
Mon. Not. R. Astron. Soc. 000, 1–59 (XXX) Printed 6 November 2017 (MN LATEX style file v2.2)

Cosmic evolution and metal aversion in super-luminous
supernova host galaxies

S. Schulze1,2,3?, T. Krühler4, G. Leloudas1,5, J. Gorosabel6,7,8†, A. Mehner9,
J. Buchner2,3, S. Kim2, E. Ibar10, R. Amoŕın11,12, R. Herrero-Illana8,9,
J. P. Anderson9, F. E. Bauer2,3,13, L. Christensen5, M. de Pasquale14

A. de Ugarte Postigo8, A. Gallazzi15, J. Hjorth5, N. Morrell16, D. Malesani5,
M. Sparre17, B. Stalder18, A. A. Stark19, C. C. Thöne8, J. C. Wheeler20
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ABSTRACT
The SUperluminous Supernova Host galaxIES (SUSHIES) survey aims to provide
strong new constraints on the progenitors of superluminous supernovae (SLSNe) by
understanding the relationship to their host galaxies. We present the photometric
properties of 53 H-poor and 16 H-rich SLSN host galaxies out to z ∼ 4. We model
their spectral energy distributions to derive physical properties, which we compare
with other galaxy populations. At low redshift, H-poor SLSNe are preferentially found
in very blue, low-mass galaxies with high average specific star-formation rates. As
redshift increases, the host population follows the general evolution of star-forming
galaxies towards more luminous galaxies. After accounting for secular evolution, we
find evidence for differential evolution in galaxy mass, but not in the B-band and the
far UV luminosity (3σ confidence). Most remarkable is the scarcity of hosts with stellar
masses above 1010 M� for both classes of SLSNe. In the case of H-poor SLSNe, we
attribute this to a stifled production efficiency above ∼ 0.4 solar metallicity. However,
we argue that, in addition to low metallicity, a short-lived stellar population is also
required to regulate the SLSN production. H-rich SLSNe are found in a very diverse
population of star-forming galaxies. Still, the scarcity of massive hosts suggests a stifled
production efficiency above ∼ 0.8 solar metallicity. The large dispersion of the H-rich
SLSNe host properties is in stark contrast to those of gamma-ray burst, regular core-
collapse SN, and H-poor SLSNe host galaxies. We propose that multiple progenitor
channels give rise to this sub-class.

Key words: galaxies: evolution, mass function, starburst, star-formation, supernovae:
general

1 INTRODUCTION

In the past decade, untargeted supernova (SN) surveys, e.g.,
the Texas SN Search (Quimby et al. 2005), the ROTSE SN
Verification Project (Yuan et al. 2007), the Palomar Tran-
sient Factory (PTF; Law et al. 2009), and Pan-STARRS
(PS; Tonry et al. 2012), discovered a new class of SNe
with peak magnitudes exceeding MV = −21 mag (Gal-Yam
2012). These so-called super-luminous supernovae have been
a focus of SN science ever since, because of the opportu-
nity they provide to study new explosion channels of very
massive stars in the distant Universe (Howell et al. 2013;

? E-mail: steve.schulze@weizmann.ac.il

Cooke et al. 2012), the interstellar medium (ISM) in dis-
tant galaxies (Berger et al. 2012; Vreeswijk et al. 2014) and
their potential use for cosmology (Inserra & Smartt 2014;
Scovacricchi et al. 2016). In addition, SLSNe provide a new
opportunity to pinpoint star-forming galaxies independently
of galaxy properties, which can ultimately lead to a better
understanding of galaxy evolution at the faint-end of lumi-
nosity and mass (Lunnan et al. 2014; Leloudas et al. 2015c;
Angus et al. 2016; Chen et al. 2017; Perley et al. 2016b).
Despite these prospects, SLSNe are very rare. At z ∼ 0.2,
one H-poor SLSN is expected to be produced for every 1000–
20000 core-collapse SNe (hydrogen-rich SLSNe have a higher
rate; Quimby et al. 2013a).

Phenomenologically, SLSNe can be classified by their
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2 S. Schulze et al.

hydrogen content into H-poor and H-rich SLSNe. The light
curves of H-poor SLSNe (SLSNe-I), identified as a new class
of transients by Quimby et al. (2011c), are ∼ 3.5 mag
brighter and three-times broader than regular stripped-
envelope SNe, but the shapes of their light-curves are similar
(e.g., Quimby et al. 2011c; Inserra et al. 2013; Nicholl et al.
2015a). Early spectra of H-poor SLSNe show a characteris-
tic w-shaped absorption feature at ∼ 4200 Å due to oxygen
in the ejecta (Quimby et al. 2011c) that is usually not seen
in Type Ibc SNe (e.g., Modjaz et al. 2009). About a month
after maximum light, the ejecta cool down to temperatures
typical of regular Type Ibc SNe at maximum light. At that
point, SLSN spectra also exhibit absorption features similar
to Type Ibc SNe (e.g., Pastorello et al. 2010; Inserra et al.
2013; Nicholl et al. 2014).

A subgroup of H-poor SLSNe shows exceptionally
slowly-rising and slowly-declining light curves (τrise >
25 days, τdecay > 50 days; Nicholl et al. 2015a), hereafter
called slow-declining SLSN-I. In some cases the decay slope
is comparable to that of the radioactive decay of 56Ni. Gal-
Yam et al. (2009) argued that in the case of SN2007bi, the
supernova was powered by the radioactive decay of several
solar masses of 56Ni (Gal-Yam 2012), which were synthe-
sised during a pair-instability SN (PISN) of a star with a
zero-age-main-sequence (ZAMS) mass of MZAMS ∼ 200M�
(e.g., Fowler & Hoyle 1964; Barkat et al. 1967; Bisnovatyi-
Kogan & Kazhdan 1967; Rakavy & Shaviv 1967; Fraley
1968; Heger et al. 2003; Woosley et al. 2007). However,
the SN was discovered only shortly before it reached max-
imum light. Information about the rise time was not avail-
able, which is critical to distinguish between SN models. The
well-sampled SLSNe PTF12dam and PS1-11ap, which were
spectroscopically similar to SN2007bi at late times, had rise
times that were incompatible with PISN models (Nicholl
et al. 2013). This also cast doubt on the PISN interpre-
tation of SN2007bi. However, recent findings by Kozyreva
et al. (2017) showed that PISN models can predict short rise
times similar to that of PTF12dam. Models of PISN spec-
tra, on the other hand, are incompatible with the spectra of
PTF12dam and SN2007bi (Dessart et al. 2013; Chatzopou-
los et al. 2015; Jerkstrand et al. 2016).

The energy source powering H-poor SLSNe is highly de-
bated. The most discussed models include magnetars formed
during the collapse of massive stars (e.g., Kasen & Bild-
sten 2010; Inserra et al. 2013), the interaction of the SN
ejecta with dense H-deficient circumstellar material (CSM)
expelled by the progenitor prior to the explosion (Woosley
et al. 2007; Blinnikov & Sorokina 2010; Chevalier & Irwin
2011; Chatzopoulos & Wheeler 2012; Quataert & Shiode
2012; Sorokina et al. 2016), PISNe, and pulsational PISNe
(e.g., Woosley et al. 2007; Yan et al. 2015).

Hydrogen-rich SLSNe are characterised by an initial
blue continuum and narrow Balmer lines, similar to classical
Type IIn SNe (Schlegel 1990; Filippenko 1997; Kiewe et al.
2012) which are powered by the interaction of the super-
nova with its circumstellar material (e.g., Chevalier & Irwin
2011). Recent observations suggest a richer phenomenology.
Spectra of the SNe 2008es and 2013hx showed broad Hα
emission components and their light curves showed a linear
decline after maximum, similar to normal IIL SNe (Gezari
et al. 2009; Miller et al. 2009; Inserra et al. 2016). Another
intriguing object is CSS121015:004244+132827 (hereafter

called CSS121015). It firstly evolved as a H-poor SN but
at 49 days after the maximum, its spectrum showed broad
and narrow Hα emission lines (Benetti et al. 2014). These
properties are different from superluminous type IIn SNe.
Because of the similarities to Type II SNe, we label this
subclass SLSN-II.

The possible diversity of SLSN progenitors suggests
ZAMS masses up to a few hundred solar masses. Given the
characteristic distance scale of SLSNe, a direct search for
their progenitors is unfeasible. Alternatively, host observa-
tions have the potential to indirectly provide constraints on
the progenitor population. The first systematic study of a
sample of 17 H-poor and -rich SLSNe by Neill et al. (2011)
suggested that the hosts are low-mass galaxies with high
specific star-formation rates between 10−8 and 10−9 yr−1.
However, these measurements are very uncertain because of
the limited available wavelength coverage. This initial find-
ing was supported by studies of the hosts of SN2010gx (Chen
et al. 2013) and PS1-10bzj (Lunnan et al. 2013). Their spec-
troscopic observations also showed that both events occurred
in low-metallicity galaxies with Z < 0.4Z�.

A survey of 31 H-poor SLSN host galaxies by Lunnan
et al. (2014) consolidated the picture of H-poor SLSNe ex-
ploding in sub-luminous low-mass dwarf galaxies with me-
dian specific star-formation rates of 2× 10−9 yr−1. Further-
more, the preference for galaxies with a median metallicity
of Z ∼ 0.5Z� hinted at a stifled production efficiency at
high metallicity (see also Leloudas et al. 2015c). Perley et al.
(2016b) confirmed this trend by modelling the mass function
of 18 SLSN-I hosts at z < 0.5 from the PTF survey (see also
Chen et al. 2017). Hubble Space Telescope observations of
16 hosts of H-poor SLSNe by Lunnan et al. (2015) revealed
that the locations of H-poor SLSNe are correlated with the
UV light distribution within their host galaxies. Yet, they
are not as strongly clustered on the UV-brightest regions
of their hosts than long-duration gamma-ray bursts (GRBs;
see also Angus et al. 2016; Blanchard et al. 2016), which are
also connected with the death of massive stars (e.g., Woosley
2012). Furthermore, on average, the interstellar medium of
SLSN-I host galaxies is characterised by significantly weaker
absorption lines than GRBs (Vreeswijk et al. 2014).

In 2012, we initiated the SUperluminous Supernova
Host galaxIES (SUSHIES) survey (Leloudas et al. 2015c)
to characterise a large set of host galaxies of H-poor and
H-rich SLSNe over a large redshift range. The goals of this
survey are to study SLSN host galaxies in context of other
star-forming galaxies and to place constraints on the na-
ture of their progenitors. To achieve this, our survey has
spectroscopic and imaging components to characterise the
integrated host properties, such as mass, metallicity, star-
formation rate, age of the stellar populations and dust at-
tenuation.

In the first SUSHIES sample paper, Leloudas et al.
(2015c) discussed the spectroscopic properties of 17 H-poor
and 8 H-rich SLSN host galaxies. We showed that the host
galaxies of H-poor SLSNe are characterised by hard ion-
isation fields, low metallicity and very high specific star-
formation rates. A high number (∼ 50%) of H-poor SLSNe
at z < 0.5 occurred in extreme emission-line galaxies (e.g.,
Atek et al. 2011; Amoŕın et al. 2014, 2015), which represent
a short-lived phase in galaxy evolution following an intense
starburst. Moreover, in Thöne et al. (2015) we performed
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spatially resolved spectroscopy of the host of PTF12dam,
the most extreme host galaxy in the sample with high signal
to noise, and found strong evidence for a very young stel-
lar population at the explosion site with an age of ∼ 3 Myr.
These findings let us conclude in Leloudas et al. (2015c) that
the progenitors of SLSNs are possibly the very first stars to
explode in a starburst, at an earlier evolutionary stage than
GRB progenitors. Therefore, not only metallicity but also
age is likely a critical condition for the production of SLSN
progenitors. Chen et al. (2017) and Perley et al. (2016b)
questioned the importance of the age and proposed that
metallicity is the primary factor for SLSN-I progenitors.

While H-poor SLSNe are preferentially found in rather
extreme environments, the findings by Leloudas et al.
(2015c) and Perley et al. (2016b) point to a weaker de-
pendence on environment properties for H-rich SLSNe, e.g.,
higher average metallicities and softer ionisation states.

In this second sample paper of the SUSHIES survey, we
present photometric data of a sample of 53 H-poor and 16 H-
rich SLSN host galaxies out to z ∼ 4, including almost every
SLSN reported in the literature and detected before 2015.
The scope of this paper is to provide distribution functions
of physical properties, such as luminosities, masses of the
stellar populations and star-formation rates, to investigate
their redshift evolution and to compare these results to other
samples of starburst galaxies.

Throughout the paper, we adopt a flat ΛCDM cos-
mology with Ωm = 0.315, ΩΛ = 0.685, H0 =
67.3 km s−1 Mpc−1 (Planck Collaboration 2014). Uncertain-
ties and dispersions are quoted at 1σ confidence. We refer
to the solar abundance compiled in Asplund et al. (2009).

2 SAMPLE DEFINITION, OBSERVATIONS
AND DATA REDUCTION

2.1 Sample definition

Among all SLSNe reported in the literature (∼ 120), we
selected those that were discovered before the end of 2014
and announced before April 2015. Therefore, many of the
SLSNe published recently by Perley et al. (2016b) are not
included in this paper. In addition, we screened the Asiago
Supernova catalogue (Barbon et al. 2010) for objects with
an absolute magnitude of significantly brighter than M =
−21 mag and spectroscopic information. This revealed two
additional H-poor SLSNe, SNe 2009de and 2011ep (Drake
et al. 2009b; Moskvitin et al. 2010; Graham et al. 2011a),
and two H-rich SLSNe, SNe 2009nm and SN2011cp (Drake
et al. 2009c; Christensen et al. 2009; Drake et al. 2011c,d;
Graham et al. 2011b). The SN properties are summarised in
Table 1.

Our final sample comprises of 53 H-poor and 16 H-
rich SLSNe. The H-poor sample includes 7 slow-declining H-
poor SLSNe, while the H-rich sample includes the SLSNe-II
CSS121015, SN2008es and SN2013hx. The size of the final
sample is not only a factor of > 2 larger than the SLSN
host sample presented in Perley et al. (2016b) but includes
a large population of hosts at z > 0.5 (which is the high-
est redshift in Perley et al. 2016b). Figure 1 displays the
redshift distribution of our sample. It covers a redshift in-
terval from z ∼ 0.1 to z ∼ 2 with a singular object at z ∼ 4

(SN1000+0216; Cooke et al. 2012). The redshift distribution
of the H-poor sample covers the full range and has a median
of z̃ = 0.46. The H-rich sample only extends to z ∼ 0.4 and
has a median of z̃ = 0.21.

2.2 Observations

A fundamental goal of our survey is to secure multi-band
data from the rest-frame UV to NIR, to model the spectral
energy distributions of the host galaxies. To ensure a suf-
ficient wavelength coverage and data quality, we aimed to
have at least one observation of the rest-frame UV and of
the NIR and two observations of the rest-frame optical, if a
galaxy was brighter than r′ = 24 mag.

To optimise the observing campaign, we queried the
VizieR database (Ochsenbein et al. 2000) and public
archives for available catalogues and data, such as the ESO,
Gemini and Subaru archives. Our primary source catalogues
are from the Canada-France-Hawaii Telescope Legacy Sur-
vey (CFHTLS; Hudelot et al. 2012), the Cosmological Evo-
lution Survey (COSMOS; Scoville et al. 2007), the Galaxy
Evolution Explorer (GALEX ; Martin et al. 2005), the Sloan
Digital sky survey (SDSS; York et al. 2000), the UKIRT
Infrared Deep Sky Survey (UKIDSS; Lawrence et al. 2007)
and the Wide-field Infrared Survey Explorer (WISE ; Wright
et al. 2010).1 These catalogues were complemented by the
Coma Cluster catalogue (Adami et al. 2006), the UltraV-
ISTA catalogue (McCracken et al. 2012), the VISTA Deep
Extragalactic Observations survey (VIDEO; Jarvis et al.
2013) and the VIRMOS deep imaging survey (VIRMOS; Le
Fèvre et al. 2004). Furthermore, we incorporated measure-
ments previously reported in Inserra et al. (2013), Lunnan
et al. (2014), Nicholl et al. (2014), Vreeswijk et al. (2014)
and Angus et al. (2016).

Between 2012 and 2016, we used observing proposals at
the 6.5-m Magellan/Baade Telescope (PI: Schulze, Kim),2

ESO’s 8.2-m Very Large Telescope (VLT; PI: Leloudas,
Krühler),3 the 10.4-m GTC and 3.5-m CAHA telescope (PI:
Gorosabel) and the 0.3-m UV/Optical Telescope (UVOT;
Roming et al. 2005) onboard the Swift satellite (Gehrels
et al. 2004, PI: Leloudas) to obtain rest-frame UV, optical
and NIR data. In the subsequent sections, we briefly sum-
marise each campaign.

Our Magellan campaign was performed between 2012
and 2016 with the 6.5-m Baade telescope equipped with
the optical wide-field Inamori-Magellan Areal Camera and
Spectrograph (IMACS; Dressler et al. 2011), the Parallel
Imager for Southern Cosmological Observations (PISCO;
Stalder et al. 2014), and the near-infrared (NIR) camera
FourStar (Persson et al. 2013). The optical data were se-
cured in g′r′i′z′, primarily with the IMACS f/2 camera, but
also with the IMACS f/4 camera and PISCO. The near in-
frared observations were performed in J and Ks.

The ESO VLT observations were taken in visitor and

1 We included WISE data of only a few hosts.
2 Programme IDs: CN2013A-195, CN2013B-70, CN2014A-114,
CN2014B-127, CN2014B-102, CN-2015A-129, CN2015A-143,

CN-2015B-87, CN2015B-99, CN2016A-108, and CN2016B-98
3 Programme IDs: 089.D-0902, 091.A-0703, 091.D-0734, and

290.D-5139
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Table 1. Properties of the super-luminous supernovae in our sample

Object
R. A. Dec.

Redshift Type
E(B − V )MW Decline time

Reference
(J2000) (J2000) (mag) scale τdec (days)

Spectroscopic sample (23)

PS1-10bzj 03:31:39.83 −27:47:42.2 0.649 SLSN-I 0.01 37.3(fast) [1, 2]

PS1-11ap 10:48:27.73 +57:09:09.2 0.524 SLSN-I 0.01 87.9 (slow) [2, 3]

PTF09cnd 16:12:08.94 +51:29:16.1 0.258 SLSN-I 0.02 75.3 (slow) [2, 4]
PTF10heh 12:48:52.04 +13:26:24.5 0.338 SLSN-IIn 0.02 · · · [5]

PTF10hgi 16:37:47.04 +06:12:32.3 0.099 SLSN-I 0.07 35.6 (fast) [2, 6, 7]

PTF10qaf 23:35:42.89 +10:46:32.9 0.284 SLSN-IIn 0.07 · · · [8]
PTF10vqv 03:03:06.84 −01:32:34.9 0.452 SLSN-I 0.06 · · · [9]

PTF11dsf 16:11:33.55 +40:18:03.5 0.385 SLSN-IIn 0.01 · · · [10]

PTF12dam 14:24:46.20 +46:13:48.3 0.107 SLSN-I 0.01 72.5 (slow) [2, 11]
SN1999as 09:16:30.86 +13:39:02.2 0.127 SLSN-I 0.03 · · · [8, 12]

SN1999bd 09:30:29.17 +16:26:07.8 0.151 SLSN-IIn 0.03 · · · [8, 13]

SN2006oz 22:08:53.56 +00:53:50.4 0.396 SLSN-I 0.04 · · · [14]
SN2006tf1 12:46:15.82 +11:25:56.3 0.074 SLSN-IIn 0.02 · · · [15]

SN2007bi2 13:19:20.00 +08:55:44.0 0.128 SLSN-I 0.02 84.5 (slow) [2, 16, 17]
SN2008am 12:28:36.25 +15:35:49.1 0.233 SLSN-IIn 0.02 · · · [18]

SN2009jh3 14:49:10.08 +29:25:11.4 0.349 SLSN-I 0.01 60.6 (slow) [2, 4]

SN2010gx4 11:25:46.71 −08:49:41.4 0.230 SLSN-I 0.03 29.1 (fast) [2, 4, 19]
SN2010kd 12:08:01.11 +49:13:31.1 0.101 SLSN-I 0.03 · · · [20, 21]

SN2011ke5 13:50:57.77 +26:16:42.8 0.143 SLSN-I 0.01 25.7 (fast) [2, 6]

SN2011kf6 14:36:57.53 +16:30:56.6 0.245 SLSN-I 0.02 28.5 (fast) [2, 6]
SN2012il7 09:46:12.91 +19:50:28.7 0.175 SLSN-I 0.02 23.2 (fast) [2, 6]

SNLS06D4eu 22:15:54.29 −18:10:45.6 1.588 SLSN-I 0.02 · · · [22]

SSS1208108 23:18:01.82 −56:09:25.7 0.156 SLSN-I 0.02 30.2 (fast) [2, 23]

Non-spectroscopic sample (46)

CSS1002179 10:29:12.56 +40:42:20.0 0.147 SLSN-IIn 0.01 · · · [24]

CSS12101510 00:42:44.34 +13:28:26.5 0.286 SLSN-II 0.07 37.8 (fast) [2, 25]

CSS14092511 00:58:54.11 +18:13:22.2 0.460 SLSN-I 0.06 · · · [26]
DES14S2qri 02:43:32.14 −01:07:34.2 1.500 SLSN-I 0.03 · · · [27]

DES14X2byo 02:23:46.93 −06:08:12.3 0.869 SLSN-I 0.03 · · · [28]

DES14X3taz 02:28:04.46 −04:05:12.7 0.608 SLSN-I 0.02 · · · [29]
iPTF13ajg 16:39:03.95 +37:01:38.4 0.740 SLSN-I 0.01 62.0 (slow) [2, 30]

LSQ12dlf12 01:50:29.80 −21:48:45.4 0.255 SLSN-I 0.01 35.4 (fast) [2, 23]

LSQ14an 12:53:47.83 −29:31:27.2 0.163 SLSN-I 0.07 · · · [31]
LSQ14mo 10:22:41.53 −16:55:14.4 0.2561 SLSN-I 0.06 27.3 (fast) [2, 32]

LSQ14bdq 10:01:41.60 −12:22:13.4 0.345 SLSN-I 0.06 71.2 (slow) [2, 33]
LSQ14fxj 02:39:12.61 +03:19:29.6 0.360 SLSN-I 0.03 · · · [34]
MLS12110413 02:16:42.51 +20:40:08.5 0.303 SLSN-I 0.15 · · · [35, 36]

PS1-10ky 22:13:37.85 +01:14:23.6 0.956 SLSN-I 0.03 32.5 (fast) [2, 37]
PS1-10pm 12:12:42.20 +46:59:29.5 1.206 SLSN-I 0.02 · · · [38]

PS1-10ahf 23:32:28.30 −00:21:43.6 1.100 SLSN-I 0.03 · · · [38]

PS1-10awh 22:14:29.83 −00:04:03.6 0.909 SLSN-I 0.07 · · · [37]
PS1-11tt 16:12:45.78 +54:04:17.0 1.283 SLSN-I 0.01 · · · [39]
PS1-11afv 12:15:37.77 +48:10:48.6 1.407 SLSN-I 0.01 · · · [39]

PS1-11aib 22:18:12.22 +01:33:32.0 0.997 SLSN-I 0.04 · · · [39]
PS1-11bam 08:41:14.19 +44:01:57.0 1.565 SLSN-I 0.02 · · · [40]

PS1-11bdn 02:25:46.29 −05:06:56.6 0.738 SLSN-I 0.02 · · · [39]

PS1-12zn 09:59:49.62 +02:51:31.9 0.674 SLSN-I 0.02 · · · [39]
PS1-12bmy 03:34:13.12 −26:31:17.2 1.566 SLSN-I 0.01 · · · [39]
PS1-12bqf 02:24:54.62 −04:50:22.7 0.522 SLSN-I 0.02 · · · [39]
PS1-13gt 12:18:02.03 +47:34:46.0 0.884 SLSN-I 0.02 · · · [39]
PTF09atu 16:30:24.55 +23:38:25.0 0.501 SLSN-I 0.04 · · · [4]

PTF11rks 01:39:45.51 +29:55:27.0 0.190 SLSN-I 0.04 22.3 (fast) [2, 6, 41]
SCP06F6 14:32:27.40 +33:32:24.8 1.189 SLSN-I 0.01 39.8 (fast) [2, 42]
SN2003ma 05:31:01.88 −70:04:15.9 0.289 SLSN-IIn 0.31 · · · [43]

SN2005ap 13:01:14.83 +27:43:32.3 0.283 SLSN-I 0.01 28.8 (fast) [2, 44]
SN2006gy 03:17:27.06 +41:24:19.5 0.019 SLSN-IIn 0.14 · · · [45]

SN2007bw14 17:11:01.99 +24:30:36.4 0.140 SLSN-IIn 0.04 · · · [46]

SN2008es15 11:56:49.13 +54:27:25.7 0.205 SLSN-II 0.01 38.0 (fast) [2, 47, 48]
SN2008fz16 23:16:16.60 +11:42:47.5 0.133 SLSN-IIn 0.04 · · · [49]

SN2009de17 13:00:37.49 +17:50:57.0 0.311 SLSN-I 0.04 · · · [50, 51, 52]

SN2009nm18 10:05:24.54 +51:16:38.7 0.210 SLSN-IIn 0.01 · · · [53, 54]
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Table 1 – continued Properties of the super-luminous supernovae in our sample

Object
R. A. Dec.

