3.9. The JHKs measurements from NOTCam and

NIRC2 were fitted with a linear function to obtain the interpolated values at the time of the Spitzer

epochs. The third Spitzer measurement occurred after the final NOTCam epoch, so it was assumed
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Table 3.7: SED blackbody parameters

UT Date Component Radius Temperature Luminosity

(10−2 pc) (K) (1043erg/s)

20171113 Infrared 4.6 ± 0.4 1030 ± 30 1.7 ± 0.4

20171219 Infrared 5.0 ± 0.6 950 ± 40 1.4 ± 0.4

20180323 Infrared 5.0 ± 0.7 890 ± 50 1.1 ± 0.4

the linear trend continued in JHKs and an extrapolated value was used for the third blackbody fit.

The EMCEE python implementation (using a script kindly provided by M. Fraser from University

College Dublin, Ireland) of the Markov chain Monte Carlo method (Foreman-Mackey et al., 2013)

was used to estimate the best blackbody fit parameters, with a 1σ confidence interval, see Fig. 3.10

for an example and Table 3.7 for the resulting blackbody temperatures in Kelvin and radii in pc.

The optical flux of AT 2017gbl was so small at time of the first mid-IR epoch it did not provide

any meaningful constraints to the blackbody fit and was not included.

With the SED well fitted by a blackbody, and given the relative fluxes in the near-IR and the

optical, we assume most of the UV and optical light originating from the transient event was

absorbed by surrounding dust, and what is observed in IR is the thermal re-emission from the dust.

The radius associated with the blackbody fit then represents the size of the emitting region at the

fitted temperature. This means over the epochs the radius has increased from 0.042 pc to 0.049 pc

and the temperature has decreased from 1026 K to 845 K. Using these parameters we can calculate

the luminosity in erg/s at the Spitzer epochs with the Stefan-Boltzmann law:

L = 4πR2σT4 (3.1)

where R is the radius of the blackbody in cm, T its temperature in Kelvin and σ the Stefan-

Boltzmann constant (5.670 × 10−5 erg cm−2 s−1 K−4). The total radiated energy of AT 2017gbl in

the IR was then estimated by integrating the luminosity over the time between the discovery epoch

in near-IR and the final Spitzer epoch, assuming a linear decline between epochs. Over the course

of 258 days the energy radiated in IR from AT 2017gbl totalled 1.9±0.4 × 1050 erg. This is a

lower limit, since the transient was discovered after (or at) peak and the prior evolution and rise

time is not included. Additionally, because we lack any observations at longer wavelengths, it is

not possible to exclude a second cooler component, the luminosity of which will not be included

in this single blackbody component fit.
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Figure 3.9: Blackbody fits of the mid-IR and interpolated near-IR fluxes at three Spitzer epochs,

see Section 3.7.3. Epoch 2017 November 13 in green, 2017 December 19 in blue and offset by +3

mJy, and 2018 March 23 in black and offset by +6 mJy.

Spectroscopy

The optical ISIS spectrum obtained 53 days after discovery was dominated by narrow emission

lines commonly associated with LIRGs, such as Hα, [NII] and [SII]. The near-IR GNIRS spectrum

observed two days later, on 2017 September 1, showed a similar picture with strong emission lines

consistent with LIRGs such as Paschen and Brackett recombination lines, He I, H2 and [Fe II]

(Burston et al., 2001, Valdés et al., 2005), see Fig. 3.11. From the two spectra obtained so far, the

near-IR spectrum is most likely to contain features associated with the transient, as at the time of

the observations the transient was already faint in the optical (mi′ ∼ 19.6) but still very bright in

the near-IR (mK ∼ 13.6). However, there is no apparent origin of the transient’s extreme near-IR

brightness in terms of emission lines. In order to pinpoint any continuum increase or spectral

features related to AT 2017gbl, a second epoch is required as a reference in both the optical and
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Figure 3.11: Near-IR spectrum of the Northern nucleus of IRAS 23436+5257 from 2017 September

1 in rest wavelength. Some emission and absorption features commonly associated with LIRGs are

indicated. The spectrum does not show a clear origin for the extreme IR brightness of AT 2017gbl.

A follow-up spectrum obtained after the transient has faded significantly will be required to identify

this origin, and to relate any spectral features to the transient. If AT 2017gbl is the result of a dust

echo of an energetic nuclear transient, which is well represented by a blackbody, we would only

expect the continuum to decrease.

and August, and 5.4 ± 0.3 mJy on 2018 February 27. The VLBA observations from 2017 August

15 at 4.4 GHz and 7.6 GHz showed one unresolved source within the 1′′ by 1′′ FOV at R.A. =

23h46m05.517275s and Decl. = +53◦14′01.26050′′. This is 0.04′′ from the near-IR position, well

within the astrometric error margin. The source had peak flux densities of 0.93 ± 0.05 mJy and

1.81 ± 0.05 mJy at 4.4 and 7.6 GHz, respectively. This implies an inverted spectral index (α =

1.22) and a luminosity at 7.6 GHz of 4.2 × 1028 erg s−1 Hz−1. Given the co-location with the

near-IR transient and the compactness, radio emission level and inverted spectrum we assume we

are observing either a low-luminosity AGN and/or the transient itself. The second VLBA epoch

showed a significant increase in flux at 4.4 GHz and 7.6 GHz to 2.03 ± 0.04 and 2.70 ± 0.04 mJy,

respectively. Not only had the flux density increased, the spectral index also changed significantly

(α = 0.52). This implies the transient is responsible or contributing significantly to the flux of the

radio source, and the changing spectral index indicates an evolution of the source from optically

thick (positive α) to optically thin synchrotron emission (negative α) (Mattila et al., 2018). Further

observations are required to monitor the evolution of the source.
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Interpretation

As a LIRG the expected CCSN rate of IRAS 23436+5257 based on its IR luminosity is high at 1.0

yr−1, but it is quite clear AT 2017gbl is not a normal CCSN. The observed peak magnitude excludes

any of the CCSNe subtypes we so far have fitted light curves for. The radiated energy output of

>1.9×1050 erg in the near-IR is further confirmation, as the total bolometric radiated energy output

of a normal Type II CCSN is typically less then 1049 erg (Utrobin, 2007). However, there have

been observations of extremely bright SNe, so-called superluminous SNe (SLSN). SNe are defined

as SLSNe if they reach MV < -21, and range up to MV = -22.5 (Gal-Yam, 2012). The brightest

SLSNe have been measured to emit 1-2×1051 erg of energy (Drake et al., 2010, Smith et al., 2007),

which means a SLSN scenario is a possibility based on the measured total radiated energy of AT

2017gbl.

Given the position coincident with the nucleus of its host galaxy, another plausible scenario

is where the transient event is related to the accretion of a central SMBH. The transient could be

linked to the intrinsic variability of an AGN, or be the result of a tidal disruption event (TDE), where

a star passes within the tidal radius of a SMBH and gets torn apart (Rees, 1988). Typical AGN

variability is stochastic in nature and varies by only a few tenths of a magnitude (MacLeod et al.,

2012), which does not fit with the observed smooth light curve evolution and intense brightening of

AT 2017gbl, but there have been observations of major flares in AGN that could match the observed

energy output (Graham et al., 2017). TDE’s can also be sufficiently bright (Leloudas et al., 2016)

and interestingly, there is evidence of an increased TDE rate in LIRGs compared to the general

galaxy population (Tadhunter et al., 2017). An AGN flare or a TDE require the presence of a central

SMBH, but so far there has not been any evidence of an AGN in IRAS 23436+5257, based on its

PAH 3.3 µm emission feature (Yamada et al., 2013) or in hard X-ray (Koss et al., 2013). However,

the log([NII]/Hα) line flux ratio was estimated from the ISIS spectrum to be -0.07 ± 0.01, which

places the nucleus of IRAS 23436+5257 for any value of the [OIII]/Hβ line ratio in a region on the

BPT diagram where ionization due to a combination of SF and AGN is expected (Kewley et al.,

2001). We have so far been unable to estimate the [OIII]/Hβ line ratio because with redshift these

lines fall >5100Å where the sensitivity in the blue arm of ISIS drops off sharply and subsequently

the spectrum is poorly flux calibrated.

Almost all of these scenarios are based on transients discovered and monitored at optical

wavelengths, which makes a direct photometric comparison difficult because AT 2017gbl appears

significantly dust-obscured and as a result is relatively faint in the optical. There are some excep-

tions, most notably Arp299B-AT1 (henceforth referred to as AT1), an extremely bright transient
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discovered in 2005 in the B-nucleus of interacting LIRG Arp 299 (Mattila et al., 2018). AT1

was discovered in the near-IR as part of a search for dust-obscured CCSNe in starburst galaxies,

a precursor to project SUNBIRD. Similarly to AT 2017gbl it was extremely bright in the near-IR,

but hardly visible at optical wavelengths. Over the next decade an expanding resolved radio jet was

observed coincident with the position of AT1, and the transient was interpreted to have arisen from

a TDE. Another nuclear near-IR bright transient was PS1-10adi, discovered in the centre of SDSS

J204244.74+153032.1 (Kankare et al., 2017b). PS1-10adi evolved over ∼1000 days and was bright

in both optical and near-IR, reaching a peak in H-band of MH of -25. The brightness is thought

to have resulted from shock interaction between expanding material and surrounding dense matter,

and the energy budget was explained by either a SLSN or TDE variant.

The photometric properties and energetics in the IR of AT 2017gbl are strikingly similar to

those of AT1. Themaximummagnitudes in the near-IR of AT 2017gbl in JHKs of 16.03, 14.45 and

13.22 correspond to a flux in mJy of 0.62, 1.70 and 3.44, respectively. At a distance of 45 Mpc for

AT1, this would correspond to fluxes of 6.53, 17.89 and 36.21 mJy in JHKs, although these cannot

be considered peak magnitudes, as AT 2017gbl was discovered after peak. By comparison, the flux

in near-IR of AT1 peaked at 4.20, 13.70 and 46.04 in JHKs, respectively. Both peak fluxes and

the near-IR relative colours are similar, although AT1 has been redder than AT 2017gbl throughout

its evolution, implying it was affected by heavier dust extinction. Although not as extreme as for

AT1, the colours of AT 2017gbl have been growing redder over time. The IR photometry fluxes of

AT 2017gbl are fitted well with a linear decline, and the transient has been declining more rapidly

at shorter wavelengths, with decline rates of 1.0, 0.9, 0.8, 0.4 and 0.3 mags/100 days in J, H,

Ks, 3.6µm and 4.5µm, respectively. The optical photometry also agrees well with a significant

difference in dust extinction between the two transients; whereas AT 2017gbl has a faint but clear

detection in the i′-band, AT1 was not observed in the optical. In terms of blackbody fit parameters

the two transients are again very similar. So far AT 2017gbl has declined in temperature from 1026

K to 845 K, with a blackbody radius increasing from 0.042 pc to 0.049 pc. At its first mid-IR epoch

AT1 had a fitted temperature of 1045 K with a 0.0423 pc radius, which over the following 200 days

evolved to a temperature of 983 K with a 0.0596 pc radius.

The main difference between the two transients is the time-scale, and as a result the energetics

in the IR. AT 2017gbl was discovered after peak in both near-IR and mid-IR, and a non-detection

on 2016 October 21, 260 days earlier, constrains the start of the event. AT1 evolved much slower,

taking ∼1700 days to reach peak in near-IR, and ∼2200 days in mid-IR. A decline in flux in IR as

steep as for AT 2017gbl was never observed for AT1. As a result the energy radiated in IR during
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the evolution of AT1 was much higher, > 1.5 × 1052 erg. Due to the lack of any counterpart in the

optical, it was assumed 100% of the light from the TDE was absorbed by a dusty torus and polar

dust clouds and re-emitted in the IR. This appears not to be the case for AT 2017gbl given the

detections in optical, suggesting a less dense medium of polar dust, which would also explain the

relatively fast evolution of AT 2017gbl. If we assume the density and geometry of the dust is the

main cause of the difference in IR between these two transients, the underlying object could very

well be the same, a TDE. The difference in energetics could be due to energy radiated in shorter

wavelengths for AT 2017gbl, which is supported by the optical detections. Unfortunately we do not

have a reliable i′-band detection past 2017 August 27, so it is not possible to check for optical excess

in the blackbody SEDs with a first epoch on 2017 November 13. Also AT 2017gbl appears to have

been discovered after peak, and the energy radiated prior to discovery is difficult to constrain.

Given the similarities with AT1 a TDE scenario looks promising for AT 207gbl, but based on

the current data it is not possible yet to distinguish the different scenarios. The interpretation of

AT1 as a TDE was to a large extent based on its morphological evolution at radio wavelengths.

With two VLBA epochs with detections of an unresolved source, it is not possible yet to deduce

a similar behaviour in radio for AT 2017gbl. However the observed increase in flux density looks

promising, and continued monitoring of the transient with the VLBA and possibly at higher angular

resolution with EVN should shed more light on the nature of AT 2017gbl.

3.7.4 AT 2017jzy

AT 2017jzy was discovered by subtracting an archival HST/NICMOS F160W image from the

H-band NIRC2 discovery image. Colour transformations from F160W to H-band have been

determined in literature, but they also require F110W observations (Brandner et al., 2001), which

are not available for NGC 695. Because the transformation is minimal (m160 − H = (0.072 ±

0.041)(m110−m160)+(0.032±0.045)) it is assumed here the two images share the same photometric

system, and the potential error introduced this way will be reflected in the final magnitude error.

Additionally, because of the limited FOV of NICMOS and NIRC2, no 2MASS catalogue stars

were available for photometric calibration. The zero point of the image was determined based on

three isolated compact objects in the NICMOS FOV, whose magnitudes were calculated using the

conversion from the NICMOS Data Handbook7:

m = ZP(Vega) − 2.5log(PHOTFNU × CR × 〈Fν(Vega)〉−1) (3.2)

7http://documents.stsci.edu/hst/nicmos/documents/handbooks/DataHandbookv6/nic_ch54.html
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where ZP(Vega) = 0.0 is the zero point of Vega, CR the calibrated count rate in the image from a

6.5 pixel aperture multiplied by a 1.1877 aperture correction in units of DN sec−1, PHOTFNU =

1.4923012×10−6 Jy sec DN−1 the bandpass-averaged flux density per the fits header, and 〈Fν(Vega)〉

= 1040.7 Jy the flux of Vega in the F160W filter. PSF fitting to the SN residual in the subtracted

image using the zero point obtained in this way resulted in a magnitude in H of 18.4 ± 0.2, which

at a distance of 136 Mpc corresponds to an absolute magnitude MH = −17.3 ± 0.2. The same

method was applied to determine the magnitude of the transient in the NICMOS reference image

mentioned in Section 3.6.5, see Table 3.5. The SN magnitudes in J and Ks were poorly constrained

due to a lack of adequate reference imaging. The poorly constrained photometry and the lack of

additional epochs prevented us from fitting SN light curve templates, and confirming AT 2017jzy

as a bona fide SN.

3.8 Summary

In this chapter we have presented the results from the Keck program of project SUNBIRD, which

includes one photometrically confirmed CCSN and four CCSN candidates, as well as a TDE

candidate. Based on its photometry AT 2017chi in NGC 5331 was determined to be a Type IIn

SN, with a fitted extinction of 11.8 magnitudes in V-band. This makes AT 2017chi the second or

third most extincted SN ever discovered, after SN 2008cs (17-19 mag Kankare et al., 2008) and

SN 2004ip (5-40 mag Mattila et al., 2007). Given the extended and luminous evolution in radio of

Type IIn SNe, follow up at radio wavelengths can assist confirming both AT 2017chi and Type IIn

SN candidate AT 2016jhy in IRAS F06076-2139.

AT 2017gbl superimposed on the nucleus of IRAS 23436+5257 is the first transient discovery

in project SUNBIRD that does not fit with a CCSN scenario. We show that the radiated energy

output at IR wavelengths of this extremely near-IR bright transient already exceeds that of Type II

SNe, and can only be explained by either a superluminous SN, an uncommonly bright AGN flare,

or a tidal disruption event. The characteristics of the transient are very similar to those of a TDE

discovered in the near-IR in LIRG Arp 299, and the differences in evolution time-scale could be

explained by differences in dust morphology. As the transient appears to be increasing in flux at

radio wavelengths, further radio monitoring could confirm this as the third TDE ever to have been

discovered in a LIRG (Mattila et al., 2018, Tadhunter et al., 2017).



4
Core-collapse supernovae in Luminous

Infrared Galaxies

4.1 Introduction

In this chapter we analyse the sample of CCSNe (and CCSN candidates) discovered in project

SUNBIRD using AO-imagers GeMS/GSAOI on Gemini South and NIRC2 on Keck. The sample

is compared against all other documented optical and IR CCSN discoveries in LIRGs to evaluate

the efficiency of detecting SNe by observing in the near-IR using AO - the method used in project

SUNBIRD. Such a comparison was presented in Kool et al. (2018), which we update here to

include the new discoveries from Keck presented in Chapter 3. Additionally the subtypes of the

total sample of LIRG CCSNe are compared against known CCSN subtype distributions from the

literature.
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4.2 The CCSN sample

4.2.1 Optical discoveries

The sample of CCSNe in LIRGs that is treated in this chapter is composed of all documented

(up to May 2018) discoveries in the optical and the IR, including the discoveries from project

SUNBIRD. The optical sample is a result from cross referencing all galaxies in the IRAS RBGS

with LIR > 1011L� (corrected to H0 = 70 km s−1) with the most up to date SN catalogues available:

Open Supernova Catalog1 (Guillochon et al., 2017); Asiago Supernova Catalog2 (Barbon et al.,

1999); Transient Name Server3 and ASAS-SN4 (Shappee et al., 2014). Type Ia SNe were excluded,

as well as SNe without a documented subtype. Table 4.1 shows the resulting sample of 40 optical

CCSN discoveries, including LIRG host, R.A. and Dec., subtype, projected distance to the nucleus

in kpc and the documented discoverer. If the discovery circular and/or publication of the SN did

not include an offset from the nucleus, the projected distance was determined using the provided

coordinates and those of the nucleus as seen in SDSS, in which case the error in determining the

offset was assumed to be 1′′ to reflect the uncertainty of the absolute astrometric positions of the

SN and host nucleus. In all other cases nuclear offsets in this chapter are given with 0.1′′ precision,

even for AO discoveries, for the same reasons.

4.2.2 Infrared discoveries

The IR sample consists of spectroscopically or photometrically confirmed CCSNe, as well as CCSN

candidates. The sample is subdivided between discoveries made in natural seeing conditions (non-

AO) and discoveries assisted by AO. The non-AO SNe are listed in Table 4.2, and the AO SNe

in Table 4.3. All CCSN discoveries in the near-IR in LIRGs have been the result of SN searches

targeting starburst galaxies and/or LIRGs, including project SUNBIRD. As the division between

AO and non-AO is primarily one of spatial resolution, the space-based SPIRITS CCSN discoveries

with Spitzer/IRAC (1.5′′ diffraction limit) have been included in the non-AO sample, and those

discovered with HST/NICMOS (∼0.17′′ diffraction limit in F160W filter) are included in the AO

sample. The table also includes dust extinction in AV, determined through light curve fitting for

the AO discoveries, or as reported in the literature for the non-AO discoveries. The transients in the

table typed as candidates lack both spectroscopic confirmation and sufficient photometric epochs

1https://sne.space/
2https://heasarc.gsfc.nasa.gov/W3Browse/all/asiagosn.html
3https://wis-tns.weizmann.ac.il/
4http://www.astronomy.ohio-state.edu/~assassin/index.shtml
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for CCSN template light curve fitting. Based on their absolute magnitudes, point-source PSF and

discovery in a LIRG, they are considered most likely to be CCSNe as discussed for example in the

case of AT 2015cf (Section 2.8.4). However as other scenarios cannot be ruled out they are treated

as candidates throughout the analysis in this chapter. Note that AT 2017gbl from the Keck program

has not been included here, as its characteristics do not fit any CCSN scenario.

4.2.3 Additional unpublished IR discoveries from VLT/NACO

In addition to the SUNBIRD CCSN discoveries and the LIRG CCSNe reported in the literature,

three CCSN candidates discovered with VLT/NACO have been included in the IR sample. These

discoveries were the result of an extended observing program on the VLT with NACO (PI: S.

Mattila) to uncover CCSNe in LIRGs, but have not been published before. This is the program

that also led to the discovery of SN 2004ip (Mattila et al., 2007). The data were reduced by Tom

Reynolds and Seppo Mattila of Tuorla Observatory, and kindly shared with the author. Similarly

to the NICMOS transients from Chapter 3, in this thesis the NACO SN candidates will have the

unofficial designations of AT 2012xx (in IRAS 18293-3413), AT 2012xy (in ESO 440-IG058)

and AT 2012xz (in IRAS 17578-0400). In this section the NACO discoveries have had their

photometry updated and are briefly described and analysed so that they can be included in the IR

sample, whereas a more thorough analysis will be presented in Reynolds et al. (in prep).

Figure 4.1: AT 2012xx in IRAS 18293-3413 in Ks-band, see Section 4.2.3. From left to right with

linear scaling: Reference VLT/NACO image (May 2013), discovery VLT/NACO image (August

2012) and the image subtraction.
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Name LIRG host R.A. (J2000) Dec. (J2000) Type Dproj (kpc) Discovered by

SN1983V NGC 1365 03:33:31.63 -36:08:55.0 Ic 7 Evans et al.
SN1993G NGC 3690 11:28:33.43 +58:33:31.0 IIL 3.7 Treffers et al.
SN1996D NGC 1614 04:34:00.30 -08:34:44.0 Ic 2.1 Drissen et al.
SN1998T NGC 3690 11:28:33.14 +58:33:44.0 Ib 1.5 BAOSS
SN1999bx NGC 6745 19:01:41.44 +40:44:52.3 II 5 LOSS
SN1999D NGC 3690 11:28:28.38 +58:33:39.0 II 6 BAOSS
SN1999ec IC 2163/NGC 2207 06:16:16.16 -21:22:09.8 Ib 14 LOSS
SN1999ex IC 5179 22:16:07.27 -36:50:53.7 Ib 6 Martin et al.
SN1999gl NGC 317B 00:57:40.07 +43:47:35.6 II 2 Boles
SN2000bg NGC 6240 16:52:58.18 +02:23:51.5 IIn 9 LOSS
SN2000cr NGC 5395 13:58:38.37 +37:26:12.4 Ic 10 Migliardi/Dimai
SN2001du NGC 1365 03:33:29.11 -36:08:32.5 II 7 Evans
SN2001eq PGC 70417 23:04:56.78 +19:33:04.8 Ic 6 LOTOSS
SN2001is NGC 1961 05:42:09.07 +69:21:54.8 Ib 14 BAOSS
SN2003H IC 2163/NGC 2207 06:16:25.68 -21:22:23.8 Ib Pec 6 LOTOSS
SN2003hg NGC 7771 23:51:24.13 +20:06:38.3 IIP 3.2 LOTOSS
SN2004bf UGC 8739 13:49:15.45 +35:15:12.5 Ic 8 LOSS
SN2004ed NGC 6786 19:10:53.62 +73:24:27.6 II 5 Armstrong
SN2004gh MCG-04-25-06 10:24:31.60 -23:33:18.4 II 2.0 LOSS
SN2005H NGC 838 02:09:38.52 -10:08:43.6 II 0.4 LOSS
SN2007ch NGC 6000 15:49:47.82 -29:23:13.7 II 3.6 Monard
SN2008fq NGC 6907 20:25:06.19 -24:48:27.6 II 1.4 LOSS
SN2009ap ESO 138-G27 17:26:43.23 -59:55:57.9 Ic 1.2 Pignata et al.
SN2010as NGC 6000 15:49:49.23 -29:23:09.7 Ib/c 0.6 Maza et al.
SN2010bt NGC 7130 21:48:20.22 -34:57:16.5 II 6 Monard
SN2010gg ESO 602-G25 22:31:25.47 -19:01:54.8 II 6 Pignata et al.
SN2010gk NGC 5433 14:02:35.94 +32:30:30.7 Ic 2.0 LOSS
SN2010jp IC 2163/NGC 2207 06:16:30.63 -21:24:36.3 II 130 Maza et al.
SN2010O NGC 3690 11:28:33.86 +58:33:51.6 Ib 1.6 Newton/Puckett
SN2012by UGC 8335 13:15:28.90 +62:07:47.8 II 10 Rich
SN2013ai IC 2163/NGC 2207 06:16:18.35 -21:22:32.9 II 9 Conseil
SN2013cc NGC 1961 05:41:58.76 +69:21:40.9 II 19 Itagaki
SN2013dc NGC 6240 16:52:58.97 +02:24:25.2 IIP 11 Block
SN2014dj NGC 317B 00:57:40.18 +43:47:35.1 Ic 1.5 Rich
SN2014eh NGC 6907 20:25:03.86 -24:49:13.3 Ic 14 LOSS
SN2015ae NGC 7753 23:47:06.15 +29:29:07.4 II 6 Itagaki
SN2015U NGC 2388 07:28:53.87 +33:49:10.6 Ibn 1.8 LOSS
PS15aaa IC 564 09:46:20.73 +03:04:22.1 II 3 Pan-STARRS
SN2017ffm NGC 7592 23:18:23.02 -04:24:58.27 II 6 Pan-STARRS
SN2018zd NGC 2146 06:18:03.18 +78:22:00.90 IIn 10 Itagaki