Redshift Type
E(B − V ) Decline time

Reference
(J2000) (J2000) (mag) τdec (days)

SN2011cp19 07:52:32.61 +21:53:29.7 0.380 SLSN-IIn 0.05 · · · [55]
SN2011ep20 17:03:41.78 +32:45:52.6 0.280 SLSN-I 0.02 · · · [56]

SN2013dg21 13:18:41.38 −07:04:43.1 0.265 SLSN-I 0.04 30.7 (fast) [2, 23]
SN2013hx22 01:35:32.83 −57:57:50.6 0.130 SLSN-II 0.02 33.6 (fast) [2, 57]

SN2013hy23 02:42:32.82 −01:21:30.1 0.663 SLSN-I 0.03 · · · [58]

SN2015bn24 11:33:41.57 +00:43:32.2 0.110 SLSN-I 0.02 · · · [59]
SN1000+0216† 10:00:05.87 +02:16:23.6 3.899 SLSN-I 0.02 · · · [60]

SN2213-1745† 22:13.39.97 −17:45:24.5 2.046 SLSN-I 0.02 · · · [60]

SNLS07D2bv 10:00:06.62 +02:38:35.8 ∼ 1.5 SLSN-I 0.02 · · · [22]

Note. — The coordinates refer to the positions of the supernovae. The Galactic extinction measurements are taken from Schlafly

& Finkbeiner (2011). We divide the sample into the spectroscopic sample (23 objects) presented in Leloudas et al. (2015c) and in a

non-spectroscopic sample (46 objects). The decay-time scale τdec is defined as the time when the luminosity of the pseudo-bolometric
g′r′i′z′ light curve dropped to Lmax/e. We divide the sample into fast and slow decliners if τdec < 50 and > 50 days, respectively.
† The classifications of SN1000+0213 and SN2213-1745 are based on photometry. The light curve of SN1000+0213 shows a bump before
the main emission similar to H-poor SLSNe SN2006oz and LSQ14bdq (for details see Leloudas et al. 2012; Nicholl et al. 2015a).

Alternative SN names: 1 CSS070320:124616+112555; 2 SNF20070406-008; 3 CSS090802:144910+292510, PTF09cwl;
4 CSS100313:112547-084941, PTF10cwr; 5 CSS110406:135058+261642, PTF11dij, PS1-11xk; 6 CSS111230:143658+163057;
7 CSS120121:094613+195028, PS1-12fo; 8 SSS120810:231802-560926; 9 CSS100217:102913+404220; 10 CSS121015:004244+132827;
11 CSS140925:005854+181322; 12 SSS120907:015030-214847; 13 MLS121104:021643+204009, LSQ12fzb; 14 SNF20070418-020; 15 ROTSE3

J115649.1+542725; 16 CSS080922:231617+114248; 17 CSS090102:130037+175057, PSN K0901-1; 18 CSS091120:100525+511639;
19 MLS110426:075233+215330, PSN J07523261+2153297; 20 CSS110414:170342+324553; 21 CSS130530:131841-070443,

MLS130517:131841-070443; 22 SMT J013533283-5757506; 23 DES13S2cmm; 24 CSS141223:113342+004332, MLS150211:113342+004333,

PS15ae

References. — [1]: Lunnan et al. (2013); [2]: Nicholl et al. (2015a); [3]: McCrum et al. (2014); [4]: Quimby et al. (2011c); [5]: Quimby

et al. (2010a); [6]: Inserra et al. (2013); [7]: Leloudas et al. (2015c); [8]: Gal-Yam (2012); [9]: Quimby et al. (2010b); [10]: Quimby et al.
(2011a); [11]: Nicholl et al. (2013); [12]: Knop et al. (1999); [13]: Nugent et al. (1999); [14]: Leloudas et al. (2012); [15]: Smith et al.

(2008); [16]: Gal-Yam et al. (2009); [17]: Young et al. (2010); [18]: Chatzopoulos et al. (2011); [19]: Pastorello et al. (2010); [20]: Vinko

et al. (2012); [21]: Quimby et al. (2013b); [22]: Howell et al. (2013); [23]: Nicholl et al. (2014); [24]: Drake et al. (2011a); [25]: Benetti et al.
(2014); [26]: Campbell et al. (2014); [27]: Castander et al. (2015); [28]: Graham et al. (2014); [29]: Smith et al. (2016); [30]: Vreeswijk

et al. (2014); [31]: Leget et al. (2014); [32]: Leloudas et al. (2015b); [33]: Nicholl et al. (2015b); [34]: Smith et al. (2014); [35]: Drake

et al. (2012); [36]: Fatkhullin & Gabdeev (2012); [37]: Chomiuk et al. (2011); [38]: McCrum et al. (2015); [39]: Lunnan et al. (2014); [40]:
Berger et al. (2012); [41]: Quimby et al. (2011b); [42]: Barbary et al. (2009); [43]: Rest et al. (2011); [44]: Quimby et al. (2007); [45]:

Smith et al. (2007); [46]: Agnoletto (2010); [47]: Gezari et al. (2009); [48]: Miller et al. (2009); [49]: Drake et al. (2010); [50]: Drake et al.

(2009b); [51]: Drake et al. (2009a); [52]: Moskvitin et al. (2010); [53]: Drake et al. (2009c); [54]: Christensen et al. (2009); [55]: Drake
et al. (2011b); [56]: Graham et al. (2011a); [57]: Inserra et al. (2016); [58]: Papadopoulos et al. (2015); [59]: Nicholl et al. (2016) [60]:
Cooke et al. (2012);

service mode. The visitor run took place between 29 May
and 2 June 2013. We used the FOcal Reducer and Spec-
trograph 2 instrument (FORS2; Appenzeller et al. 1998),
equipped with the red-sensitive CCD to secure data in
uBgV RIz. In addition, we obtained J and K band imaging
with the High Acuity Wide field K-band Imager (HAWK-I;
Pirard et al. 2004; Casali et al. 2006; Kissler-Patig et al.
2008). Additional optical and NIR data were obtained
with FORS2, the Infrared Spectrometer And Array Cam-
era (ISAAC; Moorwood et al. 1998) and HAWK-I in queue
mode.

The CAHA and GTC campaigns primarily focused on
targets on the northern hemisphere. The CAHA observing
programme was carried out with the 4-channel Bonn Uni-
versity Simultaneous CAmera (BUSCA; Reif et al. 1999) in
u′g′r′i′ at the 3.5-m CAHA telescope in 2012. We also used
the infrared wide-field camera Omega2000 (Kovács et al.
2004) to secure J and K band observations between 2013
and 2015 and also in Y andH band for a few targets. The ob-
jective of the campaign at the 10.4-m GTC telescope was to

secure deep imaging of SNe 2008es and 2009jh with the Op-
tical System for Imaging and low-Intermediate-Resolution
Integrated Spectroscopy (OSIRIS; Cepa et al. 2000) cam-
era.

Rest-frame UV data are critical to break degeneracies
in the SED modelling. For objects at z < 0.4, observations
in U or bluer filters are needed to probe the UV. GALEX
provided critical rest-frame UV data for most objects. In
addition, we secured UV photometry of five fields with the
UV/optical telescope UVOT on board the Swift satellite
in 2014 and incorporated archival UVOT data of a further
SLSN.

These core observing campaigns were complemented
by smaller observing programmes that targeted selected
host galaxies. We observed the field of SN2005ap with the
Andalucia Faint Object Spectrograph and Camera (AL-
FOSC) at the 2.54-m Nordic Optical Telescope and the
field of SN2007bi with ALFOSC and the 7-channel im-
ager Gamma-Ray Burst Optical/Near-Infrared Detector
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Figure 1. The redshift distribution of the SUSHIES survey. For

21 H-poor SLSNe, information about the decline time-scale are
available. The region hatched by ‘//’ displays the redshift dis-

tribution of the fast-decliners and the region highlighted by ‘\\’
signifies the redshift distribution of the slow-decliners. The red-
shift distribution of the three SLSNe-II, CSS121015, SN2008es

and SN2013hx, are highlighted by ‘o’. The median redshifts of

the H-poor and H-rich sample are z̃ = 0.46 (solid vertical line)
and z̃ = 0.21 (dashed vertical line), respectively.

(GROND; Greiner et al. 2008) at the 2.2-m Max-Planck-
Gesellschaft telescope.

To place limits on the total star-formation rate, we used
1.4 GHz data from the VLA Faint Images of the Radio
Sky at Twenty-Centimeters survey (FIRST; Becker et al.
1995), the NRAO VLA Sky Survey (NVSS, ν = 1.4 GHz;
Condon et al. 1998), and 843 MHz data from the Syd-
ney University Molonglo Sky Survey (SUMSS; Bock et al.
1999). In addition, we secured continuum observations of
MLS121104, SN2005ap and SN2008fz with the Karl Jansky
Very Large Array (JVLA; PI: Ibar).4 The continuum ob-
servations were performed in L band in the most extended
A-configuration in July and September 2015. The frequency
was centred at 1.5 GHz with a total synthesised bandwidth
of 1 GHz. We used the standard flux and bandwidth cali-
brator 3C48 for all the sources except SN2005ap, for which
we used 3C286 instead. For phase calibration purposes we
used bright nearby point-like sources from the VLA calibra-
tor list (MLS121104: J0238+1636; SN2005ap: J1310+3220;
and SN2008fz: J2330+1100). The key properties of each ob-
servation is reported in Tables A1.

2.3 Data reduction

We reduced all data in a consistent way with standard
routines in IRAF (Tody 1986). The typical steps are i)
bias/overscan subtraction, ii) flat-fielding, iii) fringe cor-
rection, iv) stacking of individual images and v) astromet-
ric calibration. For a few instruments we used instrument
specific software packages: the GEMINI IRAF package, the
GROND pipeline (Yoldaş et al. 2008; Krühler et al. 2008),
PHOTPIPE for PISCO data (Bleem et al. 2015), SDFRED1

4 Programme ID: 15A-224

and SDFRED2 for Subaru Suprime-Cam data (Yagi et al.
2002; Ouchi et al. 2004), THELI version 2.10.0 (Erben et al.
2005; Schirmer 2013) for the FourStar data, VLT instru-
ment pipelines for HAWK-I (version 1.8.18) and ISAAC
(version 6.1.3) data,5 and a customised pipeline for the Mag-
ellan/IMACS data. The world-coordinate systems were cal-
ibrated with astrometry.net version 0.5 (Lang et al. 2010).

UVOT data were retrieved from the Swift Data
Archive.6 We used the standard UVOT data analysis soft-
ware distributed with HEAsoft version 6.12, along with the
standard calibration data.7

The JVLA data were reduced using the Common As-
tronomy Software Applications package (CASA; McMullin
et al. 2007) and consisted of careful data flagging and
standard flux, bandwidth and phase calibration. No self-
calibration was performed to the data. The obtained flux
density root mean squares (r.m.s.) of the images are sum-
marised in Table A2.

3 METHODS

3.1 Host identification

We aligned our host-only images with the original SN images
that we retrieved from archives with Gaia version 4.4.6.8

The average alignment accuracy was ∼ 0.′′17. We neither
found (suitable) public data for 13 SNe from PanSTARSS,
nor for SNe 2006tf, 2009de, 2009nm and 2011cp (in total
17/69 objects). For those objects we relied on the reported
SN positions. Although this added an uncertainty to the
host identification, the SN positions always coincided with
a galaxy, which we assume is the host galaxy.

3.2 Photometry

We developed a Python programme that is based on Source

Extractor version 2.19.5 (Bertin & Arnouts 1996) to per-
form seeing matched aperture photometry. To measure the
total flux of the given object, the source radius was typically
2–4 times the full-width at half maximum (FWHM) of the
stellar PSF. In case another object was close to the SN posi-
tion or if the host had a large angular diameter, we adjusted
the extraction radius accordingly. If a host evaded detection
in all bands, we measured the flux and its uncertainty at the
SN position using an aperture with a radius of 4× FWHM.
Those measurements have very large uncertainties but they
can be easily included in the SED modelling in contrast to
upper limits.

Once an instrumental magnitude was established, it was
photometrically calibrated against the brightness of several
standard stars measured in a similar manner or tied to the
SDSS DR8 (Aihara et al. 2011) and the AAVSO (American
Association of Variable Star Observers) Photometric All-
Sky Survey (APASS) DR9 (Henden et al. 2016) catalogues.
For Bessell/Johnson/Cousins filters, we converted the pho-
tometry of stars in the SDSS catalogue from SDSS using

5 http://www.eso.org/sci/software/cpl/esorex.html
6 http://www.swift.ac.uk/swift portal/
7 http://heasarc.nasa.gov/lheasoft/
8 http://starlink.eao.hawaii.edu/starlink/2015ADownload
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the Lupton colour equations.9 In the NIR (JHKs), the pho-
tometry was tied to 2MASS. The UVOT photometry was
performed with the programme uvotsource. UVOT zero-
points are defined for an aperture with a diameter of 5′′.
We translated these zeropoints into those of our requested
apertures by applying simple aperture correction methods
for stars.

Finally, the measurements were corrected for Galac-
tic extinction using the extinction maps by Schlafly &
Finkbeiner (2011) and transformed into the AB system us-
ing Blanton & Roweis (2007) and Breeveld et al. (2011).

In total, we measured the brightness (and limits for
the non-detections) of 53 of the 69 objects, which also in-
cludes the re-evaluation of 27 individual data sets from the
Two Micron All Sky Survey (2MASS), CFHTLS and SDSS,
as well as several archival data sets. In addition, we aug-
mented the photometry of 31 objects by literature values,
such as GALEX , Pan-STARRS and WISE data. Owing to
GALEX ’s and WISE ’s large point-spread functions, we only
included their photometry if a contamination by neighbour-
ing objects could be excluded. Among the 16 objects whose
photometry is entirely based on literature results, four galax-
ies are in the footprint of the COSMOS survey: PS1-12zn,
PS1-12bqf, SN1000+0213 and SNLS07D2bv. Their photom-
etry is discussed here for the first time. Table A1 summarises
the photometry of each object.

3.3 Spectral-energy distribution fitting

We modelled the SEDs with Le Phare (Arnouts et al. 1999;
Ilbert et al. 2006),10 using a grid of galaxy templates based
on Bruzual & Charlot (2003) stellar population-synthesis
models with a Chabrier IMF (Chabrier 2003). The star-
formation history was approximated by a declining expo-
nential function of the form exp (−t/τ), where t is the age
of the stellar population and τ the e-folding time-scale of
the star-formation history (varied in eight steps between 0.1
and 15 Gyr). Furthermore, we assumed the Calzetti dust
attenuation curve (Calzetti et al. 2000). For a description
of the galaxy templates, physical parameters of the galaxy
fitting, and their error estimation, we refer to Krühler et al.
(2011).11.

As an extension to Krühler et al. (2011), we relaxed the
analysis threshold of the galaxy mass to 104 M� (which is
pushing the definition of a galaxy), because previous stud-
ies showed that SLSNe can occur in very low-mass galaxies
(Lunnan et al. 2014; Leloudas et al. 2015c; Angus et al.
2016). We modified the gas component in Le Phare by in-
corporating the observed relationship between line flux and
SFR for [O ii] and [O iii] by Krühler et al. (2015). The
attenuation of the ionised gas component was linked to the
stellar attenuation via E(B−V )star = 0.44×E(B−V )gas by
Calzetti et al. (2000). All attenuation measurements are re-
ported for E(B−V )gas. Finally, we used the high-resolution
BC03 templates, which are defined over 6900 wavelength

9 http://www.sdss.org/dr5/algorithms/sdssUBVRITransform.html
10 http://www.cfht.hawaii.edu/˜arnouts/LEPHARE
11 The templates used in this paper do not account for possible

binary star evolution, which could substantially alter SEDs (more

hard UV photons; e.g., Stanway et al. 2016)

points instead of 1221 wavelength points from 9.1 × 10−3

to 160 µm. To account for zeropoint offsets in the cross-
calibration and absolute flux scale, we added a systematic
error of 0.05 mag in quadrature to the uncertainty intro-
duced by photon noise. For GALEX , UVOT and K-band
data this systematic error was increased to 0.1 mag.

The absolute magnitudes were computed directly by
convolving the filter response functions with the best-fit tem-
plate. To compute the corresponding error σ(MQ) in the
rest-frame bandpass Q, we interpolated between the errors
of the apparent magnitudes σ (mk) and σ (ml) of the ob-
served band-pass k and l, respectively, via:

σ (MQ) =
σ (mk)− σ (ml)

λrest,k − λrest,l
(λrest,Q − λrest,l) + σ (ml)

where λrest,k/l = λobs,k/l/(1 + z) is the central wavelength
of the observer-frame bandpass k and l in the rest-frame
of the SLSNe. In case a rest-frame bandpass lies blue-
ward/redward of the observation in the bluest/reddest filter,
we set the error σ(MQ) to the error of the observation in the
bluest/reddest filter.

Our observations were characterised by a large set of dif-
ferent filters, of which several have similar bandpasses. To
simplify the fitting, we homogenised the filter set. Specifi-
cally, we set the filter response function of F336W , uPS1,
u∗, uvu to u′, F475, gDES, gHigh, gPS1, g+ to g′, rDES, rPS1,
r+ to r′, F775W , iDES, iPS1, i+ to i′’, F850LP , zDES,
zGunn, zPS1, z+ to z′, F390W U38 to U , Bj to B, V j
to V , Ic, F814W to I, yPS1 to Y , F160W to H, W1 to
Spitzer/3.6 µm, and W2 to Spitzer/4.5 µm. It can be seen
from our fits (Figs. 2, B1 and B2), and quality of the derived
host properties (Table 4), that the impact of these assump-
tions is negligible.

Studies of SLSN host galaxies and extreme emission-
line galaxies (e.g., Amoŕın et al. 2015) showed that emission
lines can significantly affect the SED fitting. To quantify
this effect, we repeated the SED fitting for our spectroscopic
sample (Leloudas et al. 2015c; Table 1). The contribution of
the emission line i on the photometry in filter j is given by

∆mi,j = −2.5 log

(
fλ,c (λ) + f iλ,l (λ)

fλ,c (λ)

)

= −2.5 log

(
1 +

∫
dλ f iλ,l (λ) Tj (λ)∫
dλ fλ,c (λ) Tj (λ)

)
where f iλ,l is the flux density of the emission line i, fλ,c
is the flux density of the stellar continuum and Tj (λ) is
the transmission function of the filter j. The strength of an
emission line can be characterised by its equivalent width,
EW, hence f iλ,l = fλ,c × EWi. Assuming that all emission
lines are narrow compared to the width of the broad-band
filter, the above expression simplifies to

∆mi,j = −2.5 × log

(
1 +

EWi Tj (λi)

∆λj,eff

)
where Tj (λi) is the filter response function of filter j at the
wavelength of the emission line i (in the air reference frame)
and ∆λj,eff is the effective width of the filter. In contrast
to the SED fitting, it was necessary to use the exact filter
transmission function of each instrument.

We subtracted the contribution of Hα–Hδ, [O ii], [O
iii], [N ii], [Ne ii] and [S ii] from the measured brightness
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in the broadband filter. Afterwards, we explicitly switched
off the contribution from the ionised gas of H ii regions
in Le Phare and repeated the fits with the emission-line-
subtracted SEDs. The result of this experiment is discussed
in Sect. 4.1.2.

3.4 Ensemble statistics

To compare observed distributions with distributions of
other galaxy samples (parent distributions), such as extreme
emission-line galaxies (hereafter EELGs), GRBs and SNe,
we performed an Monte-Carlo (MC) simulation as follows.
Each SLSN host measurement was represented by a nor-
mal distribution centred at the observed value and with a
width (1σ) determined from the asymmetric error or a uni-
form distribution between the upper limit and the small-
est/faintest value in the sample for those objects with up-
per limits only. A two-sided Anderson-Darling (AD) test
was performed between the resampled distributions and the
parent distributions, using the R package kSamples. This
process was repeated 10 000 times and a mean AD value
obtained. We rejected the null hypothesis of two distribu-
tions being drawn from the same parent distribution if the
corresponding chance probability pch was smaller than 0.01.

To complement the one-dimensional Anderson-Darling
tests, we also performed two-dimensional tests in the mass-
SFR plane. We first computed the mean mass and SFR of
the SLSN-host sample. After that, we bootstrapped 10 000
samples of size N from the other galaxy samples, where N is
the number of SLSNe in the given redshift interval, and com-
puted the mean mass and SFR of each bootstrapped sample.
Measurement errors were propagated through a MC simu-
lation as described above. Finally, we computed the region
that contained 99% of all realisations using the python pack-
age corner.py (Foreman-Mackey 2016). If the estimator of
the SLSN sample did not fall in that region, the chance
probability pch is less than 0.01 and we rejected the null
hypothesis of both distributions being statistically similar.

For each statistical test, we also performed a two-sided
AD test on the redshift distributions to minimise systematic
errors introduced by cosmic evolution, similar to Japelj et al.
(2016).

We extract robust estimates of the ensemble distribu-
tion functions with a Bayesian approach, which incorporates
the varying and asymmetric measurement uncertainties of
individual sources and the limited sample size. For this we
fit to the sample measurements in a quantity (e.g., in M?

or SFR) a normal distribution. We constrain its parame-
ters, the mean µ and standard deviation σ, with a likeli-
hood defined as the product of convolutions of that distri-
bution and the measurement probability distributions. The
fit uncertainties were obtained with the MultiNest package
(Feroz et al. 2013) through the python package PyMultiNest
(Buchner et al. 2014). Flat priors were assumed on µ and
log σ.

3.5 Comparison samples

We built several comparison samples to put SLSN host
galaxies in context with the cosmic star-formation history
and to better understand the peculiar conditions that gave
rise to this class of stellar explosion.

Core-collapse supernova host galaxies: Because of the
connection between SLSNe and massive stars, we compiled
core-collapse supernova (CCSN) host galaxy samples. As in
Leloudas et al. (2015c), we used SNe from untargeted (with
respect to galaxies) surveys. At z < 0.3, we use objects stud-
ied in Leloudas et al. (2011), Sanders et al. (2012) and Stoll
et al. (2013). All SNe in these samples have robust spectro-
scopic classifications. The combined sample consists of 44
type Ib/c SNe and 46 type II SNe. These studies provide
multi-band data, which are primarily based on SDSS pho-
tometry and also spectroscopy for a number of hosts. We
adopt the SED modelling by Leloudas et al. (2015c) for the
Leloudas et al. (2011) and Sanders et al. (2012) samples.
Note, the spectral energy distributions in Stoll et al. (2013)
were modelled with the FAST stellar population synthesis
code (Kriek et al. 2009) with the Bruzual & Charlot (2003)
templates and a Salpeter IMF. We reduced their SFRs and
galaxy masses by a factor of 1.8, to convert from a Salpeter
to a Chabrier IMF, used in this paper (Kennicutt 1998).

To expand the SN sample to redshifts larger than z >
0.3, where most of our SLSNe are found, we added the SN
sample from the Great Observatories Origins Deep Survey
(GOODS) and Probing Acceleration Now with Supernovae
(PANS) surveys (Riess et al. 2004). GOODS/PANS were
HST surveys to detect Type Ia SNe at high redshift. This
survey also located 58 distant CCSNe between z = 0.28
and z = 1.3 (the median being z̃ = 0.47). In contrast to
the low-z samples, their classification relied on photometric
data. The method allowed a distinction between Type Ia and
CCSNe, but not a categorisation into sub-types. Thanks to
the overlap with the GOODS field, each SN host has deep
rest-frame UV to NIR data. We adopt the results of the
SED modelling by Svensson et al. (2010). Note, these au-
thors modelled the SEDs with their own software that uses
observed SEDs of local galaxies and SEDs produced with
various spectral synthesis codes as templates. Furthermore,
they assumed a Salpeter IMF. Similar to Stoll et al. (2013),
the SFRs and the masses were reduced by a factor of 1.8 to
convert from a Salpeter to a Chabrier IMF.