Table 4.1: CCSNe hosted by LIRGs discovered in the optical, from cross referencing the IRAS

Revised Bright Galaxy Sample with the Open Supernova Catalog, Asiago Supernova Catalog, the

Transient Name Server and the ASAS-SN supernova sample.
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Seeing limited near-IR CCSN discoveries in LIRGs

Name LIRG host RA Dec. Type Reference Extinction Dproj

(J2000) (J2000) AV (mag) (kpc)

SN1992bu NGC 3690 11:28:31.5 +58:33:38 Ib/c? van Buren et al. (1994) 1.0

SN1999gw UGC 4881 09:15:54.7 +44:19:55 II Maiolino et al. (2002) 2.9

SN2001db NGC 3256 10:27:50.4 -43:54:21 II Maiolino et al. (2002) 5.5 1.5

SN2005U NGC 3690 11:28:33.22 +58:33:42.5 IIb Mattila et al. (2005b) 0 1.4

SN2005V NGC 2146 06:18:38.28 +78:21:28.8 Ib/c Mattila et al. (2005a) 0.5

SN2010hp MCG-02-01-52 00:18:50.01 -10:21:40.6 IIP Miluzio et al. (2013) 0.5 2.1

SN2010P NGC 3690 11:28:31.38 +58:33:49.3 Ib/IIb Kankare et al. (2014) 7 1.2

PSN2010 IC 4687 18:13:40.213 -57:43:28.00 Candidate Miluzio et al. (2013) 0-8 6.5

PSN2011 IC 1623A 01:07:46.229 -17:30:29.48 Candidate Miluzio et al. (2013) 0.5 3.2

SN2011ee NGC 7674 23:27:57.34 +08:46:38.1 Ic Miluzio et al. (2013) 0 8.9

SPIRITS 14buu IC 2163/NGC 2207 06:16:27.2 -21:22:29.2 Candidate Jencson et al. (2017) 1.5 2.0

SPIRITS 15c IC 2163/NGC 2207 06:16:28.49 -21:22:42.2 IIb Jencson et al. (2017) 2.2 2.1

Table 4.2: CCSN discoveries in IR in LIRGs in natural seeing conditions, as reported in the literature. The space-based SPIRITS discoveries are included

in this sample based on the Spitzer/IRAC diffraction limit of 1.5′′. Transients not confirmed spectroscopically or photometrically are typed as candidate

CCSNe.
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Adaptive optics near-IR CCSN discoveries in LIRGs

Name LIRG host RA Dec. Type Reference Extinction Dproj

(J2000) (J2000) AV (mag) (kpc)

AT1998xx NGC 1275 03:19:48.87 +41:30:46.89 Candidate Section 3.6.5 3.3

SN2004ip IRAS 18293-3413 18:32:41.15 -34:11:27.5 II Mattila et al. (2007) 5-40 0.5

SN2004iq IRAS 17138-1017 17:16:35.90 -10:20:37.9 II Kankare et al. (2008) 0-4 0.7

SN2008cs IRAS 17138-1017 17:16:35.86 -10:20:43.0 II Kankare et al. (2008) 17-19 1.5

AT2008xx NGC 695 01:51:13.90 +22:4:54.97 Candidate Section 3.6.5 4.2

SN2010cu IC 883 13:20:35.35 +34:08:21.86 II Kankare et al. (2012) 0-1 0.2

SN2011hi IC 883 13:20:35.39 +34:08:21.69 II Kankare et al. (2012) 5-7 0.4

AT2012xx IRAS 18293-3413 18:32:41.12 -34:11:26.00 IIP Section 4.2.3 1.8 0.6

AT2012xy ESO 440-IG058 12:06:51.88 -31:56:59.21 Candidate Section 4.2.3 1.5

AT2012xz IRAS 17578-0400 18:00:31.86 -04:00:52.94 Candidate Section 4.2.3 0.3

SN2013if IRAS 18293-3413 18:32:41.10 -34:11:27.24 IIP Section 2.7.1 0-3 0.2

SN2015ca NGC 3110 10:04:01.57 -06:28:25.48 IIP Section 2.7.2 3 3.5

SN2015cb IRAS 17138-1017 17:16:35.84 -10:20:37.48 IIP? Section 2.7.3 4.5 0.6

AT2015cf NGC 3110 10:04:01.53 -06:28:25.84 Candidate Section 2.7.4 2-5 3.5

AT2016jhy IRAS F06076-2139 06:09:46.01 -21:40:31.26 Candidate Section 3.6.1 0.0

AT2017chi NGC 5331 13:52:16.09 +02:06:03.96 IIn Section 3.6.2 11.8 1.7

AT2017jzy NGC 695 01:51:13.90 +22:34:54.97 Candidate Section 3.6.4 5.1

SN2018ec NGC 3256 10:27:50.77 -43:54:06.3 Ic Kankare et al. (2018) 3-4 1.7

Table 4.3: CCSN discoveries in IR in LIRGs assisted by AO, from project SUNBIRD and as reported in the literature. The space-based HST/NICMOS

discoveries are included in this sample based on the diffraction limit of 0.17′′. Transients not confirmed spectroscopically or photometrically are typed

as candidate CCSNe.
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AT 2012xx in IRAS 18293-3413

AT 2012xx was discovered in IRAS 18293-3413 on 2012 August 9 in Ks-band, at R.A. =

18h32m41.12s and Decl. = −34◦11′26.01′′, 0.2′′ West and 1.5′′ North (0.6 kpc projected dis-

tance) from its host’s nucleus, see Fig. 4.1. Follow up observations were obtained on 2012 August

26 in Ks and on 2012 September 14 in H and Ks, with the transient visible in both bands. The

host galaxy was again observed with AO on 2013 April 21 with GeMS/GSAOI, by which time the

transient had faded from view. A non-detection with VLT/NACO on 2011 August 9 provided a

pre-outburst constraint. The photometry was fitted to light curve templates of Type IIP in plateau

phase, Type IIn and Type IIb/Ib/Ic, see Fig. 4.2. Table 4.5 shows the resulting fitting parameters.

As is clear from the figure and table, the photometry AT 2012xx is exceptionally well fitted by the

Type IIP template, with an extinction of AV = 1.8, the discovery epoch 57 days since explosion,

and the SN 0.7 magnitude fainter than SN 1999em, the basis for the Type IIP template. This puts

the GeMS/GSAOI non-detection at ∼312 days since explosion, which does not constrain the Type

IIP fit as it would have faded from view by then.

AT 2012xy in ESO 440-IG058

AT 2012xy was discovered in ESO 440-IG058 on 2012 July 17 in Ks-band, at R.A. = 12h06m51.88s

and Decl. = −31◦56′59.21′′, 2.7′′West and 1.2′′ South (1.5 kpc projected distance) from its host’s

nucleus, see Fig. 4.3. ESO 440-IG058 was again observed on 2013 February 2 with GeMS/GSAOI

in Ks, but the transient was no longer visible. With only one, although unambiguous, data point

it was not possible to fit any light curves to the photometry of AT 2012xy. It will be treated as a

CCSN candidate for the rest of this chapter.

AT 2012xz in IRAS 17578-0400

AT2012xzwas discovered in IRAS17578-0400 on 2012 July 18 inKs-band, atR.A. = 18h00m31.86s

and Decl. = −04◦00′52.94′′, 0.2′′West and 0.8′′ North (0.3 kpc projected distance) from its host’s

nucleus. A second epoch was obtained on 2012 August 8 and 9 in Ks and H, respectively. The

transient was faint but visible in Ks after subtraction of a NACO reference image from 2011 May

17, but had fallen below the detection limit in H-band. Similarly to AT 2012xy, the photometry

was insufficient for light curve fitting, so AT 2012xz will be treated as a CCSN candidate for the

rest of this chapter.
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UT Date Filter Magnitude

AT 2012xx (IRAS 18293-3413)

2011 August 9 Ks >19.5

2012 August 9 Ks 17.68±0.11

2012 August 26 Ks 17.75±0.11

2012 September 14 Ks 17.73±0.11

2012 September 14 H 18.09±0.05

2013 April 21 Ks >21.0

AT 2012xy (ESO 440-IG058)

2012 July 17 Ks 18.0±0.1

2013 February 2 Ks >21.5

AT 2012xz (IRAS 17578-0400)

2012 July 18 Ks 19.26±0.07

2012 August 8 Ks 19.63±0.09

2012 August 9 H >20.5

Table 4.4: NACO SN candidates near-IR photometry

4.3 SN recovery efficiency in LIRGs

In order to evaluate how effective project SUNBIRD’s detection method is at recovering SNe,

a detection efficiency experiment would be required for all epochs of all LIRGs observed in the

program, as discussed in Section 2.8.6. A comprehensive analysis covering all our facilities is being

carried out by Tom Reynolds from Tuorla Observatory, the results of which were not available at

the time of submission of this thesis. However, it is possible to consider the usefulness of a LIRG

CCSN survey in the near-IR with the use of LGSAO as compared to the alternatives, by comparing

the three different LIRG CCSNe samples: the discoveries in IR with (LGS)AO, the discoveries in

IR in natural seeing conditions, and the optical discoveries in natural seeing conditions. Across the

optical and the IR so far there have been 61 spectroscopically and/or photometrically confirmed

CCSNe documented in the literature or this thesis, as well as 10 CCSN candidate discoveries in

the IR. Project SUNBIRD so far has contributed four photometrically confirmed CCSNe and five

CCSN candidates.

First we compare the number of observed CCSN LIRG discoveries to the expected total number

of CCSNe. To estimate the total expected CCSN rate in LIRGs, we sum the total IR luminosity of
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Figure 4.3: AT 2012xy in ESO 440-IG058 in Ks-band, see Section 4.2.3. From left to right with

linear scaling: Reference GeMS/GSAOI image (March 2015), discovery VLT/NACO image (July

2012) and the image subtraction.

Figure 4.4: AT 2012xz in IRAS 17578-0400 in Ks-band, see Section 4.2.3. From left to right

with linear scaling: Reference VLT/NACO image (May 2011), discovery VLT/NACO image (July

2012) and the image subtraction.

= 70 instead of 75 km s−1 Mpc−1. The total IR luminosity of these 218 galaxies is LIR = ∼ 1014

L�. Following Hayward et al. (2014) and references therein, assuming a Salpeter IMF, this results

in a SF rate of ∼ 1.1×103 M� yr−1. If the number of stars that explode as CCSNe per unit mass is

k = 0.0068 (Madau and Dickinson, 2014), the expected CCSN rate of all LIRGs is ∼ 75 CCSNe

yr−1. Note that this is slightly lower than the rate based on the empirical relation from Mattila and

Meikle (2001), see Eq. 2.1 in Chapter 2, which amounts to ∼250 CCSNe yr−1.

From these expected CCSN rates follow that in total around 1200-4000CCSNe have exploded in

LIRGs since the start of this century. This is two orders of magnitude larger than the actual observed

number of CCSNe (60) in LIRGs, implying &95% of CCSNe in LIRGS are not being observed.

Of course the sky has not been monitored continuously throughout this period, but especially in

the past decade in the optical there have been many wide-field optical SN searches monitoring

large swaths of the sky for SNe on a regular basis, such as LOSS (Leaman et al., 2011a), CSP

(Hamuy et al., 2006), CRTS (Drake et al., 2009), ASAS-SN (Shappee et al., 2014), Pan-STARRS1

(Chambers et al., 2016) and SkyMapper (Scalzo et al., 2017). In the past decade 19 CCSNe were
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discovered in the optical in LIRGs, versus an expected ∼2500. For example ASAS-SN, an all sky

optical supernova search running since June 2013, has discovered ∼500 SNe so far, including 140

CCSNe up to a redshift of 0.08, none of which were located in LIRGs (Holoien et al., 2017a,b,c).

Using some broad assumptions, we can compare the discoveries in LIRGs from project SUN-

BIRDwith the optical discoveries reported in the literature in the years 2015-2017 when SUNBIRD

ran on the Gemini and Keck telescopes. We obtained 78 epochs across 37 LIRGs during these

three years. Assuming we would not miss a SN exploding in the three months preceding an AO

observation, our total time covered was 234 months. This is ∼ 3% of the full coverage of all 218

LIRGs over 3 years. During our coverage from 2015 until 2017 we discovered 3 CCSNe and 3

CCSN candidates. Based on the expected CCSN rate in all LIRGs of 75 CCSNe yr−1, a total of

225 CCSNe exploded during that time. This means under these assumptions and a coverage factor

of all LIRGs by our program of 3%, our discovery rate of 6 CCSNe (candidates) was well matched

with the expected number of 0.03 * 225 = 6.7 CCSNe. In contrast, in the optical only four CCSN

discoveries were reported in the literature during the years 2015-2017. Assuming the number of

wide-field optical surveys active at the time would not have missed any CCSNe in a LIRG during

those years, this means in the optical only ∼ 2% of all LIRG CCSNe were detected, and 98%

missed.

4.3.1 Optical versus IR

A first order analysis of the relative distribution of CCSN discoveries across the optical and the IR

offers an explanation. The total number of optically discovered CCSNe (40) is of a similar order

of magnitude as the total number of CCSNe discovered in the IR (20, or 30 including candidates).

However, in terms of the temporal coverage of LIRGs the optical and the IR are very dissimilar. For

simplicity’s sake we will express coverage in terms of number of observing epochs. In the IR the

monitoring for SNe in LIRGs has been dominated by programs targeting starburst galaxies, such

as Grossan et al. (1999) (∼500 epochs), Mannucci et al. (2003) (234 epochs), Mattila et al. (2004)

(120 epochs), Kankare et al. (2008, 2012) (60 epochs), Miluzio et al. (2013) (210 epochs), the

ongoing SPIRITS survey (Jencson et al., 2017) and project SUNBIRD (90 epochs). This amounts

to a conservative upper limit of a total of 2000 epochs of LIRGs in the IR.

By virtue of optical surveys having a larger FOV and greater availability, the coverage of LIRGs

in the optical extends over a longer time baseline with higher cadence than in the IR. For example

the Lick Observatory Supernova Survey (LOSS, Leaman et al. 2011a) observed 14882 galaxies

over the course of 11 years, with an average of 150 observations per galaxy. This sample included
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∼100 LIRGs, which amounts to 15000 epochs of LIRGs in the optical for LOSS alone. If we also

account for optical wide-field surveys such as ASAS-SN, PanSTARRS1 and CRTS that monitor

the whole sky for SNe on a regular basis, it is safe to say the coverage of LIRG observations in the

optical is at least an order of magnitude higher than in the IR.

Given the similar number of CCSN discoveries in the optical and the IR, this implies SN

discovery in LIRGs is substantially more efficient in the IR. As the IR is less affected by dust

extinction compared to the optical, and LIRGs are host to large amounts of dust, this is likely in

large part a result of reduced sensitivity in the optical due to dust extinction.

4.3.2 Spatial resolution

When we separate the IR sample between CCSNe discovered in natural seeing conditions and

CCSNe discoveries assisted by AO, we can evaluate the effects of spatial resolution on recovery

efficiency independent of dust extinction differences. There have been a similar number of CCSNe

discovered in natural seeing conditions (9) as there have been from AO-assisted programs (11),

see Tables 4.2 and 4.3. If we include CCSN candidates, there are more AO discoveries (18)

than non-AO discoveries (12). However, the temporal coverage of LIRGs is again very dissimilar

between the two regimes. AO-assisted observations of LIRGs in the IR have been the result of

a few targeted SN searches. Across Mattila et al. (2007) with VLT/NACO, Kankare et al. (2008,

2012) with ALTAIR/NIRI, and project SUNBIRD with GeMS/GSAOI and NIRC2 there have been

∼240 epochs in the near-IR with AO. If we add the 17 HST/NICMOS epochs from Cresci et al.

(2007), this amounts to a total of ∼260 epochs of high spatial resolution (AO) imaging of LIRGs.

The IR non-AO SN programs listed before exceed the AO sum total by a factor of four, implying

that SN discovery is much more efficient with AO than in natural seeing.

Fig. 4.5 clearly shows the cause of this difference. Plotted are the nuclear offsets of the IR

CCSN discoveries with and without AO-assistance in bins of 1 kpc. The dotted line at 4 kpc

indicates a cutoff applied to account for selection effects due to differences in FOV. The FOV of

AO-imagers are limited and 4 kpc corresponds to 11′′ at a typical distance of 75 Mpc of a LIRG

hosting a discovered SN. This is the limit of the CCSN search radius of ALTAIR/NIRI on Gemini

North, the smallest FOV (22′′) of the IR instruments with which CCSNe have been discovered in

LIRGs. As such, this should be treated as a lower limit, since for example the FOV of GeMS/GSAOI

is much larger at 85′′.

Despite the small samples, the distributions of CCSN discoveries with and without AO with

offsets > 1 kpc are very similar, but AO-assisted discoveries dominate the smallest offset bin. Half
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Figure 4.5: Nuclear offset distribution for all CCSNe discovered in LIRGs in IR, see Section

4.3.2. In blue are shown the discoveries in the IR with AO instruments and in green the IR CCSN

discoveries in natural seeing conditions, with stacked on top CCSN candidates. The dotted line at

4 kpc marks the limit of the smallest FOV of the instrument used for the AO CCSN discoveries,

ALTAIR/NIRI on Gemini North, at a typical distance for LIRGs with SN discoveries of 75 Mpc.

of the AO SNe (candidates) were discovered in their hosts’ inner kpc, while in natural seeing only

one of the thirteen seeing-limited IR discoveries has a projected offset smaller than 1 kpc. The

simplest explanation for these conclusions is that the improved spatial resolution for AO-assisted

imaging at these wavelengths provides enhanced sensitivity to CCSNe detection in these dusty and

compact star forming objects.

We combine the three different samples in Fig. 4.6, which shows the distribution of nuclear

offsets of the IR AO, IR non-AO, and optical samples, where the numbers have been corrected for

binsize to an arbitrary value that can be thought of as a CCSN surface density. For the >4 kpc bin

an outer limit of 10 kpc was adopted. We expect CCSN density to follow star formation density,

which to first order peaks in the nucleus in LIRGs (Alonso-Herrero et al., 2009). This means in an

area corrected distribution plot, we would expect CCSN discoveries to peak in the nuclear regions
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Figure 4.6: Distribution of LIRG CCSNe (candidates) with the number of CCSNe (candidates)

normalized by binsize, see Section 4.3.2.

as well, while dropping off towards the outer regions. In Fig. 4.6 we see this behaviour for all three

samples down to a nuclear offset of 1 kpc. However, in the smallest offset bin both non-AO IR

and optical discoveries decrease, while the number of AO IR discoveries increases dramatically.

This shows very clearly that our approach is singularly effective in uncovering CCSNe in nuclear

regions (where the majority of star formation in LIRGS occurs), and crucial in characterizing this

population of CSSNe that will remain invisible through other means.

The CCSN radial distribution as seen in IR AO studies agrees well with work on the spatial

distribution of CCSNe and CCSN remnants in the nuclear regions of three starburst galaxies and a

sample of spiral galaxies using high-angular resolution (. 0.1′′) radio VLBI observations studied

by Herrero-Illana et al. (2012). Here it was found that the SN radial distribution in the LIRGs

Arp 220 and Arp 299 was centrally peaked with a very steep SN surface number density profile

when compared to the SN radial distribution in regular spiral galaxies from Hakobyan et al. (2009).

The SNe and SN remnants in Herrero-Illana et al. (2012) have radial distances almost exclusively

smaller than the most centrally located SN in Table 4.2, which is not surprising given the superior
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spatial resolution, but limited FOV, of VLBI. As such the VLBI observations can be seen as an

extension of the trend observed between IR AO and optical, again due to a combination of longer

wavelengths and increased spatial resolution.

Finally, most of the IR CCSNe in Table 4.2 also include reported or light curve fitted extinctions

in AV. We expect to first order the distribution of dust to trace SF (Choi et al., 2006) and peak in

the nucleus, and as a consequence CCSNe observed in the nucleus typically to be more affected by

dust extinction. If we do not observe a clear trend, this would imply most of the high extinction

events are still being missed. We check if there is a relation between nuclear offset and extinction,

and whether there is a difference between the AO and non-AO samples. Fig. 4.7 shows the SN

extinctions plotted versus nuclear offset. Across the full IR sample there does not appear to be

a trend with offset, with low-extincted SNe spread across all offsets. However, the three most

extincted CCSNe have in fact occurred within the inner 2 kpc of their host galaxy, so the lack of a

clear trend could also be a result of the limited sample size. Furthermore, the offsets plotted here

are projected offsets and should be considered lower limits. A SN close to the nucleus could have

exploded in the foreground with an associated low extinction, as appears to have been the case with

SN 2013if. In terms of differences between the AO and non-AO samples, there is no significant

difference in median extinction (3.5 ± 2.1 for AO SNe and 1.5 ± 0.8 for non-AO SNe), but again in

terms of nuclear offset the figure shows a clear difference between the two samples.