GRB host galaxies: A member of our team (T. Krühler)
collected multi-band data of long GRBs. These GRBs are se-
lected to be part of one of the following complete GRB sam-
ples: GROND 4-hour sample (Greiner et al. 2011), TOUGH
survey (The Optically Unbiased GRB Host Galaxy sur-
vey; Hjorth et al. 2012), BAT-6 (Salvaterra et al. 2012)
or SHOALS (Swift Gamma-Ray Burst Host Galaxy Legacy
Survey; Perley et al. 2016b). The individual measurements
are reported in Krühler & Schady (2017). Among all hosts,
we selected those at z < 1 (52 in total). At these redshifts,
it is relatively easy to secure the GRB redshift, because of
the sparsity of dust-obscured bursts at z < 1, and to build
host samples with a high detection completeness. The SEDs
of this sample were analysed in a similar way as our SLSN
host galaxy sample.

COSMOS/UltraVISTA survey: To compare SLSN host
galaxies to field galaxies, we used the ultra-deep NIR sur-
vey UltraVISTA that observed an area of 1.8 deg2 down
to K(AB)s = 23.9 mag (5σ confidence). We chose the K-
band, i.e., mass, selected catalogue by Muzzin et al. (2013)
that overlaps with the COSMOS field. This catalogue pro-
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Table 2. Properties of the comparison samples and their selection criteria

Sample Selection criteria Number of Redshift Which properties

objects interval used?

Core-collapse supernova host galaxies (total number 265)

Leloudas et al. (2011) Ib/c SNe, detected by untargeted surveys 12 0.02 6 z 6 0.18 MB , mass, SFR1

(L11) spectroscopic classification z̃ = 0.04

Sanders et al. (2012) Ib/c SNe, detected by untargeted surveys 31 0.01 6 z 6 0.26 MB , mass, SFR1

(S12) spectroscopic classification z̃ = 0.03

Svensson et al. (2010) GOODS SN sample 165 0.28 6 z 6 1.30 MB , mass, SFR

photometric SN classification z̃ = 0.47
Stoll et al. (2013) first-year PTF CCSN sample 58 0.01 6 z 6 0.18 MB , mass, SFR

(S13) primarily Type II SNe z̃ = 0.04

Extreme emission-line galaxies (total number 227)

Amoŕın et al. (2014) VUDS survey (Le Fèvre et al. 2015), 31 0.21 6 z 6 0.86 colour, mR, MB ,
23 mag < I(AB) < 25 mag z̃ = 0.57 mass, SFR

Amoŕın et al. (2015) zCOSMOS survey, I(AB) 6 22.5 mag 165 0.11 < z < 0.92 colour, mR, MB ,

EWrest ([Oiii]λ5007) > 100 Å z̃ = 0.48 mass, SFR
Atek et al. (2011) WISPS survey (Atek et al. 2010), 0.5 < z < 2.3 9 0.9 6 z 6 2.04 mass, SFR

EWrest ([Oiii]λ5007) > 200 Å z̃ = 1.36

Maseda et al. (2014) 3D-HST survey (Brammer et al. 2012), colour selection 22 1.3 6 z 6 2.3 mass, SFR
emission-lines do not fall in the NIR band-gaps z̃ = 1.65

Field galaxies (total number 150 900)

Muzzin et al. (2013) K-band selected COSMOS/UltraVISTA survey 150 900 0.01 6 z 6 3.96 colour, mR, mass,

SFR > 10−3 M� yr−1, USE = 1, z < 4 z̃ = 0.97 SFR
10−13 yr−1 < sSFR < 10−7.5 yr−1

Long GRB host galaxies (total number 52)

Krühler & Schady (2017) z < 1, long-duration Swift GRBs detected before 52 0.06 6 z 6 0.98 colour, mR, MB ,

May 2014, part of the GROND 4-hour, TOUGH, SHOALS z̃ = 0.67 mass, SFR
BAT-6 samples

Note. — The selection criteria consist of the criteria from each individual survey and those we imposed to build the final samples. All

samples were cleaned from duplicates.
1 We used the re-computed values in Leloudas et al. (2015c).

vides observations in 30 bands from rest-frame UV to NIR.
Among all galaxies, we selected those at z < 4 with SFRs
of at least 10−3 M� yr−1, specific SFRs between 10−13 yr−1

and 10−7.5 yr−1, and “USE” flags equal to one. This sam-
ple comprises ∼ 151 000 galaxies with a median redshift of
z̃ = 0.97. Because of the small survey area, the number of
hosts at z < 0.1 is small. This does not affect our analysis
because only two SLSNe in our sample are at lower redshifts.

EELGs: Leloudas et al. (2015c) showed that H-poor SLSNe
are preferentially found in EELGs. We built a master sam-
ple including results from Atek et al. (2011), Amoŕın et al.
(2014, 2015) and Maseda et al. (2014). Those samples se-
lected EELGs by applying different brightness cuts, colour
selection criteria, spectroscopy and redshift constraints. The
total sample consists of 227 galaxies with rest-frame [O
iii]λ5007 equivalent widths of > 100 Å between z = 0.11
and z = 2.3. All surveys reported stellar mass and SFR for
each galaxy, but other properties, such as brightness, colour
or MB , were only reported for certain subsamples.

A summary of the individual surveys and which prop-
erties are used in this study is presented in Table 2.

4 RESULTS

4.1 Spectral-energy distribution modelling

4.1.1 Quality of the SED modelling

We made two assumptions to model all SEDs in an auto-
matic and self-consistent way: i) the SEDs can be described
by a stellar component with an exponentially declining star-
formation history and a contribution from the ionised gas of
the H ii regions and ii) the number of filters (n.o.f.) can
be reduced to the homogenised filter set in Sect. 3.3. Over
90% of our hosts have good fits with an average χ2/n.o.f. of
0.5 and derived physical parameters that are comparable to
other galaxy samples (Table 4, Figs. 2, B1, B2).

The fits of only six hosts had χ2/n.o.f. between 3.9 and
10.4. The fits of PS1-11bdn and SN1000+0216 are of poorer
quality (χ2/n.o.f. = 3.9 and 6.3, respectively) caused by
a few data points. The host of PS1-10bzj has very strong
emission lines that fall in the wings of the i′-band transmis-
sion function, which increased the normalised χ2 to 10.4.
Apart from data points in a few individual filters, the fits
are nonetheless very good and can be used without restric-
tion.

The fits of CSS100217, PTF11dsf, SN1999bd and
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102

103

104

F
ν

( µ
Jy

)

14

15

16

17

18

19

20

21

B
ri

gh
tn

es
s

(m
ag

A
B
)

SN2003ma (SLSN-IIn, z = 0.289)

log M/M� = 8.91+0.13
−0.12

SFR/M� yr−1 = 21.63+9.30
−5.60

Age/Myr = 42.6+31.0
−20.5

E (B − V ) = 0.04
χ2/n.o.f. = 1.4/4.0

103 104

Rest-frame wavelength (Å)
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Figure 2. Selection of spectral energy distributions of hosts of H-poor and -rich SLSNe from 700 to 60000 Å (detections: •; upper limits:

H). The solid line displays the best-fit model of the SED. The squares in a lighter shade are the model predicted magnitudes. The fitting
parameters are displayed for each SED. See Table 4 and Sect. 3.3 for details. The full collection of SEDs are shown in Figs. B1 and B2.

SN2006gy have to be used with more caution. Drake et al.
(2011a) revealed a narrow-line Seyfert in the host galaxy of
CSS100217. Furthermore, Leloudas et al. (2015c) reported
on the discovery of broad Hα and [O iii] in the host spec-
trum of PTF11dsf, which could be due to an AGN as
well. The hosts of SLSNe-IIn SN1999bd and SN2006gy are
evolved galaxies that experienced a recent starburst. This
is demonstrated by the detection of Balmer lines in both
spectra (Smith et al. 2007; Leloudas et al. 2015c; Fox et al.
2015), while the SED cannot be modelled by an exponen-
tially declining star-formation history. A reliable modelling
of the SEDs of these three hosts requires a detailed mod-
elling of their star-formation histories and the inclusion of
an AGN component, which is beyond the scope of this paper.
Leloudas et al. (2015c) mentioned that the host of PTF11dsf
could also harbour an AGN. Similar to the three aforemen-
tioned hosts, we only use the mass and the B-band lumi-
nosities of PTF11dsf’s host in our discussion, but not the
SFR.

4.1.2 Contribution of emission lines

Our SED modelling includes the contribution of the H ii
regions. This is of particular importance because previous
studies showed that emission lines can significantly affect
the SED fitting (e.g., Castellano et al. 2014; Lunnan et al.
2014; Chen et al. 2015; Santini et al. 2015). This motivated
Lunnan et al. (2014) to omit filters that were affected by [O
iii]λ5007, if [O iii] had a large equivalent width, and Chen
et al. (2015) to subtract the emission line contribution from
the broad-band photometry. Both approaches are strictly
limited to objects with host spectroscopy.

Thanks to Le Phare capabilities, we quantify the im-
pact of emission-lines on the SED fitting with a more sophis-
ticated approach. First, we fit the SEDs of the spectroscopic
subsample with templates that include a stellar and a gas

component. Then, we subtract the contribution of the emis-
sion lines from the broad-band photometry and fit the new
SEDs with a stellar component only, i.e., the gas component
is explicitly switched off in Le Phare.

Figure 3 shows how the primary diagnostics mass and
SFR change if emission lines are included in the SED fitting.
The absolute value of the average mean bias deviation and
the average root mean square error in the mass and SFR
estimates are < 0.06 dex and < 0.18 dex, respectively, and
smaller than the 1σ error bars of individual measurements.
The most critical object in this analysis is PTF12dam, the
most extreme SLSN host galaxy known to date. Its devia-
tions between the mass and SFR estimates with and with-
out lines are ∆SFR = log SFRw/ lines − log SFRw/o lines =
−0.47 ± 0.45 dex, ∆M = 0.48 ± 0.42 dex. Apart from this
object, the agreement between the two fits is excellent. This
reflects the fact that we have good photometry spanning
a large wavelength interval and a good handle on the gas
emission in the SED fitting, so that the uncertainty in the
emission-line contribution does not affect our results.

4.1.3 SED vs. emission-line diagnostics

By combining results from the spectroscopic observations in
Leloudas et al. (2015c) with the results from our SED mod-
elling, we have two independent estimates on the recent star-
formation activity for our spectroscopic sub-sample. Both
diagnostics assume a particular star-formation history and
a particular initial mass function. In addition, different di-
agnostics average the star-formation activity over different
time intervals, e.g., the Hα SFR-indicator is sensitive to the
star-formation activity over the past 6 Myr, whereas the
SFR derived from rest-frame UV continuum averages over
a time period of 100 Myr (e.g., Kennicutt & Evans 2012;
Calzetti 2013). Because of the extreme nature of SLSNe, we
examine whether we can isolate the differences that occur
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due to the time-scales that the Hα and SED-inferred SFRs
probe.

Assessing these differences requires that the systematic
uncertainties in the data are well understood. Spectroscopic
observations with slits are subject to flux losses, because a
slit may only cover a part of a given galaxy. Most SLSN host
galaxies are relatively compact (Lunnan et al. 2015) so that
the expected losses are small. To correct these, Leloudas
et al. (2015c) convolved the spectrum of a given object with
the filter bandpasses of its imaging data to extract synthetic

photometry. In most cases, a simple rescaling was sufficient
to adjust the absolute flux scale, i.e., the extracted spectrum
is representative for the entire galaxy. Only a few objects
required low-order polynomials to correct the warping of the
spectrum. In the following, we use the spectroscopic data of
a sub-sample of 16 host galaxies with a reliable absolute flux
scale.

Figure 4 compares the extinction-corrected SFR’s from
SED modelling and Hα emission lines of these 16 hosts. Both
diagnostics reassuringly show consistency. The mean bias
deviation and the mean r.m.s. between the Hα and SED
derived SFRs are −0.16 ± 0.37 dex and 0.63 ± 0.20 dex,
respectively. Conroy (2013) pointed out that a systematic
uncertainty in the SED-based SFRs of a factor of 0.3 dex
is expected. Our observed value is larger than the expected
value but consistent within 2σ.

The most interesting object in our sample to iden-
tify differences in the SFR indicators is again the host of
PTF12dam. Thöne et al. (2015) reported that the head of
the tadpole galaxy is characterised by a very young stellar
population which is ∼ 3 Myr old. Calzetti (2013) showed
that in such cases, the UV SFR estimator will be under-
estimated by a factor of a few. We measure an excess of
0.74 ± 0.27 dex in the Hα inferred SFR. Even in that case,
the deviation between the Hα- and SED-inferred SFRs only
has a significance of < 2.7σ, reassuring us that even in such
an extreme case the SED modelling can provide robust re-
sults.

4.2 Host offsets

Figures 5, C1 and C2 show postage stamps of each field
in our sample. The detected host galaxies (detection rate
of ≈ 90%) are marked by green circles. The SN positions,
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Figure 5. Selection of postage stamps of the hosts of H-poor and -rich SLSN host galaxies in our sample. The images were taken before
the SN occurred or after the SN faded. Each panel has a size of 20′′ × 20′′ where North is up and East is left. The crosshair marks the

position of the SNe after aligning on a SN and a host image (H-poor SLSN: blue; H-rich SLSNe: red). If no SN image was available, a

circle in blue or red (arbitrary radius) is shown instead, indicating the SN position reported in the literature. The average alignment
error is 0.′′17 but it exceeds 1.′′0 in a few cases. The green circle (arbitrary radius) marks the host galaxy. The observed absolute B-band

magnitude is displayed in the lower left corner. The image of SNLS07D2bv is smoothed with a Gaussian kernel (width of 1 px) to improve

the visibility of the field. The complete collection of postage stamps is shown in Figs. C1 and C2.

after astrometrically aligning the SN and the host images,
are indicated by crosshairs. The average uncertainty of 0.′′17
is dominated by the different pixel scales of the SN and
host images. In a few examples, this uncertainty exceeds 1′′

because of the coarse spatial resolution of the SN images,
the small spatial overlap of SN and host images, or the low
number of reference stars. We lack SN images for 17 hosts
in our sample. Their SN positions are indicated by circles as
reported in the literature.

Thanks to the high host recovery rate (85% and 100%
for H-poor and H-rich SLSNe, respectively), we present a
relatively complete distribution of the distances between the
SN positions and the barycentres of the host light (predom-
inantly in r′ band) of H-poor and H-rich SLSNe. In addi-
tion, we incorporate results on CSS100217 by Drake et al.
(2011a), on SN2003ma by Rest et al. (2011) and on Pan-
STARRS SLSNe by Lunnan et al. (2015). The observed dis-
tribution is skewed to small radii (the expectation value be-
ing 1.3 kpc) but has a long tail extending up to 12 kpc. For
the smallest offsets, the measurements are comparable to
the errors. In this regime, Gaussian noise superimposed on
a vector with length µ results in a non-Gaussian probabil-
ity distribution of the vector length, i.e., an overestimated
host offset (Rice 1944). The expected probability distribu-
tion function of a host offset measurement r is given by

p (r|µ, σ) =
r

σ2
I0
(r µ
σ2

)
exp

(
−r

2 + µ2

σ2

)
where µ is the true offset, σ is the dispersion of the distri-
bution, which can be assumed to be comparable to the mea-

surement error, and I0 is the modified Bessel function of the
first kind. By differentiating p (r|µ, σ) with respect to r, a
closure relation can be derived between the observed offset,
its error and the true offset (Wardle & Kronberg 1974):

I0
(r µ
σ2

)(
1− r2

σ2

)
+
r µ

σ2
I1
(r µ
σ2

)
= 0 .

We solved this equation numerically to build the intrin-
sic host offset distribution. The black curve in Fig. 6 shows
the joint cumulative distribution of H-poor and -rich SLSNe.
The grey-shaded regions display the expected parameter
space of our distribution after bootstrapping the sample
30 000 times with darker regions, indicating a higher proba-
bility. The distribution is well described by the cumulative
distribution function of a negative exponential distribution
1− exp (−r/rmean) with a mean offset of rmean ∼ 1.3 kpc.

The fit underpredicts the fraction of hosts with offsets
smaller than < 0.5 kpc and > 4 kpc. The discrepancy for
small host offsets can be reconciled with the alignment errors
between SN and host image, and intrinsically small host off-
sets. As the alignment error exceeds the offset measurement,
the closure relation is only fulfilled if µ = 0. Therefore, the
fraction of SLSNe with negligible host offsets is a strict upper
limit. In addition, any inclination will lead to an underesti-
mation of the true host offset. The blue and red curves in
Fig. 6 show the observed offset distribution after separating
the sample in H-poor and -rich SLSNe, respectively. Both
samples are statistically identical.

The offsets of PTF11rks and SN1999as are> 10 kpc and
therefore they exceed the median of 0.7 kpc by a large factor.
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Figure 6. Host offset cumulative distribution for 41 H-poor

(blue) and 13 H-rich (red) SLSNe and the total sample (black).
The shaded region displays the expected parameter space after

bootstrapping the sample 30 000 times. The dotted, vertical line

indicates the median offset. We shifted the distribution by 1 kpc
in order to use a logarithmic scaling for presentation purposes.

The host of SN1999as is an irregular galaxy interacting with
its environment (Fig. 5). At the explosion site a faint object
is detected in continuum. The explosion site of PTF11rks
is connected by a linear feature with the nucleus (Perley
et al. 2016b). This could point to a spiral galaxy morphology
or galaxy interaction whereby the SN exploded in a faint
satellite galaxy. Spectroscopic observation of SN1999as by
Leloudas et al. (2015c) showed that the explosion site is
characterised by strong emission lines. In this case, the true
host is a fainter galaxy that is difficult to disentangle from
the more massive galaxy.

4.3 Brightness, colour and luminosity

4.3.1 Brightness and luminosity

More than 87% of all hosts were detected at > 2σ confidence
in a R-band filter. Their observed distribution, displayed
in the upper panel of Fig. 7, extends from R ∼ 13.3 mag
(SN2006gy) to R ∼ 27.9 mag (SCP06F6) and shows a clear
trend to fainter galaxies as redshift increases (Table 3). The
average brightness of SLSN-I host galaxies decreases from
mR ∼ 22.7 mag at z ∼ 0.5 to mR ∼ 25.4 mag at z > 1,
while the dispersion remains at ∼ 1.6 mag at all redshifts.
Compared to a sample of star-forming galaxies from the Ul-
traVISTA survey (density plot in Fig. 7), they are on average
fainter and their distributions become more incompatible as
redshift increases.

The class of H-poor SLSNe is comprised of fast- and
slow-declining SLSNe, which might have different progeni-
tors and host environments. Using the gap in the decline
time scale at ∼ 50 days (Table 1), we define a sub-sample of
12 fast and seven slow declining H-poor SLSNe at z < 0.5
(Table 1). The properties of the two samples appear to be
indistinguishable (Table 3). However, the samples are too
small to draw a conclusion yet.

Host galaxies of H-rich SLSNe are on average 1.5 mag
brighter than hosts of H-poor SLSNe at z < 0.5 (upper
panel in Fig. 7; Table 3). Most striking about the SLSN-
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Figure 7. Top: The observed R-band host magnitude as a func-
tion of redshift for H-poor (blue) and H-rich (red) SLSNe. In case
of a R-band upper limit, the measurement is displayed as a down-

ward pointing triangle. The hosts of fast and slow-declining H-
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R − Ks colour evolution of SUSHIES, GRB host galaxies and
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Bottom: The colour evolution of galaxies with a metallicity of 0.2

solar for different stellar population ages, derived from templates
by Bruzual & Charlot (2003). The tracks are shown up to z = 3.5

to avoid corrections for Lyα absorption in the host galaxies and
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extinction, metallicity and emission-lines with very large equiva-

lent widths, such as Hα and [O iii]λ5007, can alter the intrinsic
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(indicated by the bars at the bottom).
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Table 3. Statistical properties of H-poor and -rich SLSN host galaxies per redshift bin

Sample Number
Mean m

(a)
R (R−Ks)(a) MB logM/M�

log SFR log sSFR

redshift (mag) (mag) (mag) (M� yr−1) (yr−1)

z 6 0.5

I-fast 11 0.21
22.96± 0.48 −0.10± 0.24 (8) −16.71± 0.37 7.86± 0.16 −0.89± 0.08 −8.70± 0.11

1.46+0.42
−0.33 0.41+0.37

−0.19 1.14+0.31
−0.24 0.45+0.14

−0.11 0.03+0.05
−0.02 0.05+0.11

−0.04

I-slow 5 0.24
23.06± 1.58 0.01± 0.26 (4) −16.76± 0.96 7.69± 0.49 −0.73± 0.29 −8.55± 0.33

3.00+1.43
−0.97 0.07+0.20

−0.05 1.82+0.80
−0.50 0.86+0.49

−0.31 0.22+0.63
−0.16 0.15+0.52

−0.12

H-poor 27 0.24
22.68± 0.34 0.07± 0.16 (16) −17.10± 0.30 7.94± 0.13 −0.61± 0.11 −8.59± 0.10

1.75+0.27
−0.24 0.50+0.16

−0.12 1.45+0.23
−0.20 0.62+0.12

−0.10 0.40+0.13
−0.10 0.10+0.24

−0.07

II 3 0.21
24.46± 1.46 · · · −15.29± 1.48 7.22± 0.93 −1.27± 0.72 −8.39± 0.42

1.77+1.47
−0.80 · · · 2.31+1.50

−0.90 1.18+0.93
−0.52 0.80+1.01

−0.45 0.08+0.26
−0.06

IIn(b) 13 0.21
20.37± 0.96 (12) 0.83± 0.22 (10) −18.89± 0.67 9.08± 0.35 −0.16± 0.39 (9) −8.71± 0.31 (9)

3.25+0.82
−0.65 0.60+0.19

−0.14 2.30+0.56
−0.45 1.23+0.30

−0.24 1.03+0.36
−0.27 0.57+0.31

−0.20

H-rich(b) 16 0.21
21.20± 0.90 (15) 0.80± 0.20 (11) −18.18± 0.70 8.74± 0.38 −0.45± 0.33 (12) −8.61± 0.23 (12)

3.41+0.73
−0.60 0.57+0.17

−0.13 2.70+0.57
−0.47 1.37+0.29

−0.24 1.05+0.27
−0.24 0.46+0.32

−0.19

0.5 < z 6 1.0

H-poor 14 0.73
25.24± 0.54 (13) 1.11± 0.07 (4) −17.66± 0.44 8.50± 0.24 −0.10± 0.19 −8.56± 0.21

1.86+0.47
−0.37 0.03+0.05

−0.02 1.52+0.34
−0.28 0.71+0.22

−0.17 0.44+0.25
−0.16 0.47+0.18

−0.13

1.0 < z 6 4.0

H-poor 12 1.67
25.38± 0.43 (11) 1.59± 0.60 (5) −19.86± 0.68 8.91± 0.27 0.70± 0.30 −8.00± 0.23

1.32+0.35
−0.27 0.75+1.00

−0.43 2.25+0.58
−0.46 0.77+0.24

−0.18 0.93+0.24
−0.19 0.25+0.54

−0.17

Note. — The first row of each ensemble property shows the mean value and its error and the second row the standard deviation of
the sample. The values of the R-band brightness, the B-band luminosity and the R−Ks colour are not corrected for host attenuation.

The H-poor and H-rich samples include all SLSNe irrespective of sub-type.
(a) The number of objects with measured R−Ks colour or with an F625W/R/r′-band observation are given in parenthesis, if they are
less than the total number in the sample.
(b) SNe 1999bd and 2006gy are not considered in the sSFR and SFR calculations because their star-formation histories (SFHs) is more

complex than assumed in this paper, while CSS100217 and PTF11dsf are excluded because of a possible AGN contamination.

II/IIn host population is the exceptionally large dispersion
of 3.4 mag that is even a factor of 2–3 larger than that
of H-poor SLSNe and the UltraVISTA sample (Tables 3,
D1; Fig. D1). The large dispersion remains after separating
out the three SLSNe-II from the H-rich population (Table
1). The distribution is incompatible with the UltraVISTA
sample (chance probability pch = 7 × 10−4) and with the
fainter and narrower distribution of SLSN-I host galaxies
(pch = 8.4 × 10−3). Among the hosts of the three SLSNe-
II are two of the faintest H-rich SLSN host galaxies in our
sample (R ∼ 24.6–26.4; Table A1). They are more than a
hundred times fainter than an L?B galaxy at z ∼ 0.2 (Faber
et al. 2007), and about two magnitudes fainter than the SMC
galaxy at z ∼ 0.2.

Panel A of Figure 8 shows the evolution of the absolute
B-band luminosity (not corrected for host reddening) with
redshift. The distribution spans a wide range from −13 to
−22 mag. Compared with appropriate luminosity functions
(e.g., Faber et al. 2007; Ilbert et al. 2005; Marchesini et al.
2007, tracks in Fig. 8), the span corresponds to a range from
a few thousandths of L? to a few L?. Clear differences are
visible between hosts of H-poor and -rich SLSNe. In their
common redshift interval (z < 0.5), the distribution of the
H-poor SLSN hosts is narrower by > 1 mag and in addi-
tion shifted by ∼ 1 mag towards lower luminosities (Table
3). Intriguingly, the luminosity distribution shows a rapid

evolution from 0.04 L? at z < 1 to ∼ 0.2 L? at z > 1. We
discuss its origin in Sect. 5.1.