4.4 Summary

To investigate the impact of the newCCSNdiscoveries fromproject SUNBIRDand the effectiveness

of our method, we gathered from the literature all CCSN discoveries in LIRGs in the optical and

the IR. This sample consists of 60 confirmed and 10 candidate CCSNe, out of which 18 were

discovered using IR AO, including this project. We show a clear distinction in nuclear offset

distribution between these AO events and the other optical and IR discoveries. Half of the CCSN

(candidate) discoveries from AO programs occurred in the inner kpc of their hosts, but only a small

fraction of the non-AO IR and optical CCSNe had offsets smaller than 1 kpc. This tells us that the

majority of CCSNe explode in the nuclear regions, and the method adopted in project SUNBIRD

is singularly effective in uncovering them. We conclude that the <100 pc scale resolution offered

by AO is critical to explore the full range of local SN environments and obtain a statistically

representative volume of dust-obscured nuclear CCSNe, required to characterize the population of

CCSNe that remain invisible to any future seeing-limited optical wide-field SN survey.
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Figure 4.7: Extinction in AV versus nuclear offset of the CCSN discoveries in IR with known

extinction, see Section 4.3.2. AO discoveries are plotted in blue, natural seeing discoveries in

green. CCSNe with a ranged extinction or an extinction with known errors are plotted as bars.



5
Investigating supernova environments with

MUSE

5.1 Introduction

In this chapter the SN sites in IRAS 18293-3413 are investigated using a data set obtained with the

MUSE facility. TheMUSE facility consists of the state-of-the-art integral field spectrographMUSE

on the VLT, supported by its new Ground Layer Adaptive Optics (GLAO) system GALACSI. IRAS

18293-3413 is a LIRG from the SUNBIRD sample that has been observed extensively with AO

imagers in the near-IR with 10 epochs over the past 7 years, resulting in three CCSNe. High spatial

resolution integral field unit (IFU) spectroscopy allows us to compare in detail the local conditions

at these SN sites, such as star formation rate (SFR) and dust extinction, with the rest of the galaxy.

In addition, the local metallicity and stellar population age can provide limits to the SN progenitors’

age and mass, and potentially constrain the subtypes of these SNe.
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Figure 5.1: The full 60′′ by 60′′ MUSE image of IRAS 18293-3413 collapsed along the spectral

axis, with the 16′′ by 16′′ stamp used in this chapter for spectral fitting indicated by the blue box,

see Section 5.2. The companion of IRAS 18293-3413 is visible ∼12′′West and ∼7′′ North.

5.2 Observations and data reduction

The panoramic integral-field spectroscopic observations of IRAS 18293-3413 were carried out on

the 18th of September, 2017, with the Multi-Unit Spectroscopic Explorer (MUSE; Bacon et al.,

2010) instrument mounted on UT 4 of the VLT. MUSE is a state-of-the-art IFU spectrograph that

splits the light into 24 sub-fields each feeding an IFU, allowing for an unprecedented 1′ × 1′ field

of view (FOV) at a 0.2′′ × 0.2′′ spatial sampling, and a wavelength coverage of 4650 - 9300 Å with

a 1.25 Å pixel−1 spectral sampling and a mean resolution of R ∼ 3000. The observations in this

chapter were the result of time granted to observe two SN factories from our sample during the

Science Verification phase of GALACSI (PI: E. Kool1). GALACSI is a GLAO system developed

1ESO Programme ID 60.A-9194(A)
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is masked during the various reduction steps. The atmospheric seeing during the observing night

for the four exposures ranged from 0.8′′ to 1.1′′ at 6500Å. After ground layer AO correction and

cube reconstruction the FWHM of the PSF measured using stars in the combined MUSE cube

was between 0.6′′ at 9000 Å and 0.7′′ at 5000 Å. Fig. 5.1 shows the full MUSE image of IRAS

18293-3413, collapsed along the spectral axis, where the blue square indicates the borders of the

cropped image analysed in this study. Fig. 5.2 shows a side by side comparison of the cropped

MUSE image and a composite near-IR JHKs AO image observed with GeMS/GSAOI, with the

nucleus as seen in the near-IR and the three SN sites indicated. The coordinate system in all figures

of this chapter is centred on the position of the near-IR nucleus in the GeMS/GSAOI data, at R.A.

= 18h32m41.14s and Decl. = −34◦11′27.47′′, with 0.03′′ and 0.03′′ uncertainty in R.A. and Decl.,

respectively.

5.3 Methods and Analysis

5.3.1 Spectral fitting with pPXF

As the focus of this chapter lies on the local conditions of the SN sites which all lie in the central 2′′

of the galaxy, the data was cropped to a 16′′ by 16′′ stamp centred on the galaxy, see Fig. 5.1 and

5.2. This encompassed almost all of the galaxy light, while it greatly reduced computing time of

the spectral fitting. It does not include the elliptical galaxy to the Northwest of IRAS 18293-3413,

believed to be a companion galaxy with a radial velocity offset of 500 km s−1 (Väisänen et al.,

2008). Analysis of this interaction, and the large scale dynamics of the galaxy, will be included

in future work. The data were spatially binned to achieve a signal-to-noise ratio (SNR) in the

continuum of at least 30 per spectral pixel in each bin. In and around the nucleus, the SNR

requirement was typically met by single spectral pixels (spaxels) without the need for binning,

while in the outer regions, flux of adjoining spaxels was added to obtain the minimum SNR. This

was done using the Voronoi binning scheme (Cappellari and Copin, 2003), where the data are

partitioned in such a way as to preserve the maximum spatial resolution given a minimum SNR

constraint. The spectrum in each bin was then fitted using the Penalised Pixel-Fitting code (pPXF;

Cappellari and Emsellem (2004), Cappellari (2017)), which uses a weighted combination of stellar

population model template spectra to infer the stellar kinematics and populations at that location.

We use the models of Vazdekis et al. (2010), spanning a range of 0.08 to 15.85 Gyr in age, and

-1.71 to 0.22 in metallicity (Z). Emission lines from ionized gas were fitted simultaneously with the

stellar continuum by including individual Gaussian templates, each centred on the wavelength of an
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expected emission line, namely: Hβ (λ4861), Hα (λ6563), [SII] (λ6716,6731), [OI] (λ6300,6364),

[OIII] (λ4959,5007) and [NII] (λ6548,6583). In this chapter we are primarily interested in the

emission line fluxes, but by simultaneously fitting the continuum, absorption is also accounted for.

This is critical for emission lines such as Hβ, where the strength of absorption can be comparable

to or stronger than the strength of emission. Additionally we opted to include a reddening curve

as part of the template fit, instead of using e.g. a generic polynomial to account for continuum

variations due to dust or instrumental effects. Fitting for reddening offers less freedom in fitting

the continuum than a polynomial, but in this way it is possible to quantify the extinction affecting

the continuum (see Section 5.3.4 for more details). Fig. 5.3 presents an example of a spectral fit

with pPXF of a bin in the outer regions, with the ‘notch’ region shaded red. Fig. 5.4 shows the

corresponding emission line fits of Hβ, [OIII], Hα and [NII], showcasing the need to fit continuum

absorption especially in Hβ. The Balmer line templates are set to use the same kinematics as the

forbidden lines. The [NII] and [OIII] are fitted as doublets, and a theoretical doublet ratio of three

to one was assumed to obtain the primary line strengths of [NII]λ6583 and [OIII]λ5007, required

to determine metallicity. An amplitude over noise (AoN) ratio was determined for all emission

lines, with the peak flux of the emission line fit defined as the amplitude, and the noise calculated

as the standard deviation of the fit residuals of 50 spectral pixels to either side of the emission line

(e.g. Sarzi et al., 2006), or in case of Hα past the neighbouring [NII] emission lines. An emission

line was considered detected with an AoN of 10 for Hα, and an AoN of 5 for the other emission

lines.

5.3.2 Velocity field

Fig. 5.5 shows the gas kinematics resulting from combined fitting of the Balmer lines Hβ andHα, as

well as the stellar kinematics from fitting absorption lines. The gas kinematics display a reasonably

smooth velocity field, which is surprising because from the AO near-IR imaging IRAS 18293-3413

appears to have a disturbed and complicated morphology. The position of the dynamical centre

appears to be very close to the near-IR nucleus, indicated by the red circle. The stellar kinematics

overall appear to follow the gas, but the velocity field is more noisy and the kinematic centre not as

well defined.

Based on the prominent dust lanes on the Southwest side of the system, which are also visible

in the AO image (Fig. 5.2), Väisänen et al. (2008) interpreted the South side to be the near side

and concluded IRAS 18293-3413 to be a strong candidate for a rare leading arm galaxy. Their

line-of-sight velocity curve from long-slit spectroscopy along the major axis agrees well with our
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Figure 5.3: Spectral fitting results of the spectrum (in observed wavelengths) of a bin in the outer

regions, composed of 26 spaxels, showcasing both absorption and emission features, see Section

5.3.1. See Fig. 5.4 for its fitted emission lines. Spectrum in observed wavelengths is shown in

black, the continuum fit in red and the superimposed emission line fits in blue. Note the masked

region between 5800 - 5970 Å due to the NaD laser.

own observed range in velocities, but as Väisänen et al. (2008) discussed the key issue is the

determination of the orientation of the galaxy. This chapter focuses on the local environment of

the three SNe in this galaxy, and as such the analysis of the global kinematics, required to solve

this issue, does not fall within the scope of this chapter. Still, we will keep this in mind in the rest

of this chapter.

5.3.3 Emission line flux

The line flux of emission lines was calculated in pPXF by summing the components of the emission

line fit. This was done separately for each spatial bin, see Fig. 5.6 for the ‘raw’ flux maps of the

emission lines most important to this study. Because the binned spectra are the sum of the

constituent spaxels, the integrated flux is divided by the bin area in arcsec2 to infer the emission

line flux surface density. Also indicated are the SN positions and the nucleus as seen in the near-IR.
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Fac =

(
fHα/ fHβ

2.86

)2.36
(5.2)

The extinction in each bin based on the Balmer decrement is shown in the left panel of Fig.

5.7 in terms of AV. In addition to AoN masking, bins with a non-physical Balmer decrement of

<2.86 were also masked. As this extinction is measured using the Balmer line emission fluxes, it

is considered as a more reliable estimate of the extinction along sight lines towards regions of star

formation.

As can be seen in Fig. 5.7 the continuum reddening is centrally peaked, whereas the Balmer

extinction appears to peak along a band South of the nucleus in SE-NW direction. The continuum

reddening peaks at ∼5 magnitudes in AV, while the Balmer extinction ranges to ∼7 magnitudes.

This implies a heavier dust content associated with sight lines to regions of ongoing star formation.

The dust extinction at the position of the nucleus as seen in near-IR is high in both plots.

This explains well why the nucleus as seen in optical is offset 1′′ to the North, where extinction

is significantly lower. Also, both plots share a region of low extinction ∼5′′ East and ∼1′′ South

to the East of the near-IR nucleus, while all nebular emission lines show a (secondary) peak at

that position, see Fig. 5.6. The absence of dust extinction explains the prominence relative to the

nucleus of the blue emission lines Hβ and [OIII]. Finally, the Balmer extinction map corresponds

very well with the galaxy as seen in the optical from Väisänen et al. (2008), with prominent features

in B-band coinciding with low local extinction. It confirms their observation that most of the dust

is situated in the region SW of the nucleus.