With the B-band luminosity distribution in hand we
put SLSN host galaxies into context with unbiased GRB
and regular core-collapse SN host galaxy samples. Between
z = 0.3 and z = 1, Type I SLSNe reside in galaxies that are
1.61±0.42 mag less luminous than GRBs. The AD test gives
a chance probability of pch = 2 × 10−4 that both distribu-
tions are drawn from the same parent distribution (Fig. 14).
This result contradicts Japelj et al. (2016), who argued that
previously claimed differences between the two populations
are an artefact of the comparison methodology. We discuss
this finding in Sec. 5.4.1 in detail. The population of SLSN-
I host galaxies is also incompatible with those of regular
core-collapse SNe from untargeted surveys at all redshifts
(pch < 1 × 10−5; Figs. 14). In contrast, the SLSN-IIn host
population is closer to the GRB host population (pch > 0.26;
Figs. 16).

4.3.2 R−Ks colour

The middle panel of Fig. 7 shows the redshift evolution of
the R−Ks colour of the 25 H-poor and 11 H-rich SLSN hosts
with R andKs-band observations. The colour varies between
∼ −2 and 3 mag, though with large errors. No SLSNe are
found in extremely red objects (EROs, R−Ks > 3.3 mag).
At z < 0.5, SLSN-I hosts are characterised by significantly
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bluer average colours (R − Ks ∼ 0.07 mag; Table 3) than
star-forming galaxies from the UltraVISTA survey (grey
shaded region; R−Ks ∼ 1.10 mag; Table D1). The chance of
randomly drawing a distribution from the UltraVISTA sam-
ple that is at least as extreme as the SLSN-I is < 10−5. The
average colour is > 0.45 ± 0.19 mag bluer and statistically
incompatible with those extreme emission galaxies in the
VUDS and zCOSMOS surveys (pch < 1 × 10−2). At z > 1,
the average colour increases to 1.59 ± 0.60 mag, but still
remains below the average colour of UltraVISTA galaxies
(2.43 mag; Tables 3, D1).

The mean colour of hydrogen-rich SLSNe (R − Ks ∼
0.80 mag) is modestly bluer compared to the general pop-
ulation of star-forming galaxies in the UltraVISTA survey
and of GRB host galaxies (Tables 3, D1). While the dis-
persions of the brightness and luminosity distributions are
broader than of other galaxy samples, the colour distri-
bution has a dispersion comparable to all other samples
[σ(R − Ks) ∼ 0.57 mag; Tables 3, D1]. Hosts of type II
SLSNe tend to be too faint to obtain meaningful Ks-band
constraints, which prevents contrasting their properties to
the ensemble of type IIn SLSNe.

In the bottom panel of Fig. 7, we overlay expected
colour-tracks for the stellar population synthesis templates
from Bruzual & Charlot (2003) for a metallicity of 0.2 so-
lar and a wide range of ages. The colour of SLSN-I hosts
of ∼ 0 mag at z < 0.5 points to stellar population ages of
several up to a few hundred million years, whereas H-rich
SLSNe are found in galaxies with a redder R−Ks colour be-
cause of more evolved stellar populations. However, the ex-
act relation between colour and age is a complicated function
of metallicity, extinction, the equivalent width of emission
lines and star-formation histories (for a detailed discussion
see Conroy 2013). The vectors in Fig. 7 indicate how they
can alter the intrinsic colour.

A critical aspect of this analysis is the R and Ks-band
observing completeness. Almost all hosts were observed in
R band, but only ∼ 57% were observed in Ks band. The
colour incompleteness is a direct consequence of the diffi-
culty to obtain meaningful Ks-band constraints for hosts
fainter than Ks = 23–24 mag. This is supported by the
SED modelling, which always suggests Ks-band magnitudes
below this detection limit and colours that are compara-
ble to the observed colour distribution. In the unlikely case
that the hosts without Ks-band observations had Ks = 23–
24 mag, the colour distribution would span a range from 0.3
to 4.7 mag. Such red colours are in stark contrast to the
observed distribution, the SED modelling, and SN observa-
tions (e.g., Quimby et al. 2011c; Inserra et al. 2013; Lunnan
et al. 2013; Nicholl et al. 2014).

4.4 Physical properties and distribution functions

In the following, we take advantage of the full SUSHIES
sample and present distribution functions of the primary
diagnostics mass and SFR of H-poor and -rich SLSNe host
galaxies.12 Figures 2, B1 and B2 show the best fit of each

12 We omit discussing the age of the stellar populations and their

attenuation. In particular, the age is notoriously difficult to mea-

sure accurately and precisely.
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Figure 8. Evolution of the physical properties of SLSN host

galaxies and comparison samples with redshift. Symbols are iden-

tical to previous figures. In panel A, we overlay the evolution of
the characteristic luminosity L? of the B-band luminosity func-

tion of blue galaxies, reported in Faber et al. (2007), Ilbert et al.

(2005) and Marchesini et al. (2007) in grey, and several luminos-
ity tracks. In panel B, we overlay the evolution of the charac-

teristic mass M? of the mass function from the GAMA (Baldry

et al. 2012) and UltraVISTA surveys in grey, and several mass
tracks. These characteristic masses and luminosities are defined

where the power-law form of the Schechter function cuts off. The
parameter space of the UltraVISTA sample is shown as a grey-

shaded density plot in panel C. For clarity, measurement errors

are omitted for the comparison samples. They are comparable to
those of the SLSN host galaxies.
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Table 4. Results from the spectral energy distribution modelling

SLSN Redshift χ2/n.o.f.
E(B − V ) MFUV MB MKs log SFR log M log sSFR log Age

(mag; host) (mag) (mag) (mag) (M� yr−1) (M�) (yr−1) (yr)

SLSN-I host galaxies

CSS140925 0.460 0.32/4 0.50 −17.96 ± 0.24 −19.82 ± 0.26 < −21.12 0.56
+0.66
−0.34

9.04
+0.44
−0.41

−8.34
+0.68
−0.67

8.37
+0.57
−0.65

DES14S2qri 1.500 1.06/4 0.07 −18.19 ± 0.82 < −22.63 < −24.15 0.37
+1.39
−0.34

8.76
+1.65
−0.87

−8.14
+0.73
−1.07

8.19
+0.80
−0.69

DES14X2byo 0.869 0.00/2 0.30 −14.86 ± 0.99 < −15.97 < −16.71 −1.05
+0.83
−0.32

7.30
+1.13
−0.78

−8.14
+0.72
−1.06

8.19
+0.79
−0.68

DES14X3taz 0.608 4.78/8 0.00 −16.57 ± 0.20 −17.37 ± 0.17 −17.13 ± 0.19 −0.65
+0.48
−0.24

8.04
+0.19
−0.19

−8.64
+0.46
−0.34

8.60
+0.33
−0.39

iPTF13ajg† 0.740 0.00/1 0.00 −16.68 ± 0.21 < −15.84 < −15.08 −0.70
+1.02
−0.33

7.66
+1.36
−0.79

−8.15
+0.74
−1.15

8.22
+0.82
−0.71

LSQ12dlf‡ 0.255 0.54/5 0.00 −14.72 ± 0.25 −15.38 ± 0.17 −15.91 ± 0.31 −1.36
+0.54
−0.43

7.56
+0.33
−0.34

−8.86
+0.75
−0.85

8.73
+0.73
−0.57

LSQ14an 0.163 5.60/10 0.01 −18.34 ± 0.26 −18.71 ± 0.09 −18.60 ± 0.11 0.12
+0.20
−0.18

8.54
+0.13
−0.17

−8.42
+0.27
−0.20

8.48
+0.20
−0.29

LSQ14mo‡ 0.256 2.37/5 0.00 −15.92 ± 0.08 −16.66 ± 0.11 −16.95 ± 0.13 −0.84
+0.42
−0.34

7.89
+0.15
−0.19

−8.77
+0.62
−0.43

8.67
+0.35
−0.48

LSQ14bdq† 0.345 5.77/5 0.00 −16.46 ± 0.21 −15.80 ± 0.23 < −14.09 −0.79
+0.39
−0.26

6.64
+0.30
−0.27

−7.41
+0.63
−0.52

7.50
+0.47
−0.76

LSQ14fxj 0.360 0.27/3 0.00 −18.40 ± 0.99 −17.34 ± 0.99 < −16.03 −0.13
+0.63
−0.41

8.10
+0.94
−0.62

−8.10
+0.71
−1.09

8.16
+0.83
−0.67

MLS121104 0.303 8.46/7 0.20 −18.18 ± 0.17 −19.74 ± 0.14 −20.57 ± 0.13 0.71
+0.39
−0.56

9.27
+0.25
−0.24

−8.56
+0.59
−0.82

8.60
+0.86
−0.57

PS1-10ky 0.956 0.01/4 0.20 −15.66 ± 0.99 −15.56 ± 0.37 < −13.73 −0.91
+0.65
−0.33

7.27
+1.07
−0.61

−8.06
+0.68
−0.99

8.10
+0.86
−0.63

PS1-10pm 1.206 0.30/4 0.50 < −17.61 −19.21 ± 0.26 −19.68 ± 0.09 0.24
+0.62
−0.26

8.85
+0.23
−0.69

−8.42
+0.79
−0.57

8.45
+0.52
−0.74

PS1-10ahf 1.158 3.98/5 0.30 −17.10 ± 0.25 −17.72 ± 0.99 −17.62 ± 0.99 −0.19
+0.56
−0.29

8.05
+0.63
−0.59

−8.10
+0.66
−0.75

8.15
+0.59
−0.62

PS1-10awh 0.909 0.09/4 0.50 < −14.11 −18.18 ± 0.32 −22.01 ± 0.28 0.46
+0.82
−1.68

9.45
+0.56
−0.56

−9.22
+0.98
−1.36

8.97
+0.63
−0.67

PS1-10bzj‡ 0.649 51.95/5 0.00 −18.64 ± 0.09 −18.70 ± 0.12 −18.18 ± 0.17 −0.21
+0.17
−0.54

8.76
+0.61
−0.35

−8.95
+0.49
−1.12

8.93
+0.66
−0.41

PS1-11ap† 0.524 1.83/5 0.00 −18.00 ± 0.05 −18.79 ± 0.11 −18.55 ± 0.37 −0.20
+0.19
−0.19

8.70
+0.13
−0.13

−8.89
+0.22
−0.21

8.71
+0.28
−0.24

PS1-11tt 1.283 0.00/2 0.00 < −18.49 −18.04 ± 0.22 −17.24 ± 0.07 0.09
+0.29
−0.17

7.71
+0.22
−0.25

−7.58
+0.38
−0.35

7.65
+0.34
−0.40

PS1-11afv 1.407 0.00/2 0.10 < −18.70 −19.45 ± 0.19 −19.79 ± 0.09 0.32
+0.50
−0.22

8.76
+0.19
−0.19

−8.39
+0.49
−0.35

8.42
+0.29
−0.46

PS1-11aib 0.997 1.34/5 0.20 −15.62 ± 0.71 −18.61 ± 0.34 −21.11 ± 0.32 0.65
+0.97
−1.65

9.50
+0.52
−0.52

−9.01
+1.02
−1.52

8.88
+0.67
−0.84

PS1-11bam 1.565 0.56/5 0.02 −20.81 ± 0.14 −21.03 ± 0.15 −20.66 ± 0.15 1.01
+0.29
−0.18

9.04
+0.37
−0.37

−8.01
+0.56
−0.52

8.04
+0.52
−0.51

PS1-11bdn 0.738 31.69/5 0.50 −15.19 ± 0.11 −16.84 ± 0.25 < −16.49 0.69
+0.29
−0.29

8.06
+0.25
−0.26

−7.42
+0.51
−0.48

7.50
+0.45
−0.55

PS1-12zn 0.674 12.73/12 0.20 −17.76 ± 0.14 −18.65 ± 0.06 −19.37 ± 0.07 0.43
+0.13
−0.13

8.50
+0.11
−0.12

−8.06
+0.16
−0.21

8.14
+0.23
−0.18

PS1-12bmy 1.566 3.22/6 0.00 −18.96 ± 0.11 −20.33 ± 0.29 < −19.79 0.34
+0.44
−0.33

9.53
+0.31
−0.26

−9.31
+0.69
−0.36

8.92
+0.58
−0.42

PS1-12bqf 0.522 9.88/15 0.10 −18.55 ± 0.09 −20.30 ± 0.05 −21.14 ± 0.07 0.30
+0.17
−0.19

9.71
+0.04
−0.04

−9.40
+0.16
−0.23

8.93
+0.08
−0.05

PS1-13gt 0.884 0.00/1 0.00 < −18.13 < −17.11 < −16.04 −0.19
+0.84
−0.35

8.14
+1.18
−0.72

−8.15
+0.74
−1.11

8.22
+0.82
−0.71

PTF09atu 0.501 0.93/5 0.00 < −15.22 −15.80 ± 0.25 < −14.98 −1.18
+0.42
−0.27

7.26
+0.32
−0.36

−8.38
+0.61
−0.55

8.40
+0.47
−0.60

PTF09cnd† 0.258 2.67/6 0.00 −16.97 ± 0.32 −17.24 ± 0.08 −16.87 ± 0.46 −0.64
+0.21
−0.18

7.87
+0.20
−0.21

−8.49
+0.32
−0.31

8.52
+0.21
−0.31

PTF10hgi‡ 0.099 7.40/7 0.01 −14.36 ± 0.24 −16.04 ± 0.24 −16.09 ± 0.18 −1.02
+0.44
−0.52

7.58
+0.29
−0.31

−8.62
+0.69
−0.71

8.61
+0.38
−0.61

PTF10vqv 0.452 0.51/6 0.07 −18.60 ± 0.12 −17.90 ± 0.17 −16.92 ± 0.99 0.12
+0.33
−0.21

7.63
+0.26
−0.21

−7.48
+0.46
−0.37

7.55
+0.36
−0.54

PTF11rks‡ 0.190 8.72/9 0.00 −17.27 ± 0.50 −18.87 ± 0.07 −19.20 ± 0.41 −0.46
+0.38
−0.43

8.96
+0.12
−0.14

−9.43
+0.44
−0.46

8.98
+0.36
−0.31

PTF12dam† 0.107 24.66/13 0.02 −18.65 ± 0.19 −19.30 ± 0.05 −18.61 ± 0.32 −0.00
+0.27
−0.26

8.89
+0.15
−0.30

−8.87
+0.35
−0.19

8.69
+0.29
−0.36

SCP06F6‡ 1.189 0.00/1 0.00 −16.56 ± 0.21 < −15.50 < −14.19 −0.77
+0.70
−0.30

7.51
+1.21
−0.72

−8.10
+0.71
−1.05

8.14
+0.81
−0.66

SN1999as 0.127 17.97/11 0.10 −17.93 ± 0.28 −19.11 ± 0.08 −19.38 ± 0.13 0.14
+0.37
−0.35

8.94
+0.20
−0.17

−8.83
+0.48
−0.39

8.65
+0.33
−0.33

SN2005ap‡ 0.283 10.52/10 0.00 −16.44 ± 0.10 −17.00 ± 0.25 −16.21 ± 0.36 −0.89
+0.19
−0.21

7.95
+0.11
−0.15

−8.82
+0.26
−0.21

8.66
+0.25
−0.22

SN2006oz 0.396 15.05/7 0.15 −15.50 ± 0.25 −17.05 ± 0.08 −17.53 ± 0.22 −0.90
+0.37
−0.47

8.27
+0.14
−0.12

−9.18
+0.38
−0.52

8.89
+0.41
−0.34

SN2007bi† 0.128 6.62/9 0.04 −14.52 ± 0.34 −16.09 ± 0.24 −15.73 ± 0.24 −1.71
+0.53
−0.52

7.92
+0.20
−0.21

−9.68
+0.65
−0.41

8.88
+0.15
−0.27

SN2009de 0.311 0.99/4 0.30 −16.50 ± 0.99 −17.19 ± 0.99 < −17.87 −0.42
+0.70
−0.45

7.94
+0.93
−0.66

−8.20
+0.76
−1.27

8.26
+1.04
−0.73

SN2009jh† 0.349 5.87/5 0.15 < −14.85 −15.19 ± 0.18 −15.70 ± 0.16 −1.24
+0.42
−0.51

7.15
+0.36
−0.30

−8.36
+0.69
−0.92

8.42
+0.60
−0.69

SN2010gx‡ 0.230 2.85/5 0.00 −16.30 ± 0.06 −16.98 ± 0.06 −16.96 ± 0.05 −0.93
+0.19
−0.32

7.97
+0.14
−0.13

−8.89
+0.23
−0.37

8.87
+0.13
−0.30

SN2010kd 0.101 4.37/5 0.15 −15.83 ± 0.53 −15.57 ± 0.07 −15.22 ± 0.07 −0.98
+0.44
−0.31

7.30
+0.25
−0.29

−8.25
+0.61
−0.52

8.30
+0.40
−0.59

SN2011ep 0.280 0.02/4 0.15 −18.17 ± 0.41 < −18.05 < −16.02 0.05
+0.41
−0.30

7.79
+0.42
−0.36

−7.71
+0.51
−0.58

7.74
+0.59
−0.49

SN2011ke‡ 0.143 2.70/6 0.00 −16.38 ± 0.09 −16.66 ± 0.06 −16.57 ± 0.27 −0.82
+0.24
−0.23

7.50
+0.20
−0.18

−8.34
+0.31
−0.23

8.40
+0.25
−0.33

SN2011kf‡ 0.245 4.60/6 0.00 −16.41 ± 0.08 −16.68 ± 0.08 −15.72 ± 0.43 −0.86
+0.18
−0.20

7.58
+0.19
−0.22

−8.43
+0.33
−0.32

8.43
+0.24
−0.29

SN2012il‡ 0.175 12.26/10 0.02 −16.82 ± 0.37 −17.86 ± 0.09 −17.19 ± 0.21 −0.74
+0.22
−0.36

8.20
+0.18
−0.17

−8.92
+0.27
−0.48

8.68
+0.27
−0.19

SN2013dg‡ 0.265 0.11/3 0.80 −11.05 ± 0.68 −14.42 ± 0.60 < −17.15 −1.43
+0.80
−0.52

7.09
+0.82
−0.70

−8.34
+0.81
−1.32

8.39
+1.09
−0.78

SN2013hy 0.663 0.31/4 0.01 −18.39 ± 0.14 −19.25 ± 0.11 −19.06 ± 0.18 0.20
+0.68
−0.30

8.85
+0.21
−0.19

−8.59
+0.62
−0.42

8.56
+0.39
−0.54

SN2015bn 0.110 8.18/6 0.30 −14.81 ± 0.59 −16.02 ± 0.17 −17.27 ± 0.41 −1.06
+0.69
−0.50

7.50
+0.38
−0.35

−8.51
+0.72
−0.73

8.52
+0.50
−0.66

SN1000+0216 3.899 42.94/11 0.30 −21.52 ± 0.08 −22.53 ± 0.08 −23.65 ± 0.28 2.45
+0.09
−0.09

9.93
+0.12
−0.13

−7.46
+0.14
−0.18

7.53
+0.16
−0.21

SN2213-1745 2.046 0.34/6 0.02 −21.00 ± 0.05 −22.16 ± 0.13 −21.44 ± 0.13 1.23
+0.23
−0.38

10.23
+0.36
−0.26

−9.15
+0.55
−0.34

8.90
+0.43
−0.41

SNLS06D4eu 1.588 2.47/7 0.30 −20.00 ± 0.05 −20.65 ± 0.18 < −19.34 2.02
+0.14
−0.25

8.92
+0.41
−0.11

−6.91
+0.25
−0.65

6.96
+0.65
−0.27

SNLS07D2bv 1.500 5.34/9 0.00 −17.66 ± 0.20 −18.72 ± 0.34 −19.23 ± 0.60 −0.24
+0.35
−0.20

8.39
+0.62
−0.60

−8.58
+0.76
−0.79

8.57
+0.74
−0.68

SSS120810‡ 0.156 5.20/7 0.00 −16.61 ± 0.18 −16.79 ± 0.11 −15.80 ± 0.24 −0.86
+0.73
−0.31

7.42
+0.21
−0.17

−8.35
+1.00
−0.31

8.27
+0.30
−0.82

SLSN-IIn host galaxies

CSS100217 0.147 78.34/11 0.50 −19.64 ± 0.09 −21.26 ± 0.05 −21.76 ± 0.05 2.35
+0.24
−0.14

9.82
+0.20
−0.07

−7.46
+0.10
−0.11

7.53
+0.08
−0.05

PTF10heh 0.338 2.97/7 0.15 −15.84 ± 0.21 −17.88 ± 0.09 −18.66 ± 0.13 −0.36
+0.44
−0.41

8.61
+0.17
−0.17

−8.97
+0.56
−0.54

8.87
+0.60
−0.47

PTF10qaf 0.284 0.49/6 0.00 −17.71 ± 0.16 −18.40 ± 0.15 −18.98 ± 0.19 0.11
+0.50
−0.50

8.73
+0.22
−0.25

−8.61
+0.71
−0.73

8.63
+0.69
−0.67

PTF11dsf 0.385 18.56/8 0.00 −18.84 ± 0.30 −19.91 ± 0.07 −19.09 ± 0.38 −0.72
+0.12
−0.13

9.12
+0.07
−0.07

−9.85
+0.13
−0.16

8.67
+0.04
−0.05

SN1999bd 0.151 52.37/11 0.80 −16.02 ± 0.33 −18.95 ± 0.07 −19.99 ± 0.10 2.42
+0.22
−0.10

9.10
+0.22
−0.11

−6.70
+0.07
−0.07

6.70
+0.03
−0.03

SN2003ma 0.289 1.43/4 0.04 −21.31 ± 0.08 −21.02 ± 0.07 −20.91 ± 0.17 1.34
+0.16
−0.13

8.91
+0.13
−0.12

−7.55
+0.21
−0.24

7.63
+0.24
−0.29

SN2006gy 0.019 46.32/10 0.15 −13.54 ± 0.10 −20.46 ± 0.05 −22.99 ± 0.05 −1.12
+0.08
−0.08

11.70
+0.06
−0.21

−6.78
+0.12
−7.17

9.91
+0.10
−3.18

SN2006tf 0.074 8.54/11 0.07 −15.45 ± 0.18 −16.49 ± 0.06 −17.05 ± 0.10 −1.25
+0.48
−0.37

7.54
+0.47
−0.20

−8.88
+0.35
−0.29

8.86
+0.40
−0.35

SN2007bw 0.140 14.85/8 0.04 −17.72 ± 0.25 −20.13 ± 0.06 −20.59 ± 0.09 −0.24
+0.47
−0.37

9.39
+0.19
−0.09

−9.74
+0.53
−0.25

8.70
+0.30
−0.07

SN2008am 0.233 5.63/12 0.20 −19.02 ± 0.11 −20.19 ± 0.06 −20.70 ± 0.14 0.74
+0.23
−0.24

9.28
+0.13
−0.15

−8.50
+0.20
−0.35

8.57
+0.33
−0.24
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Table 4 – continued Results from the spectral energy distribution modelling

SLSN Redshift χ2/n.o.f.
E(B − V ) MFUV MB MKs log SFR log M log sSFR log Age

(mag; host) (mag) (mag) (mag) (M� yr−1) (M�) (yr−1) (yr)

SLSN-IIn host galaxies (continued)

SN2008fz 0.133 1.53/6 0.01 −12.43 ± 0.55 −13.22 ± 0.32 −13.56 ± 0.08 −2.08
+0.47
−0.48

6.55
+0.25
−0.28

−8.64
+0.71
−0.67

8.62
+0.41
−0.62

SN2009nm 0.210 2.39/5 0.15 −14.61 ± 0.21 −17.65 ± 0.18 −17.71 ± 0.21 −0.60
+0.65
−0.62

8.65
+0.33
−0.34

−9.20
+0.79
−0.83

8.95
+0.62
−0.52

SN2011cp 0.380 10.25/9 0.30 −16.90 ± 0.28 −20.04 ± 0.14 −21.79 ± 0.08 0.37
+0.93
−0.64

10.18
+0.17
−0.25

−9.88
+1.28
−0.70

9.53
+0.32
−0.89

SLSN-II host galaxies

CSS121015‡ 0.287 0.97/6 0.00 −16.70 ± 0.08 −17.33 ± 0.07 −17.53 ± 0.29 −0.52
+0.38
−0.29

8.15
+0.15
−0.17

−8.69
+0.51
−0.35

8.65
+0.33
−0.43

SN2008es‡ 0.205 0.84/4 0.00 −12.95 ± 0.30 −13.66 ± 0.25 −12.79 ± 0.40 −1.99
+0.28
−0.27

6.19
+0.33
−0.36

−8.15
+0.57
−0.54

8.19
+0.43
−0.53

SN2013hx‡ 0.130 1.55/3 0.50 −12.04 ± 0.38 −14.22 ± 0.38 −16.43 ± 0.33 −1.38
+0.81
−0.60

7.14
+0.71
−0.67

−8.33
+0.79
−1.32

8.38
+1.10
−0.77

Note. — The absolute magnitudes are not corrected for host reddening, to compare those measurements with luminosity functions
from flux-limited surveys. The star-formation rates are corrected for host reddening. The host attenuation was modelled with the Calzetti

model. The abbreviation ‘n.o.f.’ stands for number of filters. The age refers to the age of the stellar population. Objects with measured

decline time-scale are marked by a †/‡ if their decay is slower/faster than 50 days. For details on the fitting, see Sect. 3.3.

host galaxy and the evolution of the galaxy properties are
shown in Fig. 8. Table 4 lists the model parameters. The
ensemble properties in different redshift bins are summarised
in Table 3.