5.3.5 Hα star formation rate

Hα luminosity is a well-established tracer of current star formation, once the underlying stellar

absorption and attenuation due to dust has been taken into account (e.g., Catalán-Torrecilla et al.,

2015, Davies et al., 2016). Spatially resolved star formation rates (SFR) were calculated based on

the line flux of Hα after correcting for dust using the Balmer decrement. Bins with a AoN of < 5

in Hβ were masked out to prevent extreme Fac values based on poor fits. The conversion from Hα

line flux to SFR (Kennicutt, 1998) in solar masses per year is defined as:

SFR (M�yr−1) = 7.9 × 10−42L(Hα) (5.3)

Here L(Hα) is the dust corrected luminosity in Hα:

L(Hα) = 4π × D2
L × Hα × Fac × 1.25 (5.4)
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with Hα the integrated line flux in erg/s/cm2/Å as fitted by pPXF; DL the luminosity distance in

cm; and a factor 1.25 to account for the spectral pixel size of MUSE in Angstroms. The resulting

SFR map of IRAS 18293-3413 is shown in Fig. 5.8. Star formation is concentrated along what

appears to be a spiral arm in clockwise direction originating NW of the nucleus, similar to the

structure visible in the Balmer extinction map, while the Hα peak North of the nucleus has become

less prominent. This suggests a correlation between extinction in the line emitting region and the

rate of star formation, which has been shown to be the case in starburst galaxies (Dopita et al.,

2002), as well as in less intensely star forming spirals (Sarzi et al., 2018). This is further confirmed

by the disappearance in the SFR map of the feature ∼5′′ East and ∼1′′ South of the nucleus, so

prominently visible in the blue emission line maps, see Fig. 5.6. While this feature clearly exhibits

nebular emission, it coincides with a region of little to no dust extinction, and as a result in the SFR

map it decreases significantly relative to other dust-obscured regions. This displays the importance

of dust correction when calculating the SFR of a galaxy.

The SFR from Hα integrated across all bins in the 16′′ by 16′′ stamp amounts to 55 M� yr−1,

compared to 2.9 M� yr−1 when not corrected for dust. This compares well with the SFR estimated

from archival Spitzer 24µm flux (less affected by dust extinction) which, using the conversion

relation from Alonso-Herrero et al. (2006), gives 51 M� yr−1. The SFR inferred from a far-IR

luminosity of log(LFIR) = 11.74 L� (see Chapter 2) amounts to 94.7 M� yr−1, using the conversion

from Kennicutt (1998):

SFR (M� yr−1) = LFIR

5.8 × 109 L�
(5.5)

There is a significant discrepancy between the star formation based on Hα and the far-IR. This

is not surprising: Rodríguez-Zaurín et al. (2011) found a median ratio of 0.06 for SFRHα/SFRIR

for sample of LIRGs using Hα without a reddening correction. For IRAS 18293-3413 this ratio is

2.9/94.7 = 0.03, placing the galaxy well within the range of the values of their sample of LIRGs.

They also reported a median value of 0.27 for SFRHα/SFRIR using dereddened Hα. In our case this

ratio is 0.58, and although on the higher end, this still falls well within the scatter shown by their

sample. Note that in Rodríguez-Zaurín et al. (2011) the correction for reddening is only applied

to the nuclear regions, and not across the whole galaxy as we have for IRAS 18293-3413. This

could account for the relative large increase in the SFRHα/SFRIR ratios between using reddened and

dereddened Hα. It could also be that IRAS 18293-3413 is particularly dust affected for a LIRG.

Finally, the remainder of the mismatch between SFRHα and SFRIR is likely due to contributions

to the IR flux that is completely obscured at optical wavelengths, or at least cannot be detected in
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Figure 5.8: Star formation rate based on dust corrected Hα, with masking based on Hβ AoN

requirement, see Section 5.3.5.

both Hα and Hβ, preventing dust correction. The Balmer dust correction will not account for this,

while at longer wavelengths in the IR this is star formation that can be traced.

5.3.6 Hα equivalent width

Hα equivalent width (EW) is a measurement of how strong the emission line is compared with the

continuum. Where Hα line flux is an indicator of ongoing star formation, Hα EW can be used to

constrain the stellar population age. As stellar populations grow older the number of ionizing stars

responsible for the Hα emission line, such as massive short-lived OB stars, will decline in numbers,

while the number of lower-mass stars that contribute to the continuum remain constant. As a result

Hα EW will decrease over time, assuming star formation has occurred in a single instantaneous

starburst (Kuncarayakti et al., 2013, Levesque and Leitherer, 2013).
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Hα EWwasmeasured for every bin by dividing the line flux of Hα by the level of the continuum.

The continuum was determined by taking the median of 50 spectral pixels on either side of the

trio of Hα and [NII] emission lines. Typically it is assumed that emission lines and continuum

are equally affected by extinction. However, given the observed differences in the complex dust

distribution comparing the Balmer decrement and continuum reddening (Fig. 5.7), it was deemed

appropriate to apply a separate extinction correction for Hα line flux and the continuum. Hα

line flux was corrected based on the dust extinction calculated through the Balmer decrement,

which itself is based on Hα and thus clearly can be seen as the intrinsic dust reddening affecting

the emission line. As discussed the continuum was de-reddened using the reddening parameter

produced by fitting the continuum with pPXF. The resulting Hα EWmap is shown in the left panel

of Fig 5.9. This map can be interpreted as a tracer of the age of youngest stellar population (< 100

Myr) resulting from the most recent instantaneous starburst. Similarly to the star formation map,

there is a clear sign of the Southern spiral arm. Additionally a spiral arm structure to the North of

the nucleus is visible extending to the NW.

Figure 5.9: Hα EW corrected for dust extinction and continuum reddening on the left, see Section

5.3.6. Continuum fitted stellar population age on the right.

The right panel of Fig 5.9 shows the mass-weighted mean age of the stellar population(s)

that contribute to the continuum, derived from fitting the continuum with pPXF. The continuum

fit comes from a combination of stellar population models from Vazdekis et al. (2010), and the

resulting mass-weighted mean age is derived from the combination of these models fitted by pPXF.

As opposed to Hα EW, this traces the underlying older (»100Myr) population. Whereas the Hα

EW map is very localized to the spiral arm structure, the continuum ages show a relatively old

stellar population distributed fairly uniformly across the inner 4′′ of the galaxy.
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5.3.7 Metallicity and ionization source

Gas metallicity is an important tool to investigate the evolution of the star formation history

of a galaxy. Measuring metallicity requires information on the gas temperature for a precise

determination, the measurement of which is typically not possible in distant galaxies. Instead more

commonly gas metallicity is determined using calibrated flux ratios of strong emission lines. One

such ratio is O3N2, first introduced by Alloin et al. (1979):

O3N2 = log
[OIII]λ5007/Hβ
[NII]λ6583/Hα (5.6)

This emission line diagnostic is widely used in the literature because of its insensitivity to dust

reddening due to the small separation in wavelength of the emission lines used and the ease by

which it can be measured. In this chapter metallicity is expressed as oxygen abundance, using the

calibration introduced by Pettini and Pagel (2004):

12 + log (O/H) = 8.73 − 0.32 × O3N2 (5.7)

Fig. 5.10 shows the map of 12 + log(O/H) as obtained through the O3N2 method in the left

panel. This map has not been corrected for reddening as the ratio of the flux of emission lines that

spectrally lie close together is not sensitive to reddening. An AoN of > 5 was required for all four

emission lines of the O3N2 diagnostic, which led to the masking of ∼20% of the bins as seen in the

figure, primarily a result of faint or non-existent Hβ or [OIII]. In the right panel the metallicity as

derived from fitting the continuum with pPXF is shown. It is expressed as [Z/H], as the conversion

to an oxygen scale to match the gas metallicity is not well defined (Nicholls et al., 2017). The

emission line derived metallicity clearly peaks in the nuclear regions, whereas the continuum fitted

metallicity associated with the stellar population peaks locally just South of the nucleus but is also

high in the outer regions.

The line flux ratios used in the O3N2 method also form the axes of the most commonly used

BPT diagram (Baldwin et al., 1981). This nebular emission line diagram is used to distinguish the

ionization mechanism of nebular gas between HII regions and similar sources that are ionized by

hot stars and related to star formation, and those that are ionized due to the presence of an active

galactic nucleus or heated by shocks. Fig. 5.11 shows all bins that meet the aforementioned AoN

requirement plotted on the BPT diagram, with a solid line indicating theoretical divisions (Kewley

et al., 2001) and a dashed line empirical divisions (Kauffmann et al., 2003) between the different

classes of objects. The plotted bins are colour coded based on the radial distance in arcseconds

from the nucleus as seen in the near-IR. The line ratios at the SN positions are also shown, by
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Figure 5.10: Oxygen abundance as calculated using the O3N2 method, expressed in 12 + log(O/H)

on the left, see Section 5.3.7. Continuum fitted stellar metallicity on the right.

summing the line fluxes of all the spaxels within one 0.6′′ seeing disk of a SN position. The bins

that lie on the right of the solid line distinguishing the regions related to star formation (left) and

AGN/shocks (right) have also been masked in the metallicity map, as the presence of shocks may

affect the O3N2 diagnostic, independent of metallicity. As can be seen in the figure only a few

bins have line ratios indicative of shocks and/or AGN. None of these bins lie near the nucleus so

the presence of an AGN is unlikely. This agrees well with Risaliti et al. (2000), who found no

evidence for any AGN contribution to the X-ray spectrum of IRAS 18293-3413. The SNe all lie in

the region dominated by star formation.

5.3.8 Supernova sites

IRAS 18293-3413 has been host to two documented core-collapse supernovae: SN 2004ip and

SN 2013if. SN 2004ip was discovered in the near-IR using AO-imager NACO on the VLT (Mattila

et al., 2007), located 1.4′′ (or 500 pc) projected distance from the nucleus, see Fig. 5.2. The

discovery of SN 2013if was discussed in Chapter 2. In addition to these two published discoveries

there has been a third CCSN discovery in IRAS 18293-3413, AT 2012xx, as was discussed in

Chapter 4. Table 5.1 shows the subtypes and extinction determined through light curve fitting of

these three SNe.

In order to accurately identify the SN sites in the MUSE data, the astrometry in the MUSE cube

was matched with the near-IR AO image of IRAS 18293-3413 obtained with GeMS/GSAOI. Using

centroiding in iraf, the positions of four bright, compact sources in the IR image were determined

with respect to the galaxy nucleus. The same four sources were identified in the MUSE cube, and
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Figure 5.11: The BPT-NII diagram, distinguishing spaxels based on emission line ratios between

primarily star forming (to the left of the solid line) and those affected by an AGN or heated by

shocks (right of the solid line). The SN positions are indicated by the magenta stars.

the position of the nucleus identified as the average position from the offsets from the four field

stars. With the nucleus at the (0,0) position, SN locations were then identified based on the offset

in arcseconds determined in the near-IR AO discovery images or those reported in literature. The

astrometric error was calculated by taking the square root of the quadratic sum of the centroiding

uncertainties and the standard error of the mean of the four field star offsets. This resulted in an

uncertainty of the alignment of the MUSE cube with the GSAOI image of 0.02′′, which is within

one MUSE spaxel.

The AO corrected FWHM of the MUSE data is 0.6′′ and as a result the SN environments are

defined here as the average across all spaxels within a 0.3′′ radius (corresponding to 120 pc) of

the SN positions. The astrometric uncertainties of the SN positions and the alignment are much

smaller than 0.6′′, so we do not include any additional margin to account for these. Table 5.1

shows the local conditions of the three supernovae, as well as the relevant light curve fitting results.

Because the SN apertures consisted of 7-8 spaxels in a region with high signal-to-noise, the formal

AoN ratios of the emission lines used to derive the properties in the table are very high (>100),

so the formal statistical errors are therefore negligible. This means the errors will be driven by

systematic uncertainties, and we assign a conservative error of 1% to the derived properties in the

table to reflect this. The exception is the metallicity, where the uncertainty associated with the
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Supernova SN 2004ip AT 2012xx SN 2013if

Subtype II IIP IIP

AV (light curve fit) 5-40 1.8+1.3
−0.9 0.0+2.5

−0.0

AV (Balmer decrement) 3.59 2.70 3.84

AV (Continuum fit) 3.07 1.60 3.61

SFR density (M� yr−1 arcsec−2) 0.9 1.4 2.0

Hα EW (Å) 74 166 71

Metallicity (12 + log(O/H) 8.8±0.1 8.9±0.1 8.8±0.1

Table 5.1: The properties and environment conditions of the SNe in IRAS 18293-3413. Subtypes

and light curve fitted extinctions are fromMattila et al. (2007) (SN 2004ip), Chapter 2 (SN 2013if),

and Chapter 4 (AT 2012xx), and the local properties derived in this chapter. Errors to the derived

properties are estimated to be 1% with the exception the metallicity, as discussed in the text.