4.4.1 Stellar mass

The host masses (panel B in Fig. 8) span a range between
106 and 1010 M� for both classes of SLSNe. This dearth of
hosts above 1010 M� is remarkable. Assuming that SLSNe
populate galaxies according to their star-formation rate, we
would in fact expect ∼ 40% of hosts galaxies to have masses
above 1010 M�. However, only one of the 53 SLSNe-I and
two of the 16 H-rich SLSNe have such a high stellar mass.
The probability of randomly drawing a sample that is at
least as extreme as the SLSN-I sample from UltraVISTA,
weighted by the SFR, is < 10−5 at all redshifts (Fig. 14).
For H-rich SLSNe, this scenario cannot be excluded, how-
ever, as we will show below, the H-rich SLSN host sample has
also some peculiar properties compared to the general popu-
lation of star-forming galaxies. The lack of massive galaxies
for both classes strongly argues for a stifled production effi-
ciency in massive galaxies (see also Perley et al. 2016b). We
investigate its origin in detail in Sect. 5.2.

Apart from the dearth of massive hosts, we observe
clear differences between the host populations of both SLSN
classes. H-poor SLSNe are preferentially found in galaxies
with average masses of∼ 107.9 M� at z = 0.5. As redshift in-
creases, the average masses gradually increase to∼ 108.9 M�
at z > 1, while the dispersion remains constant at∼ 0.65 dex
(Figs. 8, D1; Table 3). Using the parametrisation of the mass
function in Muzzin et al. (2013), the average masses corre-
spond to 1/500 M? and 1/50 M? at z ∼ 0.5 and z ∼ 1,
respectively. Differences between the hosts of fast and slow-
declining SLSNe are not present in our sample. A two-sided
Anderson-Darling test gives p value of 0.72.

Hydrogen-rich SLSNe, in contrast to SLSNe-I, probe a
significantly larger portion of the parameter space of the
general population of star-forming galaxies. Their distribu-
tion is not only shifted by 0.8 dex to higher masses, but the
distribution also includes three hosts that are even less mas-
sive than the least massive SLSN-I host. The dispersion is
∼ 0.8 dex broader compared to the H-poor sample and even

∼ 0.5 dex broader compared to the UltraVISTA survey (Ta-
bles 3, D1). Despite a larger dispersion, the probability of
randomly drawing a distribution that is at least as extreme
as the H-rich population from the UltraVISTA sample is
25% and hence does not point to a significant difference to
the general population of star-forming galaxies Even after
separating out the three SLSNe-II, of which two occurred in
galaxies with masses between 106 and 107 M�, the disper-
sion remains unchanged. While this result is noteworthy, the
chance probability to randomly draw the SLSN-IIn sample
from the UltraVISTA sample is 21% (Fig. 16).

4.4.2 Star-formation rate

Panel C in Fig. 8 displays the evolution of the dust-corrected
star-formation rate (SFR). Hosts of H-poor SLSNe have sim-
ilar SFRs to the general population of star-forming galaxies
(Tables 3, D1), but smaller SFRs than host galaxies of GRBs
and regular core-collapse SNe. The mean SFR rapidly grows
with increasing look-back time from 0.25 M� yr−1 at z < 0.5
to 5 M� yr−1 at z > 1 (Table 3). In singular cases, the SFR
reaches > 100 M� yr−1 (SN1000+0216 and SNLS06D4eu;
Table 8). While the mean value evolves with redshift, the
dispersion remains constant at ∼ 0.4 dex. The SFR increases
somewhat faster compared to UltraVISTA, out to z ∼ 2, but
statistically both distributions remain similar (Fig. 14).

Host galaxies of H-rich SLSNe exhibit different charac-
teristics. The three H-rich SLSNe with broad Balmer emis-
sion lines exploded in galaxies with low SFRs. Two of the
hosts (SNe 2008es and 2013hx) have very low SFRs between
0.01 and 0.1 M� yr−1. In contrast, SLSNe-IIn are found in
a more diverse population of star-forming galaxies. Their
defining property is again the large dispersion of ∼ 1 dex
(Table 3). Their average SFR is only modestly larger com-
pared to the galaxy samples discussed in this paper (Fig.
D1).

Although the SFRs of SLSN-I hosts are similar to the
general population of star-forming galaxies, they are on av-
erage less vigorously star-forming than GRB and regular
CCSN host galaxies. However, in the previous section, we
revealed that especially the H-poor SLSNe are found in very
low mass galaxies. Likewise, hosts of H-rich SLSNe have
higher average SFRs but their mass distribution is skewed
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Figure 9. Specific star-formation rate versus stellar mass in three different redshift intervals. The SUSHIES sample is displayed in red

and blue. Similar to previous figures, hosts of slow- and fast-declining SLSNe-I are signified by “?” and “�”, respectively. In contrast to
the other plots, we use the Hα and IR luminosity as an SFR indicator for SLSNe-IIn SN1999bd and SN2006gy, respectively (highlighted

by a •; measurements taken from Smith et al. 2007 and Leloudas et al. 2015c). Overlaid are the locus of star-forming galaxies from the

UltraVISTA survey (grey shaded area) and of other comparison samples (in colour). The black curve shows the location of the galaxy
main sequence in each redshift bin. The values were taken from Whitaker et al. (2014) and Lee et al. (2015). Measurement errors are

omitted for comparison samples. They are similar to those of SLSN host galaxies.

to higher masses and is substantially broader. To better un-
derstand how SLSN host galaxies fit in the context of other
galaxy samples, we normalise the SFR by the stellar mass
(so-called specific star-formation rate, sSFR).

Figure 9 displays the two classes of SLSNe in the sSFR-
mass plane in three different redshift intervals. Both classes
are characterised by high sSFR between 10−8.7 yr−1 and
10−8.0 yr−1 at all redshifts. They reside in a part of the pa-
rameter space well above the galaxy main-sequence (black
curves in Fig. 9) that is occupied by starburst galaxies. The
most extreme hosts have sSFR that are two orders of magni-
tude in excess to the galaxy main sequence, indicating that
some hosts experience very extreme starbursts. In general,
SLSN-I hosts are found in the region of the parameter space
that is occupied by extreme emission-line galaxies and more
extreme than of GRBs and of regular CCSNe, which trace
the bulk of the population of star-forming galaxies. Host
galaxies of H-rich SLSNe have high sSFR as well but be-
cause of their high stellar masses, their parameter space is
more extended.

4.5 A radio perspective on SLSN host galaxies

Radio emission from star-forming galaxies is an excellent
tracer of the total SFR (Condon 1992; Schmitt et al. 2006;
Murphy et al. 2011; Calzetti 2013). In contrast to SED mod-
elling and emission-line diagnostics, e.g., Balmer lines, it
is independent of any extinction correction, although radio
SFRs do suffer from time-delay for SNe to explode and cre-
ate sufficient cosmic rays.

Almost all SLSN hosts lie in the footprints of wide-field
radio surveys, such as FIRST, NVSS and SUMSS. All hosts
evaded detection in individual images down to the nomi-
nal r.m.s. levels of the surveys: FIRST ∼ 0.15 mJy/beam,
NVSS ∼ 0.45 mJy/beam and SUMSS ∼ 1.3 mJy/beam (see
Table A2 for individual measurements). To place tighter con-

straints on the average radio brightness of the host popula-
tions, we stack the data of the 51 fields with VLA FIRST
data. We first divide the sample into three redshift bins
(z 6 0.5, 0.5 < z 6 1.0 and z > 1) and according to the
SN type. Afterwards, we centre the images on the super-
nova positions and median-combine them. Also, in the stacks
no host population is detected down to an r.m.s. of 32–60
µJy/beam at all redshifts (Table 5).

Following the method in Micha lowski et al. (2009),
we translate the flux density into SFR limits.13 The non-
detections correspond to 4σ SFR limits between 8.0M� yr−1

at z ∼ 0.23 to 326 M� yr−1 at z ∼ 1.41, and exceed the
SED-derived SFRs by factors 21 to 120 (Table 5). This al-
lows ruling out truly extreme obscured star formation, in
agreement with the observed R − Ks colours and the ab-
sence of reddened SLSNe in our sample.

In addition to the survey data, the hosts of MLS121104,
SN2005ap and SN2008fz were targets of our JVLA cam-
paign. All three hosts evaded detection down to nominal
r.m.s. values of 15, 25 and 15 µJy/beam for MLS121104,
SN2005ap and SN2008fz, respectively. Those limits corre-
spond to 4σ SFR limits of 6.2, 9.0 and 1.6M� yr−1, re-
spectively. The limit on MLS121104 is of particular interest.
It is the only known host with a super-solar metal abun-
dance. The SED modelling revealed a dust-corrected SFR
of 5.13+7.46

−3.72 M� yr−1 (Table 4), which is comparable to the
radio limit within errors, implying that the optical diagnos-
tics probed the total star formation activity in the galaxy.
The high upper limits on the hosts of SNe 2005ap and 2008fz
exceed the SED-SFRs by at least a factor of 50 and, hence,
do not have much meaning (Table 4).

13 This method is based on Bell (2003) and assumes a power-

law shaped radio continuum with a spectral index of α = −0.75
(Fν ∝ να; Condon 1992; Ibar et al. 2009).
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Table 5. Properties of the stacked FIRST data

Redshift
Number

r.m.s. log SFR(tot.) log SFR(SED)

interval (µJy/beam) (M�yr−1) (M�yr−1)

H-poor SLSN host galaxies

z 6 0.5 17 42.5 < 1.11 −0.61± 0.12

(〈z〉 = 0.26)

0.5 < z 6 1.0 12 44.2 < 1.96 −0.10± 0.19

(〈z〉 = 0.74)

1.0 < z 6 4.0 9 56.3 < 2.51 0.68± 0.30

(〈z〉 = 1.41)

H-rich SLSN host galaxies

z 6 0.5 13 49.4 < 1.00 −0.44± 0.36

(〈z〉 = 0.21)

H-poor and H-rich SLSN host galaxies

z 6 0.5 30 32.2 < 0.90 −0.42± 0.17

(〈z〉 = 0.23)

Note. — The r.m.s. level is calculated from the stacked FIRST

image and converted into a 4σ limit on the total unobscured
star-formation rate at the median redshift of each sample. The

weighted means of the SED-derived SFR is reported for compar-
ison. For details, see Sect. 4.5. The second value in the redshift

column reports the mean redshift of each redshift interval.

5 DISCUSSION

5.1 Evolution of SLSN-I host galaxies

In the previous sections, we revealed a rapid evolution of
B-band luminosity and the SFR of SLSN-I host galaxies.
In the following, we quantify how mass, FUV luminosity
(as a tracer of the SFR) and the B-band luminosity of the
SLSN-I host population evolve throughout cosmic time. The
redshift evolution of these diagnostics is displayed in Fig.
10 (left panels). We fit these data with the linear model
Y = A+B log (1 + z) and propagate errors through an MC
simulation and bootstrapping, as described in Sect. 3.4.

The left panels in Fig. 10 show the best fits and their 1σ
error contours. The mass, FUV and the B-band luminosity
of SLSN-I hosts show a moderate to strong redshift depen-
dence with a linear correlation coefficient between |r| = 0.5
and |r| = 0.6 (Table 6). The probability of generating each
of these linear correlations by chance is between 4 × 10−5

and 3.5× 10−6, respectively (∼ 4.0–4.5σ; Table 6).
To isolate the differential evolution of SLSN host galax-

ies from known global trends, we repeat the analysis after
subtracting the evolution of the mass function, and the FUV
and B-band luminosity functions of star-forming galaxies.
As tracers for the secular evolution, we use the characteris-
tic luminosities and masses of the luminosity and mass func-
tions: FUV: Wyder et al. (2005) and Cucciati et al. (2012);
B band: Madgwick et al. (2002), Faber et al. (2007) and
Marchesini et al. (2007); and mass: Baldry et al. (2012),
Muzzin et al. (2013) and Grazian et al. (2015).

The right panels in Fig. 10 show the redshift evolution of
the host properties after detrending. The strong redshift evo-
lution in the B band and the FUV is consistent with the gen-
eral cosmic evolution of star-forming galaxies. After detrend-
ing the data, the differential evolution in the FUV and B
band is consistent with no evolution. The chance probability
increases from < 4×10−5 to > 2×10−2 (i.e., < 3σ; Table 6).
The galaxy mass, on the other hand, still shows a moderate
redshift dependence [∆M/∆ log(1 + z) = 2.92+0.89

−0.88], though
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Figure 10. Mass, FUV luminosity at 1500 Å (as proxy of the

observed SFR) and B-band luminosity plotted vs. redshift (detec-
tions: •; non-detections: H). The observed evolution (left panels)

is the sum of the differential evolution of SLSN-I host galaxies and

the general cosmic evolution of star-forming galaxies. This general
cosmic evolution is indicated by the evolution of the characteristic

luminosity and mass of appropriate luminosity and mass functions

(black data points; x-errors indicate the redshift intervals of the
luminosity and mass functions). The right panels display the dif-

ferential evolution of SLSN-I host galaxies after detrending. Each
data set was fitted with the linear model Y = A+B log (1 + z).
The curves represent the best fit and the shaded regions the 1σ

error contour. The slopes of the best fits are displayed at the

bottom of the panels. Note the significant change in the redshift
evolution of the FUV and B-band luminosity after detrending,

while the evolution of the galaxy mass remains unchanged.

with a significantly higher chance probability of 1.1× 10−4

(equivalent to 3.9σ; Table 6).

Intriguingly, the rate with which the stellar mass of
SLSN-I host galaxies increases with redshift before and after
detrending is close to the redshift dependence of the charac-
teristic mass in the mass-metallicity relation [∆M/∆ log(1+
z) ∼ 2.64; Zahid et al. 2014]. This suggests that metallicity
could be a regulating factor in the SLSN production (as ar-
gued by Chen et al. 2017 and Perley et al. 2016b). In the
following section, we investigate this relationship in detail.

Due to the small redshift range probed by our H-rich
SLSN sample, the redshift dependence of their physical
properties is inconclusive.
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Table 6. Redshift evolution of SLSN-I host galaxies

Property
Linear correlation Linear model

r pch slope intercept

Before removing the cosmic evolution of SF galaxies

Mass 0.52+0.13
−0.18 7.7× 10−5 3.00+0.81

−0.89 7.68+0.30
−0.31

MFUV −0.53+0.13
−0.10 4.0× 10−5 −7.17+1.57

−1.37 −15.63+0.53
−0.50

MB −0.59+0.13
−0.10 3.5× 10−6 −8.08+1.64

−1.35 −16.28+0.41
−0.40

After removing the cosmic evolution of SF galaxies

Mass 0.51+0.14
−0.18 1.1× 10−4 2.92+0.89

−0.88 7.68+0.29
−0.31

MFUV −0.24+0.14
−0.13 7.7× 10−2 −2.83+1.62

−1.58 −16.04+0.46
−0.44

MB −0.32+0.15
−0.13 2.1× 10−2 −3.66+1.63

−1.37 −16.28+0.41
−0.40

Note. — The two sets of fits show the redshift evolution be-
fore and after correction for global trends of star-forming (SF)

galaxies. The columns of the linear correlation analysis display

the linear correlation coefficient r, and the corresponding chance
probability pch. The redshift evolution is parametrised with the

linear model Y = A+B log (1 + z).

5.2 Metallicity bias

5.2.1 Dependence of SLSN formation on host galaxy mass

To quantify the effect of the physical parameters of SLSN
host galaxies on SLSN formation, we contrast the galactic
environments of SLSN explosions to those of star-forming
galaxies in general. In addition to our SLSN host data, we
hence require a census of cosmic star-formation in the re-
spective redshift range as complete as possible. Fortunately,
numerous deep-field photometric galaxy surveys compiled
in recent years provide a good match to our SLSN imaging
data.

The deepest surveys that probe a sufficient cosmic vol-
ume are COSMOS (Scoville et al. 2007) and CANDELS
(Grogin et al. 2011; Koekemoer et al. 2011); both have
high completeness levels for galaxies above stellar masses
of M? & 108M� at z ∼ 0.5 (e.g., Tomczak et al. 2014).
However, this is still two orders of magnitude higher than
our least massive SLSN hosts (Table 4). Nonetheless, we ex-
trapolate the mass functions to the lowest observed galaxy
masses (M ∼ 106 M�). This extrapolation will add some un-
certainty, but mass and luminosity functions of star-forming
galaxies are rather well constrained and show no hints for
plunging at the faint-end.

The primary parameter that we are interested in is
galaxy stellar mass M?, because it is known to correlate well
with the average galaxy metallicity. Metallicity, in turn, has
a strong effect on the evolution of massive stars through
line-driven stellar winds. Similar considerations have previ-
ously been applied to GRB hosts, where after a long debate,
the impact of metallicity on long GRB-selected galaxies is
now relatively robustly established (e.g., Krühler et al. 2015;
Schulze et al. 2015; Vergani et al. 2015; Perley et al. 2016c).

In addition to galaxies from wide-field surveys, we also
compare the mass distribution of our SLSN hosts to those of
star-forming galaxies selected through GRBs (Hjorth et al.
2012; Perley et al. 2016a) and low-redshift core-collapse su-
pernovae from untargeted surveys (Stoll et al. 2013). The
latter is a particularly suitable control sample, as normal
CCSNe are thought to trace all star-forming environments
in a relatively direct and unbiased way (Stoll et al. 2013).
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Figure 11. Cumulative histograms of the stellar-mass distribu-

tions of various galaxy samples at z < 0.5. SLSNe-I show a strong

preference for the least massive hosts, even compared to GRBs.
The mass distribution of H-rich SLSNe and GRBs is similar and

skewed by 0.6 dex to higher masses than the SLSN-I sample. The

SN sample was taken from Stoll et al. (2013).

For simplicity and the sake of clarity, we do not differentiate
between CCSNe sub-types.

Figure 11 shows the cumulative histograms of stellar
masses for the four kinds of transients at z < 0.5. Clearly,
SLSNe-I trace the least massive systems. The median stel-
lar mass increases towards GRB hosts and galaxies selected
by more frequent regular CCSNe (Fig. 11). An Anderson-
Darling test between GRB and SLSN-I host galaxies at
z < 0.5 rejects the notion that long GRBs and SLSN-I have
similar host mass distributions (pch < 8× 10−4). Moreover,
at z < 1.0, none of the SLSN-I hosts in our sample of 41
events has a stellar mass above 1010 M�, whereas ∼ 40%
of CCSNe form in such massive galaxies. Thus, it is imme-
diately obvious that a strong effect prevents SLSN-I from
forming in galaxies of high stellar mass.

SLSN-IIn hosts are 0.8 dex more massive than SLSN-
I hosts, as noted previously in Leloudas et al. (2015c) and
Perley et al. (2016b). Their mass distribution is comparable
to the GRB hosts (within the limited number statistics).
Here, we also find a lack of massive hosts above 1010 M�,
though the metallicity dependence is weaker.

5.2.2 SLSNe are biased tracers of SFR

Under the working hypothesis that massive stars are the
progenitors of SLSNe, they should also trace star formation
in a particular way. However, previous experience with GRB
hosts has illustrated that environmental factors, most com-
monly attributed to a low progenitor metallicity, can have
a significant effect (e.g., Graham & Fruchter 2013; Schulze
et al. 2015; Perley et al. 2016b). This effect is presumably
even stronger in SLSN-selected galaxies, considering their
mass distributions (Fig. 11).

To better illustrate the efficiency of SLSN production
with host stellar mass (or metallicity), we need to normalise
the number of SLSN-selected galaxies by the contribution of
similar massive systems to the cosmic star-formation at the
given redshifts. We derive this by starting with the stellar
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Figure 12. Histogram of the mass distribution of SLSN-I host

galaxies and hosts of CCSNe from the Stoll et al. (2013) sample

at z < 1. The area of each histogram is normalised to unity. The
yellow curve shows the SFR-weighted CANDELS mass function.

This model describes the observed distribution for CCSNe reason-

ably well. To match the distribution of H-poor SLSN host galax-
ies, a further weighting is required that stifles the SLSN produc-

tion in high-mass galaxies. This mass-dependent (i.e., metallicity

dependent) production efficiency can be modelled by an exponen-
tial metallicity cut-off at 12 + log O/H = 8.31+0.16

−0.26 (blue curve).

The dashed lines of the model fits indicate the mass regime where
the CANDELS mass function (MF) had to be extrapolated.

mass function Φ(M)dM of star-forming galaxies from CAN-
DELS. This yields the number density of galaxies per stellar
mass bin. We use the parametrisation of Φ for star-forming
galaxies from Table 2 of Tomczak et al. (2014) and note
that the stellar-mass functions from Ilbert et al. (2013) or
Muzzin et al. (2013) are similar and do not alter our con-
clusions significantly.

Then, we sum the star-formation rate of all contributing
galaxies by integrating over the scatter of all galaxies in the
galaxy main sequence at a given stellar mass (e.g., Whitaker
et al. 2012; Sobral et al. 2014; Speagle et al. 2014; Tasca et al.
2015). The SFR-weighted mass histogram, shown in Fig. 12
in yellow, peaks at around 109.5−10.5 M�, and provides a
good match to the sample of host galaxies of CCSN selected
from untargeted surveys. In contrast, the mass histogram
of SLSN-hosting galaxies peaks two orders of magnitudes
lower, which is clearly inconsistent with the typical environ-
ments where the bulk of the stars are produced at z ∼ 0.5.

5.2.3 SLSNe production efficiency

We modelled the SLSN-I host stellar mass histogram by ap-
plying a function that describes an efficiency ρ(M) of pro-
ducing SLSNe from star-formation. We chose ρ(M) as an
exponential function in the form of ρ = exp(−βM/M0),
where M0 is a characteristic cut-off mass, where the pro-
duction efficiency dropped to 1/e, and β a cut-off strength.
This essentially shuts off SLSN production in galaxies of
high stellar mass. Physically, this can be interpreted as a de-
crease in the probability of creating SLSNe-I from massive
stars above a characteristic cut-off metallicity, where we as-
sume that stellar mass at a given star-formation rate relates
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Figure 13. Production efficiency of H-poor SLSNe in galaxies
with stellar mass M . Applying the mass-metallicity relation in

Mannucci et al. (2011) maps a given mass of a galaxy with a

given metallicity. The shaded regions show the 1σ uncertainty.
For comparison, the GRB production efficiency is displayed. The

production of SLSN progenitors must be stifled in galaxies with
metallicity above 12 + log O/H = 8.31+0.16

−0.26, 0.3 dex lower than

for GRBs, indicating that SLSN progenitors are on average less

metal-enriched than GRBs.

to host metallicity at stellar masses below ∼ 1010 M�(e.g.,
Maiolino et al. 2008; Yates et al. 2012).

We minimise the deviation between model and data by
varying M0 and β using an MC method on 105 bootstrapped
distributions of SLSN-I host masses derived from our parent
sample. Statistical errors on host masses are included in the
procedure by varying them according to the uncertainties
in Table 4 within each trial. The best-fit model is obtained
at M0 corresponding to 12 + log(O/H)0 = 8.31+0.16

−0.26 and
β = 2.1. While our procedure can constrain 12 + log(O/H)0

relatively accurately, the cut-off shape is not yet well mea-
sured. Acceptable fits are obtained in a range between β = 1
and β > 30, where the latter illustrates an infinitively sharp
cutoff at 12 + log(O/H)0 = 8.4. Of course, the parameters
M0 and β are not fully independent. The higher the cut-off
mass, the sharper the cutoff. Figure 13 shows the best-fit
and a region which contains 68% of all MC trials.

For comparison, we modelled the mass distribution of
our GRB host galaxy sample with the same model (purple
curve in Fig. 13). Its mass distribution points to a higher
metallicity cut-off at 12 + log(O/H)0 ∼ 8.6± 0.10 (i.e., a 0.3
dex larger oxygen abundance than SLSN-I host galaxies), in
agreement with Krühler et al. (2015) and marginally lower
than Perley et al. (2016b).