O3N2 method is of order 0.1 dex (Pettini and Pagel, 2004). Note that the table does not show the

summed SFR across the selected spaxels, but instead the SFR surface density so it can be compared

to the values in Fig. 5.8.

5.4 Discussion

5.4.1 Do supernovae trace star formation in IRAS 18293-3413?

We expect CCSNe to trace ongoing star formation well, as CCSN progenitors are massive stars (&

8 M�; Smartt, 2009) with relatively short lifetimes. Through project SUNBIRD we have obtained

a large sample of exquisite AO observations of LIRGs having hosted CCSNe, but at the high

spatial resolution provided by AO most CCSNe often did not coincide with structure as seen in

Ks-band, see for example SN 2013cb in NGC 3110 (Chapter 2) and AT 2017jzy and the archival

NICMOS transient in NGC 695 (Chapter 3). This is surprising, as in starburst galaxies the light

from red supergiants is expected to dominate Ks-band (Engelbracht et al., 1998), which would make

Ks-band a good tracer of recent SF. Kangas et al. (2013) investigated the association of CCSNe

with several SFR tracers in starburst galaxies, and concluded that Ks-band traced SNe as well as

Hα does. However, this was based on seeing limited observations, which will not have resolved

near-IR structure as well as our AO observations have. It is worth noting our observed scarcity

of SNe coinciding with near-IR bright structure does not appear to be a result of lack of detection
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Bin Surface area Total SF rate Number of SNe

(M� yr−1 arcsec−2) (arcsec2) (M� yr−1)

0.0 - 1.0 175.12 29.56 1

1.0 - 2.0 10.68 14.85 2

2.0 - 3.0 1.84 4.40 0

> 3.0 1.64 6.24 0

Table 5.2: The surface area and total SF rate in spaxels binned by SF rate density. Although the

total size of the spaxels in the two bins with the highest SF rate density is small, the total SF rate

in those spaxels is significant. However, no SNe have been detected in these bins. As described

in the text, this could be related to dust extinction, although the sample size is too small to draw

definitive conclusions.

efficiency. With the exception of the brightest innermost nuclei such as in IRAS 18293-3413

as shown in Section 2.8.6, we have shown we are capable of extracting a SN signal coincident

with a bright background or compact object with the detections of SN 2013if (Chapter 2) and

AT 2016jhy (Chapter 3). The discovery magnitudes of SN 2013if and AT 2016jhy of 18.53 and

18.10, respectively, were typical for the CCSNe discovered in project SUNBIRD. So, one of the

main questions we aim to answer with this MUSE data set is whether, as opposed to AO Ks-band,

ongoing star formation as traced by Hα does associate with our SNe, even at high spatial resolution.

Fig. 5.8 shows the SFR across IRAS 18293-3413, with the SN positions indicated. SFR in the

galaxy peaks at ∼4-5 M� yr−1 arcsec−2 and is concentrated along what appears to be a spiral arm

south of the nucleus in a NW to SE direction. The SNe are positioned on the opposite side of the

nucleus, with SFR within a 0.3′′ error circle ranging from 0.9 M� yr−1 arcsec−2 for SN 2004ip to

2.0 M� yr−1 arcsec−2 for SN 2013if, see Table 5.1. It appears that, although the SN sites coincide

with a region of relatively high SFR compared to the galaxy as a whole, they do not align with

the spiral arm where star formation is focused, or align well with SFR as traced by Hα. We can

quantify this by summing the dust corrected SF rate in the spaxels binned by SF rate density, see

Table 5.2. No SNe have been discovered in the two bins with the highest SF rate density spaxels.

While they are small in size, the two bins have a total SF rate of 10.64 M� yr−1, comparable to the

SF rate in the bin in which two SNe have been discovered.

This could be explained by the light curve derived subtypes of the CCSNe in this galaxy, as

all three are believed to be Type II/IIP SNe. Anderson et al. (2012) found that Type IIP SNe do

not closely follow star formation as compared with other CCSN subtypes, due to the relatively
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long-lived progenitors of Type IIP SNe. A different scenario is offered by Fig. 5.7, which shows

the extinction in AV affecting Balmer emission. The spiral arm along which star formation is

peaking is also heavily affected by dust extinction. While this does not affect the intrinsic CCSN

rate, it does reduce the efficiency at which they can be detected. The LIRGs in project SUNBIRD

and preceding programs, from which the SN discoveries in IRAS 18293-3413 are a result, have

been observed in near-IR so as to be less affected by the large amounts of dust present in LIRGs.

However, even in the near-IR the effects of dust extinction will still reduce the duration for which a

CCSN is bright enough to be detected, if at all.

The observed SNe in IRAS 18293-3413 were found in large part due to the relatively high local

SFR. But their observability, meaning the duration for which they stood out from the host galaxy,

was just as important. In Chapter 2 the SN recovery efficiency was modelled for IRAS 18293-3413

as a function of radius from the nucleus, and it was shown near the nucleus the efficiency at which

simulated SNe were recovered was severely inhibited due to the effects of crowding and a bright

background. This is one aspect of observability, but we also would expect SN recovery efficiency

to be affected as a function of dust extinction. While it is beyond the scope of this chapter to

create a model converting intrinsic SFR and dust extinction into a SN detection likelihood map,

there is a natural way to approximate this. Observed Hα, not corrected for dust extinction, can

be interpreted as a superposition of both SFR and dust extinction and as such is a tracer of SN

detection likelihood: regions of high SFR (and thus high CCSN rate) and low extinction will be

bright in Hα. Fig. 5.6 shows the observed Hα map of IRAS 18293-3413, and in fact all three SN

sites are clumped around the local Hα peak, making clear observed Hα does associate with the

SNe in this data set. This agrees well with the results of Anderson et al. (2012) and Kangas et al.

(2013), both of which were based on observed Hα.

Compiling all the relevant parameters, we show in Fig. 5.12 the Balmer extinction versus SFR

for all bins, coloured by observed Hα flux. The values derived at the SN positions have been

indicated by magenta stars. As expected from Dopita et al. (2002), there is a clear positive trend of

SFR with dust extinction. The plot also clearly shows how observed Hα relates to both SFR and

extinction through the coloured layering: at a given SFR it is strongest in the bins with the lowest

dust extinction. We would expect a similar trend for our CCSNe. To first order intrinsic CCSN rate

will increase with SFR, while observability will decrease with dust extinction, which means in this

plot we expect SNe to skirt the bottom envelope of the distribution. This is indeed the case for two

SNe, while one SN falls in a region of moderate extinction at relatively low SFR. This is SN 2004ip,

potentially the highest extincted SN discovery in the literature with 5-40 magnitudes extinction in
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Figure 5.12: Extinction based on the Balmer decrement versus star formation rate for all bins shown

in Fig. 5.8, see Section 5.4.1. The bins are colour coded by raw Hα, as plotted in Fig. 5.6. The

local values at the positions of the SNe are indicated as magenta stars.

V (Mattila et al., 2007), which means it would have had a very short window of observability. This

makes it an outlier in terms of observability, which explains its position in the plot.

Supernovae studies typically correct for missed nuclear SNe due to crowding, by using recovery

efficiency experiments as described in Chapter 2. This case study clearly shows that in order to

correct observed CCSN rates for the effects of dust extinction, it is vital in a dusty galaxy such as

a LIRG to understand the relation between SN positions, dust extinction and star formation rate, at

high spatial resolution. Simply stated, the fact that the SNe that we have observed all are located in a

region of relatively high SFR and low extinction, implies we are not detecting a larger population of

CCSNe that should occur in the regions with both the highest SFR and largest dust extinction. IFU

data such as obtained with MUSE+GALACSI can now provide the spatial information necessary

to resolve the detailed structure in LIRGs in Hα and Hβ, and through those Balmer extinction and

SFR. This type of data proves to be essential to first properly convert the sample of SNe discoveries

from project SUNBIRD to observed CCSN rates, and finally the determination of the missed SN

fraction that affects current, and will affect future wide-field optical surveys.
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5.4.2 A measure of dust morphology by comparing extinction tracers

By fitting the light curves of the SNe in IRAS 18293-3413 to templates, we have obtained mea-

surements of the dust extinction affecting the SN light. The SNe have a fixed position, so they act

as point tracers for dust extinction. The nebular emission is integrated along the line of sight of a

region limited by spatial resolution, and the associated Balmer extinction can be interpreted as a

weighted average. A comparison of these two independent tracers of dust extinction could provide

information about the distribution of dust in the local SN environment, in particular if there is a

trend across all three SNe in the comparison of the immediate SN extinction and the local average.

SN 2004ip was best fitted with a Type II light curve with an extinction in AV of 5-40magnitudes.

While this is a poorly constrained range, even with 5 magnitudes it can be considered one of the

more extincted SN discoveries in LIRGs, see Table 4.2. The extinction obtained through the Balmer

decrement at the site of SN 2004ip is 3.59, see Table 5.1. With SN 2004ip more dust affected

than the integrated local nebular emission, this is an indication that the progenitor could have been

relatively dust enshrouded.

In the case of AT 2012xx the two different measurements agree within error, with 1.8+1.3
−0.9

magnitudes for the immediate SN extinction and 2.7 magnitudes for the local average extinction.

However, in contrast with SN 2004ip the light curve of SN 2013if was fitted with little to no

extinction, see Chapter 2. It was shown that although other CCSN subtypes could not be excluded,

all template fits included an extinction of zero with a ∼2.5 magnitude error. This is curious, because

at the site of SN 2013if the dust extinction obtained through the Balmer decrement is the highest

of all three SN sites, 3.53 magnitudes in AV. Negligible extinction must mean the SN occurred in

the foreground, or was located along a line of sight affected by unusually low extinction. In either

case, there is no indication that its progenitor was dust enshrouded.

Based on these three events, there appears to be tension between the two different dust tracers.

This indicates that the dust composition is not uniform at the spatial scale provided byMUSE, which

in this case is ∼120 pc. The local average measurement of extinction using the Balmer decrement

is fairly robust with a high AoN, but due to limited epochs the light curve fitted SN extinctions will

have larger uncertainties. In order to discern trends between these different dust tracers, a larger

sample of high spatial resolution MUSE observations of the other CCSNe discovered in LIRGs

would be required.
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5.4.3 Constraining SN type through Hα EW

The SNe subtypes presented in Table 5.1 have been obtained through light curve fitting, but given

the limited number of epochs available for these SNe this is not as reliable as spectroscopic typing.

We explore whether the local environment can provide additional constraints to the subtypes, by

constraining progenitor age and mass limits using Hα EW.

Hα EW can be converted to a stellar population age using simple stellar population (SSP)

models from Starburst99 (Leitherer et al., 1999), assuming the local metallicity to be representative

for the local stellar population. The age determined this way is the age of the most recent star

formation event, as shown by Kuncarayakti et al. (2013). Kuncarayakti et al. (2016) have shown

these models to be reliable for analysing young stellar populations with MUSE. If we assume the

SN progenitor has been born in situ, the age of the youngest stellar population is a lower limit to the

age of the SN progenitor, as the SN progenitor could have been born in a previous starburst. Using

stellar evolution models the SN parent stellar population age can be converted into a SN progenitor

initial mass, since stellar mass is the main driver of the lifetime of a star. As the age is a lower limit,

the mass determined this way will be an upper limit. Such progenitor age and mass limits in turn

could provide additional constraints to the SN subtype, as it is believed CCSN subtypes can have

distinct ranges of progenitor masses (Smartt, 2009).

Table 5.1 shows the Hα EW for the three SN sites, ranging from 71Å for SN 2013if to 166Å

for AT 2012xx. Fig. 5.13 shows the time evolution of Hα EW, adapted from Kuncarayakti et al.