For SLSNe-II, number statistics are still too low to de-
rive robust constraints, but the host mass distribution indi-
cates a behaviour similar to that observed for GRB hosts.

5.3 On the factors behind forming H-poor SLSNe

In the first paper of our series (Leloudas et al. 2015c), we
showed that the metallicities (directly measured from spec-
tra) of SLSN-I hosts were low (median value being 0.27 solar
metallicity). They were modestly lower than those of GRB
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hosts, although the difference was statistically insignificant.
What is even more striking in the case of SLSNe-I is that
their host spectra exhibit emission lines with very large rest-
frame equivalent widths. In ≈ 50% of the cases, we observed
rest-frame equivalent widths exceeding 100 Å and in some
extreme cases reaching up to 500–800 Å.

The presence of EELGs in our sample is extremely un-
usual (only 1% of galaxies in the zCOSMOS survey have
rest-frame EW > 100 Å; Amoŕın et al. 2015), and we deter-
mined that their frequency could not be a chance coincidence
(pch ∼ 10−12; Leloudas et al. 2015c). On average, even GRB
hosts do not show such strong emission lines. The difference
to the distribution of a complete sample of GRBs at z < 1
(Hjorth et al. 2012) was found to be statistically significant,
although the strongest emitters in our sample were mostly
found at z < 0.3. The difference was even more pronounced
in [O iii]λ5007 than in Hα, pointing to a higher ionisation
fraction in the gas around SLSNe.

These extreme properties were also seen by directly
measuring the ionisation parameter q and the ratio between
[N ii]/Hβ and [O iii]λ5007/Hα (BPT diagram; Baldwin et al.
1981), where the overwhelming majority of H-poor SLSNe
were found to be in regions with log [Oiii] /Hβ > 0.5. As
the equivalent widths of the lines decrease with time after a
starburst (e.g., Leitherer et al. 1999), this evidence strongly
points towards very young environments for SLSN-I hosts.14

This led us to propose that the progenitors of H-poor SLSNe
are very young, and are on average more short-lived than
those of GRBs (Leloudas et al. 2015c). Although absolute
ages are notoriously difficult to determine, we identified a
very young stellar population with an age of only ∼ 3 Myr at
the explosion site of PTF12dam, which is the most extreme
example in our sample (in terms of emission-line strength;
Thöne et al. 2015).

Recently, Chen et al. (2017) questioned the importance
of young age for H-poor SLSN progenitors, proposing that
metallicity is the only key factor leading to the produc-
tion of SLSNe. These authors approximated the effect of
age through the sSFR and by comparing the parameter
spaces of their SLSN host samples in the metallicity-sSFR
plane to complete samples of star-forming galaxies in the
local volume (11HUGS and LVL; Kennicutt et al. 2008; Lee
et al. 2011). However, the two properties are intimately con-
nected through the mass-metallicity-SFR fundamental rela-
tion (Mannucci et al. 2011) and can therefore not be easily
disentangled. Thus, we expect to see metallicity and age to
drive the SLSN production. Attributing the dependence of
H-poor SLSNe simply on metallicity has led many authors
(e.g., Lunnan et al. 2014; Chen et al. 2017) to support a
magnetar origin for these explosions, although this explana-
tion is not unique. Acknowledging that young age plays an
important role as well allows models based on more massive
progenitors to remain equally competitive (Leloudas et al.
2015c; Thöne et al. 2015).

In contrast to Leloudas et al. (2015c), Perley et al.
(2016b) argued that the fraction of starbursts (defined as

14 The relation between the Hβ equivalent width and the age of
the starburst also has a dependence on metallicity (Inoue 2011)

and the shape of the star-formation histories (e.g., Terlevich et al.

2004; Lee et al. 2009).

sSFR > 10−8 yr−1 in their papers) among SLSN-I hosts
is not exceptionally large and that the starburst fraction
among H-poor SLSN hosts may be explained by the fact
that dwarf galaxies tend to have bursty star-formation his-
tories (e.g., Guo et al. 2016). By using the study of Lee
et al. (2009), we show that the fraction of SLSNe-I occur-
ring in EELGs in the Leloudas et al. (2015c) sample is signif-
icantly increased, even with respect to dwarf galaxies. Lee
et al. (2009) determined the fraction of starbursts among
local dwarfs in the 11HUGS survey, which is the same sur-
vey that Perley et al. (2016b) and Chen et al. (2017) used
as their main comparison galaxy sample. Furthermore, Lee
et al. (2009) used the same operational definition of star-
burst that we use for EELGs (EWrest > 100 Å), making
a direct comparison straightforward. They determined that
only 6% of dwarf galaxies in the absolute magnitude range of
interest (−19 < MB < −15) have EWrest > 100 Å (and only
8% have EWrest > 80 Å). This means that the probability of
attaining the same fraction of EELGs among H-poor SLSN
hosts as in Leloudas et al. (2015c) by chance is pch < 10−6.
This might be larger than what is obtained by comparing
with zCOSMOS (pch ∼ 10−12), but a chance coincidence is
still extremely unlikely. This can also be understood in the
following way: if the duty cycles in the bursty SFH of dwarf
galaxies are 1–2 Gyr, it is very unlikely that we would hap-
pen to catch them by chance so close to an initial starburst,
when selecting them through H-poor SLSNe.

We therefore argue that both low metallicity and young
age play important roles in the formation of H-poor SLSNe,
and that stellar evolution in metal-poor, starburst envi-
ronments needs to be better understood to fully appreci-
ate the context. In particular, mass loss in these extreme
regimes is poorly understood and more effort needs to be
put into understanding why these explosions are H-poor
and whether this can be attributed to eruptive mass loss
(Woosley et al. 2007; Quataert & Shiode 2012), homoge-
neous evolution (Yoon & Langer 2005), binarity (Eldridge
et al. 2008) or another, yet unknown, factor.

5.4 SLSN host galaxies in the context of other
galaxy populations

In the previous sections, we discussed particular aspects of
the host populations. In the following, we compare the host
properties to those of other galaxy samples.

5.4.1 SLSN-I host population

Hydrogen-poor SLSNe are preferentially found in blue low-
mass dwarf galaxies with high sSFR and metallicities of
< 0.4 Z�. These properties are similar to those of extreme
emission-line galaxies and GRB host galaxies. This sparked
a long-standing debate on how strong the similarities actu-
ally are (e.g., Lunnan et al. 2014; Chen et al. 2015; Leloudas
et al. 2015c; Angus et al. 2016; Japelj et al. 2016). The an-
swer to this question was not only of interest to compare
the galaxy populations, but also to draw conclusions on the
progenitors of GRBs and SLSNe (see previous section) and
even to propose similarities in the energy source powering
these two stellar explosions.

Previous studies were limited to small samples (∼ 10

c© XXX RAS, MNRAS 000, 1–59



SLSN host galaxies throughout cosmic time 23

R−Ks MB Mass SFR sSFR

GRB

SN/GOODS

EELG/VUDS

EELG/zCOSMOS

UltraVISTA

EELG/3D-HST

UltraVISTA

0.3 ≤ z ≤ 1.0

(22/47)

(22/51)

(22/27)

(22/121)

(22/69691)

1 ≤ z ≤ 2

(12/22)

(10/57060)

< 10−4 10−3 0.01 0.1 1.0
Chance Probability pch

Dissimilar H0 rejected Similar

Figure 14. Two-sided Anderson-Darling tests between SLSN-I

host galaxies and different galaxy samples at 0.3 6 z 6 1.0 and
1 6 z 6 2. The p are reported in the ellipses. The diverging colour

scheme is centred at the p-value of 0.01, where we reject the null

hypothesis that the two samples have the same parent distribu-
tion. For all tests, we required that the redshift distributions are

similar (pch > 0.01) and that each sample consists of at least 9

objects. The size of the SLSN-I host sample (first) and of the
galaxy sample (last) are given below each sample.

objects) or even to the comparison with galaxy samples at
different redshifts. In some cases, selection criteria were in-
troduced that led to non-random sampling of distribution
functions, such as excluding GRB and SLSN host galaxies
without K-band observations (Japelj et al. 2016).15 Given
the size of our GRB and SLSN samples (> 50 objects each;
Table 2), we attempt to provide a new perspective on this
conundrum and to how SLSN hosts compare to other galaxy
samples. We divide our samples into two redshift intervals:
0.3 6 z 6 1.0 and 1.0 6 z 6 2.0. Each of these intervals
covers a lookback-time interval of 2.6–4.4 Gyr, which is a
compromise between minimising the impact of the general
cosmic evolution of star-forming galaxies and maximising
number statistics. For the GRB sample, we also modelled
the SEDs with the same assumptions and the same software
as for the SLSN host galaxies, to minimise systematic errors.

To assess the differences, we apply two distinct tests.
We use two-sided Anderson-Darling tests to ascertain dif-
ferences in the distribution functions, and we quantify the
frequency of how often the estimator of the mean mass and
SFR of SLSN-I host galaxies can be obtained from the com-
parison samples by chance (2D test; for details see Sect. 3.4).
While an AD test compares distribution functions, the 2D
test compares multiple parameters at the same time, namely
SFR, mass and indirectly the sSFR. Therefore, its outcome
is less sensitive to the selected properties. The 2D tests are,
however, limited to mean values. We reject the null hypoth-

15 For example, ∼ 30% of our SLSN hosts at z < 1 are too faint

to obtain meaningful Ks-band constraints, even with the most

efficient instruments.
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Figure 15. Statistical tests in the mass-SFR plane between

SLSN-I host galaxies and various galaxy samples at 0.3 6 z 6 1.0
(top) and 1 6 z 6 2 (bottom). The mean mass and SFR of

the SLSN-I hosts is indicated by the “?”. To assess how SLSN-I

hosts differ from other galaxy samples, we bootstrap each galaxy
sample 30 000 times, randomly draw 22 objects (the size of the

SLSN-I host sample), and compute the mean SFR and mass. The

barycentre of each distribution is indicated by a “+”. For the
sake of clarity, these values are not displayed for the UltraV-
ISTA sample. The shaded areas display the regions that encom-

pass 99% of all realisations. The mean SFR and the mean mass
of SLSN-I host galaxies cannot be generated from random sub-

samples of the GRB, EELG and UltraVISTA samples at z < 0.3.

At 0.3 < z < 1.0, the mean SFR and mean mass can be gener-
ated from random subsamples of the 3D-HST EELG sample.The
dashed lines show curves of constant specific star-formation rate.
The thick line shows the galaxy main sequence.

esis that two distributions are statistically similar, if the
chance probability is pch < 10−2 for a given test.

Figure 14 summarises the p values of the AD tests for
five different properties (B-band luminosity, R−Ks colour,
mass, SFR and sSFR). The AD tests between distribu-
tions of SLSN-I and GRB hosts reveal low p values between
2 × 10−4 (B-band luminosity) and 0.01 (SFR). The statis-
tical tests in the mass-SFR plane, displayed in Fig. 15, cor-
roborate these results. The chance probability to extract
an estimator from the GRB sample with a mean mass and
SFR similar to SLSN-I hosts is ∼ 10−3 (equivalent to 3.3σ).
Therefore, we reject the null hypothesis that GRB and SLSN
host galaxies are statistically similar. We stress that reveal-
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Figure 16. Two-sided Anderson-Darling tests between SLSN-IIn

host galaxies and different galaxy samples at z < 0.5 (similar to
Fig. 14). The sizes of the SLSN-IIn host sample (first) and of the

galaxy sample (last) are given below each sample.

ing these differences requires large and homogenous samples,
like the one presented in this paper, which were not available
in previous studies.

Leloudas et al. (2015c) ignited the SLSN-EELG con-
nection by unravelling a high incidence rate of hosts with
intense [O iii] emission and ionisation conditions compara-
ble to EELGs for our spectroscopy sample. The comparison
between properties of the stellar component is less straight-
forward. The statistical tests point to similarities with 3D-
HST EELGs at 1 < z < 2 (pch ∼ 0.03–0.16), but to weaker
similarities with VUDS EELGs (pch . 0.01–0.09) and even
stark differences to zCOSMOS EELGs (pch < 10−5) at lower
redshift (Figs. 14, 15).

These findings can be reconciled with the def-
inition of EELGs and how they are identified in
galaxy surveys. EELGs are defined spectroscopically by
EWrest([Oiii]λ5007) > 100 Å (a measure of the recent star-
formation activity normalised to the light from all stars).
Furthermore, the VUDS EELGs were originally pooled from
a galaxy sample with a brightness of 25 < I(AB) < 23,
whereas the zCOSMOS sample was limited to bright and
therefore more massive EELG candidates [I(AB) < 22 mag;
Tables 2, D1]. In contrast, the average R-band brightness
of SLSN-I hosts at 0.3 < z < 1.0 is ∼ 24.6 mag, similar to
VUDS EELGs but > 2.5 mag fainter than the I-band mag-
nitude limit of the zCOSMOS sample. This immediately ex-
plains why the properties of the stellar-component of SLSN-
I host galaxies and zCOSMOS EELGs are so distinct. The
stellar component in SLSN-I host galaxies is more similar to
VUDS EELGs, though the statistical tests are inconclusive
as to whether they are indeed statistically similar or dis-
tinct. Differences between the stellar components of SLSN-I
host galaxies and EELG samples are expected because the
properties of the ionised gas for a larger number of SLSN-I
hosts is not as extreme as that of EELGs. Furthermore, the
different EELG samples show that this ephemeral and trans-
formative phase in galaxy evolution is observed in galaxies
over a wide range of masses.

The AD and the 2D tests (Figs. 14, 15) show that the
properties of the SLSN-I host population are more extreme
and in stark contrast to the general population of star-
forming galaxies in the UltraVISTA survey and the hosts
galaxies of regular core-collapse SNe from the GOODS sur-
vey.
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Figure 17. Statistical tests in the mass-SFR plane between

SLSN-IIn host galaxies and various galaxy samples at z < 0.5

(similar to Fig. 15). The mean mass and mean SFR of the SLSN-
IIn host sample (indicated by ‘?’) can be generated by random

subsamples of the GRB sample, but is inconsistent with the
EELG and UltraVISTA samples.

5.4.2 SLSN-IIn host population

The host population of SLSNe-IIn is characterised by a rich
diversity: i) the mass and luminosity distributions have dis-
persions that are a factor of 1.5–2 larger compared to any
other class of star-forming galaxies discussed in this pa-
per; ii) hosts with stellar masses of more than 1010 M�
are scarce, despite the large dispersion in galaxy mass; iii)
the R−Ks colour has a mean and a dispersion that is sim-
ilar to star-forming galaxies; and iv) the sSFRs are shifted
by 0.6 dex towards higher sSFR with respect to the main
sequence of star-forming galaxies in the mass-sSFR plane
(Fig. 9).

The large dispersion measurements are difficult to map
to a single progenitor system of SLSNe-IIn. Type IIn SNe
are primarily powered by the interaction of the SN ejecta
with the circumstellar material expelled prior to explosion.
If the interaction is strong, the signature of the original SN
gets washed out. In the most extreme cases of CSM interac-
tion, even different types of CCSNe as well as thermonuclear
Type Ia SNe could give rise to Type IIn SNe (e.g., Leloudas
et al. 2015a). The fact that all hosts show evidence for recent
star-formation and have very high sSFRs suggests that the
contamination by Type Ia SNe is low. This implies that the
diversity is primarily due to different progenitor channels
(see also Angus et al. 2016).

Similar to the SLSN-I host population, we perform AD
tests (Fig. 16) and the tests in the mass-SFR plane (Fig. 17)
to put the SLSN-IIn host population in context with other
galaxy samples. Despite the limited number statistics, the
SLSN-IIn host population is clearly distinct from the general
population of star-forming galaxies in the UltraVISTA sur-
vey. While the distribution functions are broader than those
of other galaxy samples, the lack of massive hosts suggests
some dependence on environment properties. The similar-
ities of the distribution functions to GRBs as well as the
locus in the mass-SFR plane suggests that their hosts are
similar. The lack of massive host galaxies would suggests
a stifled production efficiency at metallicities higher than
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Z ∼ 0.8 Z�, the metallicity above which the GRB produc-
tion efficiency is significantly reduced (Sect. 5.2.3). However,
the small number of SLSN-IIn in conjunction with their rich
diversity precludes drawing a firm conclusion, yet.

5.4.3 SLSN-II host population

The family of type II SLSNe is the rarest class among
SLSNe. In constrast to SLSN-IIn, the emission of SLSNe-II
is not powered by strong interaction of the SN ejecta with
the circum-stellar material. Only 3 events among the 29 H-
rich SLSNe known today belong to this class.16 Their host
properties seem to be distinct from the average properties
of the SLSN-IIn family. Type II SLSNe occupy the lower
to bottom half of the distribution functions. Two of three
hosts are even among the least massive galaxies in our sam-
ple (106–107 M�). Those masses are comparable to the least
massive dwarf galaxies in the local Universe. According to
the parameterisation of the mass-metallicity relation in An-
drews & Martini (2013), their masses point to galaxies with
metallicity of . 0.3 Z�.

Intriguingly, Yan et al. (2015, 2017) revealed that an in-
creasing number of SLSNe-I showed episodic hydrogen emis-
sion at late phases. The properties of these hydrogen emis-
sion lines are similar to those of CSS121015, SN2008es and
SN2013hx. Yan et al. (2015, 2017) attributed this feature
to pulsational instabilities, where the outer H-rich envelope
is expelled during a violent mass-loss episode. As the SN
ejecta traverses the circumstellar material, shocks between
the ejecta and the circumstellar material produce episodic
hydrogen emission. Alternatively, these authors proposed
that the progenitor retained a thin layer of hydrogen where
recombination lines emerge only after the SN ejecta cooled
down. Hence, it is possible that SLSNe-II are more closely
connected to SLSNe-I.

Inserra et al. (2016) noted that the spectroscopic and
photometric properties of SN2013hx showed similarities to
brighter regular Type II SNe. However, even these brighter
regular Type II SNe are still significantly less luminous than
SLSNe. It is not clear how stars with an extended hydro-
gen envelope could produce such high luminosities. Larger
samples are needed to better understand how the SLSN II
population compares to different classes of SNe and SLSNe.

5.5 Selection biases

Our conclusions could be affected by various selection biases,
such as publication bias, target selection bias and classifica-
tion bias. Moreover, the SUSHIES sample is compiled from
different SN surveys, which makes it even more difficult to
quantify the effective bias.

To examine whether our sample has the same level of
bias as the PS1 and PTF samples, we perform two-sided
AD tests between the distributions of the host properties.
If the probability of randomly drawing a distribution from
the PS1/PTF samples, which is at least as extreme as the

16 This number was compiled from the sample presented here
and in Perley et al. (2016b), and also includes two H-rich SLSNe

that were reported in the literature but not discussed in these

papers.

SUSHIES sample, is larger than 1%, we reject the hypothesis
that the level of bias in SUSHIES is different from the PS1
and PTF samples. For a fair comparison, we remove common
objects and split our sample into two redshift intervals to
take the redshift domains of the PS1 and the PTF samples
into account: z < 0.5 for the PTF sample and z > 0.5 for
the PS1 sample.

The AD tests between the B-band luminosity, mass and
SFR distributions of 20 SLSN-I hosts from our sample and
16 SLSN-I hosts from the PTF sample give a high chance
probability of agreement of > 19%. For SLSN-II/IIn hosts,
the chance probability of > 27% is even substantially higher
(SUSHIES: 13 objects, PTF: 14 objects). A similar result
can be obtained from the comparison with the PS1 sample
(pch > 8%; SUSHIES: 11 objects, PS1: 15 objects).

In conclusion, the heterogeneous SUSHIES sample has
a similar effective bias to the PS1 and the PTF samples. A
detailed discussion about possible selection effects biasing
the PS1 and PTF samples is presented in Lunnan et al.
(2014) and Perley et al. (2016b).

6 SUMMARY

We present the photometric properties of 53 H-poor and 16
H-rich SLSNe, detected before 2015 and publicly announced
before mid 2015. Among those are four new SLSNe (two of
each type), found in the ASIAGO SN catalogue, with a peak
luminosity significantly brighter than MV = −21 mag. Each
host is a target of deep imaging campaigns that probe the
rest-frame UV to NIR. In addition, we incorporate radio
data from wide-field surveys and JVLA observations to put
limits on the total star-formation activity. By modelling the
spectral energy distributions, we derive physical properties,
such as mass, SFR and luminosity, and build distribution
functions to ascertain the influence of these properties on
the SLSN population. Our main conclusions are:

(i) H-poor SLSNe are preferentially found in very blue
low-mass dwarf galaxies. Their sSFRs are on average 0.5 dex
larger compared to the main sequence of star-forming galax-
ies and they populate a part of the sSFR-mass parameter
space that is typically occupied by EELGs.

(ii) The host population of SLSNe-IIn shows very com-
plex properties: 1) the mass and luminosity distributions
have dispersions that are a factor of 1.5–2 larger compared
to all comparison samples; 2) the R−Ks colour has a mean
and a dispersion which is similar to star-forming galaxies;
and 3) the sSFRs are on average a factor of 10 larger than of
regular star-forming galaxies discussed in this paper. These
properties argue for a massive star origin of all SLSNe-IIn in
our sample but to a low dependency on integrated host prop-
erties. Because the luminosity of SLSNe-IIn is determined by
the strength of the interaction and not by a particular type
of stellar explosion, this diversity suggests multiple progen-
itor channels.

(iii) The hosts of the three Type II SLSNe are at the
bottom of any distribution function. Two out of three Type
II SLSNe exploded in the least massive host galaxies in our
sample (106–107 M�). Their hosts are similar to those of H-
poor SLSNe. Their preference for low-mass and hence low-
metallicity galaxies hints to different progenitors from Type
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IIn SLSNe. Larger samples are needed to draw a conclusion
on this question.

(iv) The scarcity of hosts above 1010 M� for SLSNe-I
and SLSNe-IIn can be attributed to a metallicity bias above
which the production efficiency is stifled. Assuming an ex-
ponential cut-off, the best-fit cut-off metallicity of H-poor
SLSNe at z < 1 is 12 + log O/H = 8.31+0.16

−0.31 (Z ∼ 0.4 Z�),
which is 0.4 dex lower than for GRBs. The similarities be-
tween the mass distributions of SLSN-IIn and GRB host
galaxies suggest a metallicity cut-off at ∼ 0.8 solar metallic-
ity.

(v) A growing population of SLSN hosts have masses be-
tween 106 and 107 M�. Those objects are among the least
massive star-forming galaxies known to date and could rep-
resent environments similar to those of starburst galaxies in
the early Universe.

(vi) The redshift evolution of the SLSN-I host popula-
tion is consistent with the general cosmic evolution of star-
forming galaxies. After detrending the data, the galaxy mass
shows evidence for differential evolution at 3.8σ confidence,
while differential evolution in the B-band and FUV luminos-
ity can be excluded at 3σ confidence. The evolution of the
mass distribution of SLSN-I hosts is similar to the evolution
of the mass-metallicity relation, supporting connecting the
dearth of massive hosts to a metallicity bias.

(vii) Multiple statistical tests between the host proper-
ties of SLSN-I and GRB host galaxies reveal differences at
> 3σ confidence. H-poor SLSNe are found in less massive
(and therefore more metal-poor) hosts than GRBs. To con-
clusively show that SLSN-I and GRB host galaxies are dif-
ferent on average, large samples with well sampled SEDs are
needed.

(viii) SLSN-I hosts and EELGs show similarities, even
in broad-band properties. This suggests that environmen-
tal conditions in EELGs play a very important role in the
formation of SLSNe-I. We conclude that metallicity is not
the sole ingredient regulating the SLSN-I production and
suggest that a young age plays an important role in the for-
mation of H-poor SLSNe as well.

(ix) The class of H-poor SLSNe comprises of fast- and
slow-declining SLSNe. A sub-sample of 21 SLSNe-I have
measured decline time scales: 14 fast and 7 slow declining
SLSNe-I. We find no differences between both host popu-
lations. However, larger samples of SLSNe with measured
decay time scales are needed to draw a firm conclusion.

(x) No host is detected in wide-field radio surveys. At z <
0.5, the 4σ limits on the total SFR are a factor of 20 larger
than the SFRs derived from SED modelling, ruling out truly
obscured star-formation missed by optical diagnostics. This
result is consistent with the lack of high-obscured hosts and
SLSNe. The deep radio observation of the solar-metallicity
host of the H-poor SLSN MLS121104 reveals no difference
to the SED-derived SFR.
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Messenger, 94, 1

Arnouts, S., Cristiani, S., Moscardini, L., et al. 1999, MN-
RAS, 310, 540

Asplund, M., Grevesse, N., Sauval, A. J., & Scott, P. 2009,
ARA&A, 47, 481

Atek, H., Malkan, M., McCarthy, P., et al. 2010, ApJ, 723,
104

Atek, H., Siana, B., Scarlata, C., et al. 2011, ApJ, 743, 121
Baldry, I. K., Driver, S. P., Loveday, J., et al. 2012, MN-
RAS, 421, 621

Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981,
PASP, 93, 5

Barbary, K., Dawson, K. S., Tokita, K., et al. 2009, ApJ,
690, 1358

Barbon, R., Buondi, V., Cappellaro, E., & Turatto, M.
2010, VizieR Online Data Catalog, 1

Barkat, Z., Rakavy, G., & Sack, N. 1967, Physical Review
Letters, 18, 379

Becker, R. H., White, R. L., & Helfand, D. J. 1995, ApJ,
450, 559

Bell, E. F. 2003, ApJ, 586, 794
Benetti, S., Nicholl, M., Cappellaro, E., et al. 2014, MN-
RAS, 441, 289

Berger, E., Chornock, R., Lunnan, R., et al. 2012, ApJ,
755, L29

Bertin, E. & Arnouts, S. 1996, A&AS, 117, 393
Bianchi, L., Herald, J., Efremova, B., et al. 2011, Ap&SS,
335, 161

Bisnovatyi-Kogan, G. S. & Kazhdan, Y. M. 1967, Soviet
Ast., 10, 604

Blanchard, P. K., Berger, E., & Fong, W.-F. 2016, ApJ,
817, 144

Blanton, M. R. & Roweis, S. 2007, AJ, 133, 734
Bleem, L. E., Stalder, B., Brodwin, M., et al. 2015, ApJS,
216, 20

Blinnikov, S. I. & Sorokina, E. I. 2010, arXiv:1009.4353
Bock, D. C.-J., Large, M. I., & Sadler, E. M. 1999, AJ, 117,
1578

Brammer, G. B., van Dokkum, P. G., Franx, M., et al.
2012, ApJS, 200, 13

Breeveld, A. A., Landsman, W., Holland, S. T., et al. 2011,
in American Institute of Physics Conference Series, Vol.
1358, American Institute of Physics Conference Series, ed.
J. E. McEnery, J. L. Racusin, & N. Gehrels, 373

Bruzual, G. & Charlot, S. 2003, MNRAS, 344, 1000
Buchner, J., Georgakakis, A., Nandra, K., et al. 2014, A&A,

c© XXX RAS, MNRAS 000, 1–59

http://www.sdss3.org/
http://CRAN.R-project.org/
http://arxiv.org/abs/1009.4353


28 S. Schulze et al.

564, A125

Calzetti, D. 2013, Star Formation Rate Indicators, ed.
J. Falcón-Barroso & J. H. Knapen (Cambridge Univer-
sity Press), 419

Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ,
533, 682

Campbell, H., Walton, N., Blagorodnova, N., et al. 2014,
The Astronomer’s Telegram, 6524

Casali, M., Pirard, J.-F., Kissler-Patig, M., et al. 2006, in
Proc. SPIE, Vol. 6269, Society of Photo-Optical Instru-
mentation Engineers (SPIE) Conference Series, 62690W

Castander, F. J., Casas, R., Garcia-Alvarez, D., et al. 2015,
The Astronomer’s Telegram, 7199

Castellano, M., Sommariva, V., Fontana, A., et al. 2014,
A&A, 566, A19

Cepa, J., Aguiar, M., Escalera, V. G., et al. 2000, in Proc.
SPIE, Vol. 4008, Optical and IR Telescope Instrumenta-
tion and Detectors, ed. M. Iye & A. F. Moorwood, 623

Chabrier, G. 2003, PASP, 115, 763

Chatzopoulos, E., van Rossum, D. R., Craig, W. J., et al.
2015, ApJ, 799, 18

Chatzopoulos, E. & Wheeler, J. C. 2012, ApJ, 760, 154

Chatzopoulos, E., Wheeler, J. C., Vinko, J., et al. 2011,
ApJ, 729, 143

Chen, T.-W., Smartt, S. J., Bresolin, F., et al. 2013, ApJ,
763, L28

Chen, T.-W., Smartt, S. J., Jerkstrand, A., et al. 2015,
MNRAS, 452, 1567

Chen, T.-W., Smartt, S. J., Yates, R. M., et al. 2017, MN-
RAS, 470, 3566

Chevalier, R. A. & Irwin, C. M. 2011, ApJ, 729, L6

Chomiuk, L., Chornock, R., Soderberg, A. M., et al. 2011,
ApJ, 743, 114

Christensen, E., Drake, A. J., Djorgovski, S. G., et al. 2009,
Central Bureau Electronic Telegrams, 2106

Condon, J. J. 1992, ARA&A, 30, 575

Condon, J. J., Cotton, W. D., Greisen, E. W., et al. 1998,
AJ, 115, 1693

Conroy, C. 2013, ARA&A, 51, 393

Cooke, J., Sullivan, M., Gal-Yam, A., et al. 2012, Nature,
491, 228

Cucciati, O., Tresse, L., Ilbert, O., et al. 2012, A&A, 539,
A31

Dessart, L., Waldman, R., Livne, E., Hillier, D. J., &
Blondin, S. 2013, MNRAS, 428, 3227

Drake, A. J., Djorgovski, S. G., Mahabal, A., et al. 2011a,
ApJ, 735, 106

Drake, A. J., Djorgovski, S. G., Mahabal, A., et al. 2011b,
Central Bureau Electronic Telegrams, 2733

Drake, A. J., Djorgovski, S. G., Mahabal, A., et al. 2009a,
Central Bureau Electronic Telegrams, 1766

Drake, A. J., Djorgovski, S. G., Mahabal, A. A., et al.
2011c, The Astronomer’s Telegram, 3324

Drake, A. J., Djorgovski, S. G., Mahabal, A. A., et al.
2011d, The Astronomer’s Telegram, 3340

Drake, A. J., Djorgovski, S. G., Mahabal, A. A., et al. 2012,
The Astronomer’s Telegram, 4595

Drake, A. J., Djorgovski, S. G., Prieto, J. L., et al. 2010,
ApJ, 718, L127

Drake, A. J., Mahabal, A. A., Djorgovski, S. G., et al.
2009b, The Astronomer’s Telegram, 1911

Drake, A. J., Mahabal, A. A., Djorgovski, S. G., et al.
2009c, The Astronomer’s Telegram, 2359

Dressler, A., Bigelow, B., Hare, T., et al. 2011, PASP, 123,
288

Eldridge, J. J., Izzard, R. G., & Tout, C. A. 2008, MNRAS,
384, 1109

Erben, T., Schirmer, M., Dietrich, J. P., et al. 2005, As-
tronomische Nachrichten, 326, 432

Faber, S. M., Willmer, C. N. A., Wolf, C., et al. 2007, ApJ,
665, 265

Fatkhullin, T. & Gabdeev, M. 2012, ATel, 4599
Feroz, F., Hobson, M. P., Cameron, E., & Pettitt, A. N.
2013, arXiv:1306.2144

Filippenko, A. V. 1997, ARA&A, 35, 309
Foreman-Mackey, D. 2016, The Journal of Open Source
Software, 24

Fowler, W. A. & Hoyle, F. 1964, ApJS, 9, 201
Fox, O. D., Smith, N., Ammons, S. M., et al. 2015, MN-
RAS, 454, 4366

Fraley, G. S. 1968, Ap&SS, 2, 96
Gal-Yam, A. 2012, Science, 337, 927
Gal-Yam, A., Mazzali, P., Ofek, E. O., et al. 2009, Nature,
462, 624

Gehrels, N., Chincarini, G., Giommi, P., et al. 2004, ApJ,
611, 1005

Gezari, S., Halpern, J. P., Grupe, D., et al. 2009, ApJ, 690,
1313

Graham, J. F. & Fruchter, A. S. 2013, ApJ, 774, 119
Graham, M. J., Drake, A. J., Djorgovski, S. G., et al. 2011a,
Central Bureau Electronic Telegrams, 2787

Graham, M. J., Drake, A. J., Djorgovski, S. G., et al. 2011b,
The Astronomer’s Telegram, 3477

Graham, M. L., Zheng, W., Filippenko, A. V., et al. 2014,
The Astronomer’s Telegram, 6635

Grazian, A., Fontana, A., Santini, P., et al. 2015, A&A,
575, A96

Greiner, J., Bornemann, W., Clemens, C., et al. 2008,
PASP, 120, 405

Greiner, J., Krühler, T., Klose, S., et al. 2011, A&A, 526,
A30

Grogin, N. A., Kocevski, D. D., Faber, S. M., et al. 2011,
ApJS, 197, 35

Guo, Y., Rafelski, M., Faber, S. M., et al. 2016, ApJ, 833,
37

Heger, A., Fryer, C. L., Woosley, S. E., Langer, N., & Hart-
mann, D. H. 2003, ApJ, 591, 288

Henden, A. A., Templeton, M., Terrell, D., et al. 2016,
VizieR Online Data Catalog, 2336

Hjorth, J., Malesani, D., Jakobsson, P., et al. 2012, ApJ,
756, 187

Howell, D. A., Kasen, D., Lidman, C., et al. 2013, ApJ,
779, 98

Hudelot, P., Cuillandre, J.-C., Withington, K., et al. 2012,
VizieR Online Data Catalog, 2317

Hunter, J. D. 2007, Computing In Science & Engineering,
9, 90

Ibar, E., Ivison, R. J., Biggs, A. D., et al. 2009, MNRAS,
397, 281

Ilbert, O., Arnouts, S., McCracken, H. J., et al. 2006, A&A,
457, 841

Ilbert, O., Capak, P., Salvato, M., et al. 2009, ApJ, 690,
1236

c© XXX RAS, MNRAS 000, 1–59

http://arxiv.org/abs/1306.2144


SLSN host galaxies throughout cosmic time 29

Ilbert, O., McCracken, H. J., Le Fèvre, O., et al. 2013,
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et al. 2015, MNRAS, 451, L65

Tody, D. 1986, in Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series, Vol. 627, Instrumen-
tation in astronomy VI, ed. D. L. Crawford, 733

Tomczak, A. R., Quadri, R. F., Tran, K.-V. H., et al. 2014,
ApJ, 783, 85

Tonry, J. L., Stubbs, C. W., Lykke, K. R., et al. 2012, ApJ,
750, 99

van der Walt, S., Colbert, S. C., & Varoquaux, G. 2011,
Computing in Science Engineering, 13, 22

Vergani, S. D., Salvaterra, R., Japelj, J., et al. 2015, A&A,
581, A102

c© XXX RAS, MNRAS 000, 1–59



SLSN host galaxies throughout cosmic time 31

Vinko, J., Zheng, W., Pandey, S. B., et al. 2012, in Amer-
ican Astronomical Society Meeting Abstracts, Vol. 219,
American Astronomical Society Meeting Abstracts #219,
436.04

Vreeswijk, P. M., Savaglio, S., Gal-Yam, A., et al. 2014,
ApJ, 797, 24

Wardle, J. F. C. & Kronberg, P. P. 1974, ApJ, 194, 249
Whitaker, K. E., Franx, M., Leja, J., et al. 2014, ApJ, 795,
104

Whitaker, K. E., van Dokkum, P. G., Brammer, G., &
Franx, M. 2012, ApJ, 754, L29

Woosley, S. E. 2012, in Gamma-Ray Bursts, ed. C. Kou-
veliotou, R. A. M. J. Wijers, & S. Woosley (Cambridge
University Press), 191–214

Woosley, S. E., Blinnikov, S., & Heger, A. 2007, Nature,
450, 390

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al.
2010, AJ, 140, 1868

Wyder, T. K., Treyer, M. A., Milliard, B., et al. 2005, ApJ,
619, L15

Yagi, M., Kashikawa, N., Sekiguchi, M., et al. 2002, AJ,
123, 66

Yan, L., Lunnan, R., Perley, D. A., et al. 2017, ApJ, 848,
6

Yan, L., Quimby, R., Ofek, E., et al. 2015, ApJ, 814, 108
Yates, R. M., Kauffmann, G., & Guo, Q. 2012, MNRAS,
422, 215
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Table A1. List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

CSS100217 [SLSN-IIn, z = 0.147, E(B − V )MW = 0.01 mag]

2MASS H 17.17± 0.08 · · · · · · This work

CAHA Omega2000 J 17.34± 0.02 2014-01-10 10× 60 This work

CAHA Omega2000 Ks 16.38± 0.02 2014-01-11 10× 60 This work
SDSS u′ 18.21± 0.01 2003-03-26 · · · This work

SDSS g′ 17.88± 0.01 2003-03-26 · · · This work

SDSS r′ 17.65± 0.01 2003-03-26 · · · This work
SDSS i′ 17.35± 0.01 2003-03-26 · · · This work

SDSS z′ 17.34± 0.02 2003-03-26 · · · This work

Swift UVOT uvw2 19.57± 0.07 2015-03-26/04-11 1506 This work
Swift UVOT uvm2 19.57± 0.09 2015-03-26/04-11 1507 This work

Swift UVOT uvw1 19.24± 0.07 2015-03-26/04-11 1448 This work

CSS121015 [SLSN-II, fast declining, z = 0.287, E(B − V )MW = 0.07 mag]

Magellan IMACS g′ 24.02± 0.06 2013-08-14 4× 300 This work
Magellan IMACS r′ 23.40± 0.05 2013-08-14 3× 300 This work

Magellan IMACS i′ 23.24± 0.08 2013-08-14 4× 300 This work

Magellan FourStar J 23.15± 0.22 2014-11-05 94× 61 This work
VLT FORS2 gHigh 23.55± 0.44 2013-05-30 12× 200 This work

VLT FORS2 RSpecial 23.33± 0.13 2013-05-30 12× 200 This work

VLT HAWK-I Ks 22.71± 0.29 2013-06-02 10× 120 This work

CSS140925 [SLSN-I, z = 0.460, E(B − V )MW = 0.06 mag]

SDSS u′ 23.49± 3.09 2008-12-04 · · · This work

(> 21.47) This work

SDSS g′ 22.63± 0.23 2008-12-04 · · · This work
SDSS r′ 22.01± 0.25 2008-12-04 · · · This work

SDSS i′ 21.92± 0.42 2008-12-04 · · · This work
SDSS z′ > 20.52 2008-12-04 · · · This work

DES14S2qri [SLSN-I, z = 1.500, E(B − V )MW = 0.03 mag]

DES/Blanco DECam g′ > 25.59 2002-11-10 · · · This work

SDSS u′ 26.02± 19.56 2002-11-10 · · · This work

(> 21.91) This work
SDSS g′ 27.25± 24.03 2002-11-10 · · · This work

(> 22.98) This work
SDSS r′ > 22.99 2002-11-10 · · · This work

SDSS i′ 22.44± 1.21 2002-11-10 · · · This work

(> 22.25) This work
SDSS z′ 22.19± 1.79 2002-11-10 · · · This work

(> 20.84) This work

UKIDSS/UKIRT WFCAM Y > 20.93 · · · · · · [1]
UKIDSS/UKIRT WFCAM J > 20.81 · · · · · · [1]
UKIDSS/UKIRT WFCAM H > 19.99 · · · · · · [1]

UKIDSS/UKIRT WFCAM Ks > 20.05 · · · · · · [1]

DES14X2byo [SLSN-I, z = 0.869, E(B − V )MW = 0.03 mag]

CFHTLS/CFHT MegaPrime u∗ 29.50± 10.87 · · · · · · This work

(> 25.99) This work
CFHTLS/CFHT MegaPrime g′ 30.98± 22.18 · · · · · · This work

(> 26.70) This work
CFHTLS/CFHT MegaPrime r′ 27.18± 1.24 · · · · · · This work

(> 26.05) This work
CFHTLS/CFHT MegaPrime i′ > 25.65 · · · · · · This work
CFHTLS/CFHT MegaPrime z′ > 25.06 · · · · · · This work
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

DES14X3taz [SLSN-I, z = 0.608, E(B − V )MW = 0.02 mag]

DES/Blanco DeCam g′ 26.16± 0.39 · · · · · · [2]

DES/Blanco DeCam r′ 25.07± 0.13 · · · · · · [2]

DES/Blanco DeCam i′ 24.95± 0.13 · · · · · · [2]
DES/Blanco DeCam z′ 25.00± 0.18 · · · · · · [2]

VIRMOS/VLT VIMOS B 25.82± 0.19 · · · · · · [3]

VIRMOS/VLT VIMOS V 25.47± 0.17 · · · · · · [3]
VIRMOS/VLT VIMOS R 25.15± 0.18 · · · · · · [3]

VIRMOS/VLT VIMOS I 24.51± 0.19 · · · · · · [3]

iPTF13ajg [SLSN-I, slow declining, z = 0.740, E(B − V )MW = 0.01 mag]

Keck LRIS g′ 26.80± 0.20 2014-07/09 · · · [11]
Keck LRIS R > 26.00 2014-07/09 · · · [11]

Keck MOSFIRE J > 23.50 2014-06-07 · · · [11]

Keck MOSFIRE Ks > 23.10 2014-06-08 · · · [11]

LSQ12dlf [SLSN-I, fast declining, z = 0.255, E(B − V )MW = 0.01 mag]

Magellan IMACS g′ 25.49± 0.25 2013-08-14 3× 300 This work

Magellan IMACS i′ 24.73± 0.32 2013-08-14 3× 300 This work

Magellan FourStar J 24.38± 0.31 2014-11-05 94× 61 This work
NTT EFOSC2 V 25.04± 0.15 2014 · · · [4]

VLT FORS2 Rspecial 24.64± 0.11 2013-08-02 4× 240 This work

LSQ14ana [SLSN-I, z = 0.163, E(B − V )MW = 0.07 mag]

CTIO-4m MOSAIC-2 B 21.34± 0.14 2009-04-01 · · · This work
CTIO-4m MOSAIC-2 V 20.79± 0.10 2009-04-02 · · · This work

CTIO-4m MOSAIC-2 R 20.47± 0.08 2009-04-02 · · · This work

GALEX FUV 21.72± 0.39 · · · · · · [5]
GALEX NUV 21.27± 0.36 · · · · · · [5]

Magellan FourStar J 20.66± 0.06 2016-03-27 23× 50 This work

Magellan FourStar Ks 20.43± 0.10 2016-03-27 5.8× 50 This work
Swift UVOT uvw2 21.78± 0.12 2014-07-03 5286 This work

Swift UVOT uvm2 21.66± 0.14 2014-12-07 5262 This work

Swift UVOT uvu 21.17± 0.14 2016-08-16 8137 This work
Subaru Suprime-Cam V 20.69± 0.01 2005-05-07 12× 300 This work

LSQ14mob [SLSN-I, fast declining, z = 0.256, E(B − V )MW = 0.06 mag]

Magellan IMACS g′ 24.32± 0.06 2015-05-13 7× 300 This work

Magellan IMACS r′ 23.85± 0.14 2015-11-08 6× 200 This work
Magellan IMACS i′ 23.50± 0.08 2015-05-14 10× 200 This work

Magellan FourStar J 23.47± 0.12 2016-03-27 36× 50 This work
Magellan FourStar Ks 23.10± 0.12 2016-03-27 304× 6 This work

LSQ14bdq [SLSN-I, slow declining, z = 0.345, E(B − V )MW = 0.06 mag]

Magellan PISCO g′ 24.54± 0.20 2016-11-02 2700 This work

Magellan PISCO r′ 25.35± 0.23 2016-11-02 2700 This work

Magellan PISCO i′ 25.51± 0.31 2016-11-02 2700 This work
Magellan PISCO z′ 24.17± 0.31 2016-11-02 2700 This work

Magellan FourStar J 26.65± 1.15 2016-03-27 57× 61 This work

(> 24.86)
Magellan FourStar Ks > 23.52 2016-03-27 210× 6 This work

LSQ14fxj [SLSN-I, z = 0.360, E(B − V )MW = 0.03 mag]

SDSS u′ 23.01± 1.10 · · · · · · This work

(> 21.8)
SDSS g′ 24.05± 1.30 · · · · · · This work

(> 22.9)

SDSS r′ 23.31± 1.08 · · · · · · This work
(> 22.4)

SDSS i′ > 22.12 · · · · · · This work

SDSS z′ > 20.41 · · · · · · This work
UKIDSS/UKIRT WFCAM H > 19.99 · · · · · · [1]
UKIDSS/UKIRT WFCAM K > 20.05 · · · · · · [1]
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

MLS121104 [SLSN-I, z = 0.303, E(B − V )MW = 0.15 mag]

CAHA Omega2000 Ks 20.37± 0.55 2014-08-10 9× 60 This work

Magellan† FourStar J 20.39± 0.10 2013-12-18 · · · [6]

Magellan† FourStar Ks 19.63± 0.12 2013-12-18 · · · [6]
SDSS u′ 26.62± 35.33 2005-06-12 · · · This work

(> 21.76)

SDSS g′ 22.04± 0.16 2005-06-12 · · · This work
SDSS r′ 21.22± 0.11 2005-06-12 · · · This work

SDSS i′ 21.32± 0.16 2005-06-12 · · · This work

SDSS z′ 20.58± 0.32 2005-06-12 · · · This work

PS1-10ky [SLSN-I, fast declining, z = 0.956, E(B − V )MW = 0.03 mag]

CFHTLS/CFHT MegaPrime u∗ 27.75± 2.84 · · · · · · This work

(> 25.71)

CFHTLS/CFHT MegaPrime g′ 26.99± 0.80 · · · · · · This work
(> 27.37)

CFHTLS/CFHT MegaPrime r′ 26.39± 0.76 · · · · · · This work

(> 25.81)
CFHTLS/CFHT MegaPrime i′ 25.94± 0.55 · · · · · · This work

CFHTLS/CFHT MegaPrime z′ > 24.90 · · · · · · This work

PS1-10pm [SLSN-I, z = 1.206, E(B − V )MW = 0.02 mag]

Pan-STARRS† gPS1 > 25.20 · · · · · · [6]
Pan-STARRS† rPS1 > 25.10 · · · · · · [6]

Pan-STARRS† iPS1 > 25.00 · · · · · · [6]

Pan-STARRS† zPS1 > 24.00 · · · · · · [6]
Pan-STARRS† yPS1 > 23.00 · · · · · · [6]

Gemini-N GMOS i′ 24.99± 0.42 2011-01-30 · · · [6]

Gemini-N GMOS z′ 24.86± 0.31 2011-01-30 · · · [6]
HST † WFC3 F606W 25.38± 0.05 2012-12-10 · · · [6]

HST † WFC3 F110W 24.40± 0.08 2013-01-15 · · · [6]

PS1-10ahf [SLSN-I, z = 1.100, E(B − V )MW = 0.03 mag]

Magellan PISCO g′ 26.54± 0.25 2016-11-02 2700 This work
Magellan PISCO r′ 25.96± 0.23 2016-11-02 2700 This work

Magellan PISCO i′ 26.72± 0.68 2016-11-02 2700 This work

(> 25.79)
Magellan PISCO z′ 26.08± 0.69 2016-11-02 2700 This work

(> 25.13)
CAHA Omega2000 z′ 24.70± 0.96 2014-08-10 60× 60 This work

CAHA Omega2000 Ks 22.80± 0.87 2014-08-09 59× 60 This work

PS1-10awh [SLSN-I, z = 0.909, E(B − V )MW = 0.07 mag]

CFHTLS/CFHT MegaPrime u∗ > 26.29 · · · · · · This work
CFHTLS/CFHT MegaPrime g′ 28.64± 2.25 · · · · · · This work

(> 26.87)
CFHTLS/CFHT MegaPrime r′ 27.22± 1.48 · · · · · · This work

(> 25.89)

CFHTLS/CFHT MegaPrime i′ 26.20± 0.62 · · · · · · This work

(> 25.85)
CFHTLS/CFHT MegaPrime z′ 24.75± 0.41 · · · · · · This work

HST WFC3 F606W 27.00± 0.20 2013-09-04 · · · [6]

PS1-10bzj [SLSN-I, fast declining, z = 0.649, E(B − V )MW = 0.01 mag]

Pan-STARRS† gPS1 24.35± 0.08 · · · · · · [7]
Pan-STARRS† rPS1 23.98± 0.12 · · · · · · [7]

Pan-STARRS† iPS1 23.75± 0.10 · · · · · · [7]

Pan-STARRS† zPS1 22.72± 0.05 · · · · · · [7]
Pan-STARRS† yPS1 > 21.70 · · · · · · [7]

Magellan† FourStar J > 23.80 · · · · · · [7]

Magellan† FourStar Ks > 22.70 · · · · · · [7]
MUSYC/Spitzer† IRAC 3.6 µm 23.79± 0.16 · · · · · · [7]

MUSYC/Spitzer† IRAC 4.5 µm 24.00± 0.18 · · · · · · [7]
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

PS1-11ap [SLSN-I, slow declining, z = 0.524, E(B − V )MW = 0.01 mag]

HST † F475W 24.02± 0.02 2013-10-09 · · · [6]

Pan-STARRS† gPS1 24.20± 0.15 · · · · · · [6]