(2013), using Starburst99 models with a Salpeter IMF with α = 2.35 and Mup = 100 M�. The Hα

EW values of SN 2013if and AT 2012xx are overplotted as stars, with SN 2004ip not plotted as

it would overlap with SN 2013if. As can be seen the SNe values represent a narrow range in age

and mass, and is relatively insensitive to metallicity, indicated by black solid and striped lines, or

the IMF used, with red and orange dotted lines the models for α = 3.30 and Mup = 100 M� and

α = 2.35 and Mup = 30 M�, respectively. The local SN Hα EW values correspond to an age for

the youngest stellar population of ∼6 Myr, which if we assume that to be the lower age limit of the

progenitor, corresponds to an upper progenitor initial mass limit of ∼30 M�. Note that in the case

of continuous SFR instead of a single starburst, there is no strong relation between Hα EW and age

because stars are being formed continuously.

Based on light curve fitting SN 2004ip, AT 2012xx and SN 2013if have been typed Type II, IIP

and IIP, respectively. Type IIP SNe are the most common Type II SNe and based on pre-explosion

observations are thought to have the oldest and least massive CCSN progenitors with masses

ranging to ∼16.5 M� (Smartt, 2009). This falls well within our observed upper mass limit of ∼30
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Figure 5.13: Shown by the solid black line is the evolution of Hα EW with time, assuming a

single burst of star formation, using simple stellar population model Starburst99 with a Salpeter

IMF with α = 2.35 and Mup = 100 M� and solar metallicity (Z = 0.02). The striped black line

shows the model with subsolar metallicity, and the dotted lines different IMFs with α = 3.30 and

Mup = 100 M� in red and α = 2.35 and Mup = 30 M� in orange. The Hα EW values of SN 2013if

and AT 2012xx are indicated as yellow stars. The purple line shows the case of continuous star

formation. The indicated masses associated with the ages are based on Padova stellar evolution

models from Bressan et al. (1993) (Z = 0.02) and Fagotto et al. (1994) (Z = 0.008). Figure is

adapted from Kuncarayakti et al. (2013).

M�. Type Ib and Ic are thought to have more massive progenitors (Anderson et al., 2012). Through

an environment study Kuncarayakti et al. (2017) obtained median initial masses of ∼30-33 M� for

stripped envelope Type IIb/Ib/Ic SNe, assuming a single progenitor. This suggests that a stripped

envelope SN scenario is unlikely for the three CCSNe discovered in IRAS 18293-3413, which is

supported by the subtypes determined through light curve fits.

An important caveat to this method is the contribution to the continuum from an underlying

older stellar population. Although a young stellar population will typically be much brighter at

Hα, the contribution from an old population to the continuum could become significant at large

mass fractions, such as found in the nuclear regions. This means that the continuum has increased,

and Hα EW decreased, unrelated to the age of a single starburst. This would dilute Hα EW, in

particular in regions of relatively weak Hα EW. We see in Fig. 5.9 from the continuum fit that an

older population is present throughout the galaxy. A more sophisticated approach to obtain a more
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complete understanding of the local star formation history, and subsequently the age of the most

recent starburst, would include both modelling of the recent (<100 Myr) star formation activity

together with the underlying older (»100 Myr) population. Such methods are becoming available

(e.g. Leja et al., 2017), but so far have not been extensively applied to IFU data.

This caveat has less impact on strong Hα EW, which in Fig. 5.9 is shown to trace the spiral

arms. Where star formation as traced by Hα is primarily situated along the southern spiral arm,

Hα EW peaks further along this spiral arm to the West, as well as along a spiral arm structure in

the North. This means that the stellar continuum in those regions must be much weaker relative to

Hα, so we expect a low stellar density. The near-IR image shown in Fig. 5.2 supports this view,

with a lot of flux along the spiral arm nearest to the nucleus, but almost none further away from the

nucleus. This could mean star formation has not been ongoing there, but triggered more recently

than in the nuclear regions, potentially due to interaction with the companion NW from the galaxy

(see Fig. 5.1). Large scale features such as these will be further investigated in an upcoming

publication.

5.5 Summary

In this chapter we have presented optical IFU observations of SN factory IRAS 18293-3413

obtained with the MUSE facility, the combination of the state-of-the-art optical IFU spectrograph

MUSE supported by its new AO system GALACSI. Based on this rich data set we have derived the

properties of the stars, gas and dust in this LIRG, as well as the local conditions at the sites of three

CCSNe. The unprecedented spatial resolution offered by MUSE in AO mode revealed a galaxy

with complex structures in nebular emission, dust and SFR.

Based on the distribution of Hα, SFR and dust extinction as traced by the Balmer decrement,

we find that the CCSNe hosted by IRAS 18293-3413, while located in regions with star formation,

do not trace peak SFR well. Instead, they are clustered around the nuclear peak of observed, not

dust-corrected, Hα. We conclude that the CCSNe positions are better traced by a combination of

high SFR and low dust extinction, naturally traced by observed Hα. In addition to the effects of

crowding and a bright background, this is an aspect of SN observability that will be crucial when

determining the fraction of CCSNe that will be missed in SN surveys.

Additionally we use the relation between Hα equivalent width and stellar population age to

place environmental limits on the ages and initial masses of the CCSN progenitors. The mass limits

derived this way support the subtype of Type II derived for the SNe through light curve fitting.

Although the method has certain caveats and uncertainties, the mass limit appears to exclude the
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more massive progenitors of Type IIb/Ib/Ic SNe. Finally, we compare the differences between

the immediate SN extinction as derived from their light curves, and the local average extinction

determined through the Balmer decrement. Between the three CCSNe we observe no trend but

instead there appears to be tension between the two dust tracers, which is most likely related to

structure in dust not resolved by MUSE.
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6
Conclusions and future work

At the start of this thesis we showed that current observed CCSN rates are affected by statistical and

systematic uncertainties, which severely hamper our ability to use CCSNe as an alternative tracer

for the cosmic star formation history. Where upcoming next-generation survey telescopes such as

ZTF and LSST will reduce statistical uncertainties by dramatically increasing the CCSN sample,

any optical seeing-limited SN survey remains affected by systematic uncertainties, such as due to

dust extinction and limits in spatial resolution. In 2015 we commenced with project SUNBIRD

(Supernovae UNmasked By Infra-Red Detection), a targeted SN survey aimed to characterize the

population of CCSNe that explode in the crowded and dust-obscured nuclear regions of luminous

infrared galaxies (LIRGs), to improve the limits of the fraction of CCSNe that are and will be

missed in this regime by wide-field optical SN surveys. In order to uncover CCSNe in LIRGs, we

observed in the near-IR, which is less affected by dust extinction than the optical, with the use of

state-of-the-art laser guide star adaptive optics (AO) imagers GeMS/GSAOI on the Gemini South

telescope and NIRC2 on the Keck II telescope. The spatial resolution provided by AO is critical to

discern the CCSN point sources against the bright and crowded background in the nuclear regions

of LIRGs.

In this thesis we have shown the results and evaluated the efficiency of project SUNBIRD.
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During the observing programs with GeMS/GSAOI and NIRC2 we obtained a total of ∼90 epochs

of AO imaging across a sample of 38 LIRGs. We discovered four photometrically confirmed

CCSNe, and an additional five CCSN candidates. This included SN 2013if in IRAS 18293-

3413, one of the most nuclear CCSN ever discovered in LIRGs with a projected distance to its

host’s nucleus of 0.5′′ or 0.2 kpc. We also discovered AT 2017chi in NGC 5331 with, based on

fitting its light curve, an extinction measure of 11.8 magnitudes in V-band, which makes it one

of the most extincted SNe ever discovered. Finally we presented the discovery of AT 2017gbl

in IRAS 23436+5257, an extremely near-IR bright transient superimposed on its host’s nucleus.

We conclude this is likely to be a tidal disruption event, making it the third TDE to have been

discovered in a LIRG, strengthening the notion that LIRGs show an over-abundance of this rare

type of transient.

To evaluate the impact of an AO-assisted SN survey in the near-IR we composed a sample of

all CCSNe discovered in LIRGs in the optical and the IR. This included all CCSNe reported in

the literature, the CCSNe and (archival) CCSN candidates discovered in project SUNBIRD, and

three unpublished CCSNe (candidates) discovered with VLT/NACO. First, based on this sample we

show that SN detection in LIRGs using near-IR observations is more efficient than in the optical,

likely as a result of reduced effects of dust extinction. Second, we show that in the near-IR SN

detection using AO is more efficient than in natural seeing conditions, likely as a result of spatial

resolution. This is demonstrated by the distribution in radial offset from the nucleus of all CCSNe

in our sample. Whereas the optical and near-IR non-AO discoveries drop off in the central kpc of

LIRGs, the number of AO CCSN discoveries increases dramatically. This is confirmation that AO

is critical to building a statistical sample of CCSNe in dust-obscured and crowded regions, required

to accurately determine the fraction of CCSNe that are missed in this regime.

Finally, we show that a detailed understanding of the distribution of star formation and dust

extinction in LIRGs will play a crucial role in determining the CCSN rate we expect to observe

in a given galaxy. Our case study of SN factory IRAS 18293-3413, using optical IFU data from

the cutting-edge AO-assisted MUSE facility, shows that the detection of SNe even at near-IR

wavelengths is still highly dependent on the local dust conditions. The three CCSNe discoveries in

IRAS 18293-3413 from near-IR AO surveys do not align well with the peak of (dust-corrected) star

formation rate in the galaxy, as would have been expected given the relation between CCSNe and

star formation. Instead they are better traced by observed (uncorrected) Hα, which scales linearly

with star formation rate, but is affected by dust extinction. The fact that all three SN discoveries

are located around regions of Hα emission with moderate SFR and extinction, combined with the
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empirical finding that high star formation rates are also associated with high extinction, implies the

presence of a population of CCSNe tracing the highly-extincted SFR peak that are still not being

observed.

Future work

During the course of project SUNBIRDand its precedingAO-assisted programs, we have discovered

11 photometrically confirmed CCSNe, as well as 7 CCSN candidates, based on a sample of ∼250

observations using AO. This sample is expected to increase, as project SUNBIRD is an ongoing

program with time currently scheduled on the Subaru telescope using its laser guide star AO

imager IRCS. Based on the current discoveries and coverage, our collaboration is working on the

determination of our observedCCSN rate. Although ourmethod of detection has been demonstrably

more efficient than the alternatives, in order to so, we also have to account for our limitations in

detection efficiency. As was shown in Section 2.8.6, this is done by simulating artificial sources in

a given epoch. The results of this experiment depends on image quality and galaxy morphology,

and as such has to be done across all epochs. A comprehensive analysis covering all our facilities

is due later this year (Reynolds et al., in prep).

As the case study with MUSE has shown, the distribution of dust and star formation in a

galaxy as determined through high spatial resolution IFU data addresses a crucial aspect of SN

observability. Spectroscopic information across galaxies at this level of spatial resolution has not

been available before, so fully incorporating this kind of data into the determination of our SN

recovery efficiency will require methods that are not yet developed. Our first objective is to perform

this experiment using the data set of IRAS 18293-3413, and subsequently obtainMUSE+GALACSI

observations of all LIRGs in our sample.

The expansion of the sample of LIRG observation with MUSE+GALACSI will also let us

investigate the population of LIRG CCSNe in terms of local SN environment. Environmental SN

study is an active field of research, but due to limitations in sample size this kind of work has not

been performed in starburst galaxies. Through project SUNBIRD we not only have an increased

CCSN sample in LIRGs, but also a large sample of high spatial resolution near-IR observations.

Complementary AO-assisted MUSE observation would make this a powerful data set with which

we can investigate not only the effects of extinction, but also large scale dynamics and local SN

conditions in LIRGs, as explored in Chapter 5.
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