Pan-STARRS† rPS1 23.32± 0.10 · · · · · · [6]
Pan-STARRS† iPS1 22.86± 0.09 · · · · · · [6]

Pan-STARRS† zPS1 23.24± 0.13 · · · · · · [6]

Pan-STARRS† yPS1 > 22.50 · · · · · · [6]
Spitzer† IRAC 3.6 µm 23.33± 0.39 · · · · · · [6]

Spitzer† IRAC 4.5 µm 23.38± 0.29 · · · · · · [6]

PS1-11tt [SLSN-I, z = 1.283, E(B − V )MW = 0.01 mag]

HST † WFC3 F606W 25.78± 0.08 2012-10-02 · · · [6]
HST † WFC3 F110W 25.83± 0.05 2013-04-21 · · · [6]

Pan-STARRS† gPS1 > 24.60 · · · · · · [6]

Pan-STARRS† rPS1 > 24.70 · · · · · · [6]
Pan-STARRS† iPS1 > 24.80 · · · · · · [6]

Pan-STARRS† zPS1 > 24.10 · · · · · · [6]

Pan-STARRS† yPS1 > 23.00 · · · · · · [6]

PS1-11afv [SLSN-I, z = 1.407, E(B − V )MW = 0.01 mag]

HST † WFC3 F606W 25.26± 0.08 2013-04-09 · · · [6]

HST † WFC3 F110W 24.65± 0.08 2012-11-24 · · · [6]

Pan-STARRS† gPS1 > 24.90 · · · · · · [6]
Pan-STARRS† rPS1 > 24.80 · · · · · · [6]

Pan-STARRS† iPS1 > 25.10 · · · · · · [6]

Pan-STARRS† zPS1 > 24.90 · · · · · · [6]
Pan-STARRS† yPS1 > 22.80 · · · · · · [6]

PS1-11aib [SLSN-I, z = 0.997, E(B − V )MW = 0.04 mag]

CFHTLS/CFHT MegaPrime u∗ 28.21± 4.57 · · · · · · This work

(> 25.65)
CFHTLS/CFHT MegaPrime g′ 28.56± 3.90 · · · · · · This work

(> 26.18)

CFHTLS/CFHT MegaPrime r′ 27.15± 2.65 · · · · · · This work
(> 25.18)

CFHTLS/CFHT MegaPrime i′ 25.38± 0.42 · · · · · · This work

CFHTLS/CFHT MegaPrime z′ 24.58± 0.40 · · · · · ·
Pan-STARRS† gPS1 > 24.20 · · · · · · [6]

Pan-STARRS† rPS1 > 24.40 · · · · · · [6]
Pan-STARRS† iPS1 > 24.70 · · · · · · [6]

Pan-STARRS† zPS1 > 23.90 · · · · · · [6]
Pan-STARRS† yPS1 > 22.20 · · · · · · [6]

PS1-11bam [SLSN-I, z = 1.565, E(B − V )MW = 0.02 mag]

HST WFC3 F814W 23.82± 0.02 2013-10-11 · · · [6]
Pan-STARRS† gPS1 23.63± 0.13 · · · · · · [6]

Pan-STARRS† rPS1 23.64± 0.12 · · · · · · [6]
Pan-STARRS† iPS1 23.78± 0.13 · · · · · · [6]

Pan-STARRS† zPS1 23.69± 0.14 · · · · · · [6]
Pan-STARRS† yPS1 > 23.40 · · · · · · [6]
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

PS1-11bdn [SLSN-I, z = 0.738, E(B − V )MW = 0.02 mag]

CFHTLS/CFHT MegaPrime u∗ 28.43± 1.92 · · · · · · This work

(> 26.84) This work

CFHTLS/CFHT MegaPrime g′ 26.50± 0.24 · · · · · · This work
CFHTLS/CFHT MegaPrime r′ 26.31± 0.31 · · · · · · This work

CFHTLS/CFHT MegaPrime z′ 28.96± 13.39 · · · · · · This work

(> 25.23) This work
CFHTLS/CFHT MegaPrime y′ 27.66± 1.44 · · · · · · This work

(> 26.39) This work

HST † WFC3 F475W 26.09± 0.10 2013-11-13 · · · [6]
Magellan† r′ > 25.50 2012-07-19 · · · [6]

Magellan† i′ 25.40± 0.25 2013-10-05 · · · [6]

Magellan† z′ > 24.20 2013-01-12 · · · [6]
Magellan† FourStar J > 24.20 2012-12-04 · · · [6]

PS1-12zn [SLSN-I, z = 0.674, E(B − V )MW = 0.02 mag]

COSMOS/GALEX FUV 26.99± 0.87 · · · · · · [8]

COSMOS/GALEX NUV 24.64± 0.14 · · · · · · [8]
COSMOS/CFHT MegaPrime u∗ 24.68± 0.06 · · · · · · [8]

COSMOS/Subaru Suprime-Cam Bj 24.39± 0.05 · · · · · · [8]

COSMOS/Subaru Suprime-Cam g+ 24.59± 0.05 · · · · · · [8]
COSMOS/Subaru Suprime-Cam V j 24.43± 0.05 · · · · · · [8]

COSMOS/Subaru Suprime-Cam r+ 24.22± 0.04 · · · · · · [8]
COSMOS/Subaru Suprime-Cam i+ 23.84± 0.04 · · · · · · [8]

COSMOS/Subaru Suprime-Cam z+ 23.93± 0.08 · · · · · · [8]

COSMOS/UKIRT PS1-12zn J 23.63± 0.28 · · · · · · [8]
COSMOS/CFHT WIRCAM Ks 23.12± 0.16 · · · · · · [8]

COSMOS/Spitzer IRAC 3.6 µm 23.03± 0.04 · · · · · · [8]

COSMOS/Spitzer IRAC 4.5 µm 23.38± 0.09 · · · · · · [8]
COSMOS/Spitzer IRAC 5.8 µm 23.43± 0.41 · · · · · · [8]

PS1-12bmy [SLSN-I, z = 1.566, E(B − V )MW = 0.01 mag]

HST † WFC3 F814W 25.01± 0.05 2013-09-17 · · · [6]

Magellan† LDSS3 g′ 25.25± 0.10 2013-10-05 · · · [6]
Magellan† LDSS3 r′ 25.46± 0.10 2013-10-04 · · · [6]

Magellan† LDSS3 i′ 25.10± 0.16 2013-10-05 · · · [6]

Magellan† LDSS3 z′ 24.64± 0.40 2013-10-05 · · · [6]
Magellan† FourStar J 24.02± 0.21 2013-12-18 · · · [6]
Magellan† FourStar Ks > 22.00 2013-12-18 · · · [6]

PS1-12bqf [SLSN-I, z = 0.522, E(B − V )MW = 0.02 mag]

CFHTLS/CFHT MegaPrime u∗ 23.23± 0.01 · · · · · · [9]
CFHTLS/CFHT MegaPrime g′ 22.75± 0.01 · · · · · · [9]

CFHTLS/CFHT MegaPrime r′ 21.83± 0.00 · · · · · · [9]

CFHTLS/CFHT MegaPrime i′ 21.53± 0.00 · · · · · · [9]
CFHTLS/CFHT MegaPrime z′ 21.32± 0.01 · · · · · · [9]
GALEX FUV 24.29± 0.15 · · · · · · [5]

GALEX NUV 23.79± 0.08 · · · · · · [5]
Spitzer IRAC 3.6 µm 20.82± 0.06 · · · · · · [6]

Spitzer IRAC 4.5 µm 21.29± 0.06 · · · · · · [6]

VIDEO/VLT VISTA z 21.39± 0.02 · · · · · · [10]
VIDEO/VLT VISTA y 21.15± 0.02 · · · · · · [10]

VIDEO/VLT VISTA J 21.12± 0.10 · · · · · · [10]
VIDEO/VLT VISTA H 20.90± 0.02 · · · · · · [10]

VIDEO/VLT VISTA K 20.77± 0.02 · · · · · · [10]

VIRMOS/CFHT CFH-12K B 23.05± 0.03 · · · · · · [3]
VIRMOS/CFHT CFH-12K V 22.43± 0.03 · · · · · · [3]

VIRMOS/CFHT CFH-12K R 21.87± 0.02 · · · · · · [3]

VIRMOS/CFHT CFH-12K I 21.46± 0.02 · · · · · · [3]
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

PS1-13gt [SLSN-I, z = 0.884, E(B − V )MW = 0.02 mag]

NOT ALFOSC r′ 25.71± 1.88 2015-03-13 9× 400 This work

(> 24.11)

Pan-STARRS† gPS1 > 24.50 · · · · · · [6]
Pan-STARRS† rPS1 > 24.50 · · · · · · [6]

Pan-STARRS† iPS1 > 24.70 · · · · · · [6]

Pan-STARRS† zPS1 > 24.40 · · · · · · [6]
Pan-STARRS† yPS1 > 22.70 · · · · · · [6]

PTF09atu [SLSN-I, z = 0.501, E(B − V )MW = 0.04 mag]

HST WFC3 F390W > 25.47 · · · · · · [12]

VLT FORS2 gHigh 27.04± 0.30 2012-06-25 3× 460 This work
VLT FORS2 RSpecial 26.20± 0.24 2012-06-25 3× 300 This work

VLT FORS2 I 26.03± 0.40 2012-06-25 6× 200 This work

VLT FORS2 zGunn 25.69± 0.45 2012-06-25 11× 120 This work
VLT HAWK-I J 26.61± 1.97 2012-07-16 21× 120 This work

(> 24.88) This work

VLT HAWK-I Ks > 24.79 2012-06-05 23× 120 This work

PTF09cnd [SLSN-I, slow declining, z = 0.258, E(B − V )MW = 0.02 mag]

GALEX NUV 23.00± 0.32 · · · · · · [5]

CAHA BUSCA u′ 23.90± 0.20 2012-10-07 15× 500 This work

CAHA BUSCA g′ 23.50± 0.06 2012-10-07 15× 500 This work
CAHA BUSCA r′ 22.97± 0.05 2012-10-07 15× 500 This work

CAHA BUSCA i′ 23.07± 0.16 2012-10-07 15× 500 This work

CAHA Omega2000 J 23.18± 0.46 2014-08-09 65× 60 This work
GTC OSIRIS r′ 23.06± 0.07 2013-05-05 1× 120 This work

PTF10heh [SLSN-IIn, z = 0.338, E(B − V )MW = 0.02 mag]

VLT FORS2 BHigh 24.30± 0.20 2013-05-30 4× 120 This work

VLT FORS2 VHigh 23.23± 0.08 2013-05-30 4× 120 This work
VLT FORS2 RSpecial 23.02± 0.07 2013-05-30 4× 120 This work

VLT FORS2 I 23.06± 0.14 2013-05-30 4× 120 This work

VLT FORS2 zGunn 22.64± 0.20 2013-05-30 5× 120 This work
VLT HAWK-I Ks 21.89± 0.15 2013-06-02 5× 120 This work

Magellan FourStar J 22.56± 0.17 2014-03-24 12× 32 This work
Magellan FourStar Ks 22.10± 0.12 2014-03-24 243× 4.4 This work

PTF10hgi [SLSN-I, fast declining, z = 0.099, E(B − V )MW = 0.07 mag]

CAHA Omega2000 H 21.66± 0.32 2015-05-09 60× 60 This work
TNG i′ 21.83± 0.15 2012-05-28 · · · [13]

TNG z′ 21.50± 0.15 2012-05-28 · · · [13]
VLT ISAAC J 21.97± 0.06 2013-03-28 4× 150 This work

VLT ISAAC Ks 21.74± 0.17 2013-03-28 5× 120 This work
WHT ACAM g′ 22.58± 0.23 2012-05-26 · · · [13]
WHT ACAM r′ 22.13± 0.09 2012-05-26 · · · [13]

PTF10qaf [SLSN-IIn, z = 0.284, E(B − V )MW = 0.07 mag]

Magellan FourStar J 21.65± 0.05 2014-11-05 10× 61 This work

Magellan FourStar Ks 21.36± 0.18 2014-11-05 10× 6 This work
SDSS u′ 22.97± 0.58 2006-09-16 · · · This work

SDSS g′ 22.92± 0.15 2006-09-16 · · · This work

SDSS r′ 22.30± 0.13 2006-09-16 · · · This work
SDSS i′ 22.01± 0.17 2006-09-16 · · · This work

SDSS z′ > 21.35 2006-09-16 · · · This work
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

PTF10vqv [SLSN-I, z = 0.452, E(B − V )MW = 0.06 mag]

CAHA BUSCA u′ 23.85± 1.43 2012-10-06 15× 500 This work

(> 22.45)

CAHA BUSCA g′ 24.01± 0.61 2012-10-06 15× 500 This work
(> 23.53)

CAHA BUSCA r′ 23.30± 0.34 2012-10-06 15× 500 This work

CAHA BUSCA i′ 22.99± 0.76 2012-10-06 15× 500 This work
(> 22.27) This work

Magellan IMACS g′ 23.88± 0.11 2013-08-14 1× 300 This work

Magellan IMACS r′ 23.89± 0.15 2013-02-08 6× 250 This work
Magellan IMACS i′ 23.86± 0.30 2013-08-14 3× 300 This work

Magellan FourStar J 23.80± 0.22 2013-09-25 42× 61 This work

VLT ISAAC Ks 24.67± 1.12 2013-09-25 27× 27 This work
(> 23.55) This work

PTF11dsf [SLSN-IIn, z = 0.385, E(B − V )MW = 0.01 mag]

GALEX NUV 23.14± 0.30 · · · · · · [5]

CAHA BUSCA u′ 22.42± 0.17 2012-10-06 14× 500 This work
CAHA BUSCA g′ 22.02± 0.06 2012-10-06 14× 500 This work

CAHA BUSCA r′ 21.22± 0.05 2012-10-06 14× 500 This work

CAHA BUSCA i′ 21.25± 0.15 2012-10-06 14× 500 This work
CAHA Omega2000 J 21.88± 0.15 2013-07-23 30× 60 This work

CAHA Omega2000 H 21.70± 0.24 2015-05-07 45× 60 This work
CAHA Omega2000 Ks 20.95± 0.38 2013-07-23 30× 60 This work

PTF11rks [SLSN-I, fast declining, z = 0.190, E(B − V )MW = 0.04 mag]

GALEX NUV 22.66± 0.50 · · · · · · [5]

CAHA BUSCA u′ 22.08± 0.26 2012-10-06 18× 300 This work
CAHA BUSCA g′ 21.34± 0.05 2012-10-06 18× 300 This work

CAHA BUSCA r′ 20.69± 0.04 2012-10-06 18× 300 This work

CAHA BUSCA i′ 20.50± 0.07 2012-10-06 1× 30 This work
GTC OSIRIS r′ 20.62± 0.04 2014-08-30 1× 30 This work

SDSS z′ 20.32± 0.69 2009-10-17 · · · This work

(> 19.64) This work
Magellan FourStar J 20.51± 0.06 2013-08-14 11× 61 This work

CAHA Omega2000 J 20.40± 0.07 2013-07-25 20× 60 This work

CAHA Omega2000 H 20.13± 0.09 2013-07-25 20× 60 This work
CAHA Omega2000 Ks 20.35± 0.41 2013-07-24 30× 60 This work

PTF12dam [SLSN-I, slow declining, z = 0.107, E(B − V )MW = 0.01 mag]

CAHA Omega2000 Y 19.27± 0.06 2014-08-10 30× 60 This work

CAHA Omega2000 J 19.20± 0.06 2014-05-14 30× 60 This work
CAHA Omega2000 H 19.33± 0.09 2014-05-15 30× 60 This work

CAHA Omega2000 Ks 19.33± 0.32 2014-05-14 25× 60 This work

GALEX FUV 20.02± 0.19 · · · · · · [5]
GALEX NUV 20.06± 0.14 · · · · · · [5]

SDSS u′ 19.68± 0.06 2003-02-11 · · · This work

SDSS g′ 19.32± 0.02 2003-02-11 · · · This work
SDSS r′ 19.10± 0.02 2003-02-11 · · · This work

SDSS i′ 18.74± 0.03 2003-02-11 · · · This work
SDSS z′ 19.21± 0.15 2003-02-11 · · · This work
Swift UVOT uvm2 20.19± 0.14 2014-12-15/17 1166 This work

Swift UVOT uvw1 19.83± 0.13 2014-12-15/17 1177 This work

SCP06F6 [SLSN-I, fast declining, z = 1.189, E(B − V )MW = 0.01 mag]

HST F775W > 27.51 · · · · · · [14]
HST F850LP > 27.22 · · · · · · [14]
HST WFC3 F606W 27.88± 0.20 · · · · · · [12]
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

SN1999as [SLSN-I, z = 0.127, E(B − V )MW = 0.03 mag]

CAHA Omega2000 J 19.16± 0.09 2014-01-10 15× 60 This work

CAHA Omega2000 K 19.49± 0.10 2015-05-08 30× 60 This work

CAHA Omega2000 H 18.71± 0.11 2014-01-10 15× 60 This work
GALEX FUV 21.31± 0.34 [5]

GALEX NUV 21.05± 0.09 [5]

Magellan Fourstar Ks 19.43± 0.10 2014-06-26 62× 9 This work
SDSS u′ 20.44± 0.54 2005-05-10 · · · This work

SDSS g′ 19.92± 0.06 2005-05-10 · · · This work

SDSS r′ 19.51± 0.05 2005-05-10 · · · This work
SDSS i′ 19.61± 0.07 2005-05-10 · · · This work

SDSS z′ 19.62± 0.29 2005-05-10 · · · This work

WISE W1 20.32± 0.21 · · · · · ·
WISE W2 > 20.53 · · · · · · [15]

WISE W3 > 17.30 · · · · · · [15]
WISE W4 > 15.43 · · · · · · [15]

SN1999bd [SLSN-IIn, z = 0.151, E(B − V )MW = 0.03 mag]

CAHA Omega2000 J 18.88± 0.02 2014-05-14 59× 60 This work

GALEX NUV 22.31± 0.32 [5]
Magellan IMACS r′ 19.96± 0.01 2013-02-08 1× 120 This work

Magellan FourStar Ks 19.66± 0.09 2014-11-05 91× 6 This work

Swift UVOT w1 22.06± 0.22 2014-12-16–2016-01-03 7287 This work
SDSS u′ 20.56± 0.13 2005-03-10 · · · This work

SDSS g′ 20.52± 0.05 2005-03-10 · · · This work

SDSS r′ 19.95± 0.04 2005-03-10 · · · This work
SDSS i′ 19.42± 0.03 2005-03-10 · · · This work

SDSS z′ 19.19± 0.10 2005-03-10 · · · This work

Subaru Suprime-Cam V 20.21± 0.07 2007-02-18–21 15× 200 This work
WISE W1 19.03± 0.09 · · · · · · [15]

WISE W2 19.56± 0.28 · · · · · · [15]

SN2003ma [SLSN-IIn, z = 0.289, E(B − V )MW = 0.31 mag]

IRSF SIRIUS J 19.78± 0.11 · · · · · · [16]
IRSF SIRIUS H 19.86± 0.16 · · · · · · [16]

SuperMACHO/Blanco MOSAIC Imager B 20.84± 0.06 · · · · · · [17]

SuperMACHO/Blanco MOSAIC Imager I 20.21± 0.03 · · · · · · [17]

SN2005ap [SLSN-I, fast declining, z = 0.283, E(B − V )MW = 0.01 mag]

Coma Cluster/CFHT CFH12K B 24.43± 0.24 · · · · · · [18]

Coma Cluster/CFHT CFH12K V 23.94± 0.24 · · · · · · [18]

Coma Cluster/CFHT CFH12K R 23.66± 0.04 · · · · · · [18]
Coma Cluster/CFHT CFH12K I 23.51± 0.07 · · · · · · [18]

HST WFC3 F390W 24.32± 0.09 · · · · · · [12]

HST WFC3 F160W 23.48± 0.36 · · · · · · [12]
Magellan† FourStar J 23.59± 0.07 · · · · · · [6]

NOT ALFOSC r′ 23.67± 0.18 2013-05-05 3× 500 This work

NOT ALFOSC i′ 23.65± 0.21 2013-04-14 5× 600 This work
Subaru Suprime-Cam R 23.43± 0.01 2011-04-01 15× 210 This work

VLT ISAAC J 22.99± 0.41 2013-03-27 13× 180 This work
VLT ISAAC Ks 25.19± 1.80 2013-03-27 20× 120 This work

(> 22.60)
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

SN2006gy [SLSN-IIn, z = 0.019, E(B − V )MW = 0.14 mag]

2MASS J 11.76± 0.02 · · · · · · This work

2MASS H 11.61± 0.02 · · · · · · This work

2MASS Ks 11.65± 0.01 · · · · · · This work
CAHA BUSCA u′ 16.36± 0.01 2012-10-08 18× 300 This work

CAHA BUSCA g′ 14.27± 0.01 2012-10-08 18× 300 This work

CAHA BUSCA r′ 13.38± 0.02 2012-10-08 18× 300 This work
CAHA BUSCA i′ 12.85± 0.01 2012-10-08 18× 300 This work

GALEX FUV 21.58± 0.09 · · · · · · [5]

GALEX NUV 19.83± 0.02 · · · · · · [5]
SDSS u′ 16.50± 0.01 2003-01-29 · · · This work

SDSS g′ 14.30± 0.01 2003-01-29 · · · This work

SDSS r′ 13.34± 0.01 2003-01-29 · · · This work
SDSS i′ 12.83± 0.01 2003-01-29 · · · This work

SDSS z′ 12.52± 0.01 2003-01-29 · · · This work

SN2006oz [SLSN-I, z = 0.396, E(B − V )MW = 0.04 mag]

CFHTLS/CFHT MegaPrime u∗ 25.68± 0.24 · · · · · · This work
CFHTLS/CFHT MegaPrime g′ 25.31± 0.08 · · · · · · This work

CFHTLS/CFHT MegaPrime r′ 24.64± 0.07 · · · · · · This work
CFHTLS/CFHT MegaPrime i′ 24.34± 0.07 · · · · · · This work

CFHTLS/CFHT MegaPrime z′ 24.61± 0.26 · · · · · · This work

GTC OSIRIS g′ 25.66± 0.19 2011-08-26 2× 180 This work
GTC OSIRIS r′ 24.42± 0.06 2011-08-26 6× 180 This work

GTC OSIRIS i′ 24.00± 0.01 2011-08-26 10× 90 This work

VLT HAWK-I J 23.70± 0.13 2012-06-05 15× 120 This work
VLT HAWK-I Ks 23.61± 0.21 2012-07-03 27× 120 This work

SN2006tf [SLSN-IIn, z = 0.074, E(B − V )MW = 0.02 mag]

GALEX FUV 22.49± 0.19 · · · · · · [5]

GALEX NUV 22.17± 0.06 · · · · · · [5]
Magellan IMACS r′ 20.90± 0.02 2013-02-08 3× 180 This work

Magellan IMACS i′ 20.85± 0.04 2013-02-08 3× 180 This work

Magellan IMACS z′ 20.66± 0.11 2013-02-08 1× 180 This work
VLT FORS2 uHigh 22.35± 0.19 2013-05-29 1× 150 This work

VLT FORS2 gHigh 21.11± 0.02 2013-05-29 1× 150 This work
VLT FORS2 RSpecial 20.85± 0.03 2013-05-29 1× 150 This work
VLT FORS2 I 20.86± 0.05 2013-05-29 1× 150 This work

VLT FORS2 zGunn 20.72± 0.06 2013-05-29 1× 150 This work

VLT HAWK-I J 20.61± 0.06 2013-06-02 5× 120 This work
VLT HAWK-I Ks 20.43± 0.09 2013-06-02 5× 120 This work

SN2007bi [SLSN-I, slow declining, z = 0.128, E(B − V )MW = 0.02 mag]

2.2-m MPG GROND g′ 23.34± 0.26 2015-02-13 7× 375 This work

2.2-m MPG GROND r′ 22.67± 0.15 2015-02-13 7× 375 This work
2.2-m MPG GROND i′ 22.71± 0.28 2015-02-13 5× 375 This work

2.2-m MPG GROND z′ 22.54± 0.19 2015-02-13 6× 375 This work

CAHA Omega2000 H > 20.96 2015-05-08 45× 60 This work
GALEX NUV 24.48± 0.34 · · · · · · [5]

HST WFC3 F336W 23.83± 0.28 · · · · · · [12]
Magellan IMACS z′ 22.91± 0.35 2013-08-13 2× 300 This work
Magellan FourStar J 22.87± 0.29 2014-03-24 9× 69 This work

Magellan FourStar Ks 22.61± 0.23 2014-03-24 192× 9 This work
NOT ALFOSC r′ 22.48± 0.07 2013-04-14 3× 400 This work

NOT ALFOSC i′ 22.49± 0.10 2013-04-14 5× 600 This work
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

SN2007bw [SLSN-IIn, z = 0.140, E(B − V )MW = 0.04 mag]

CAHA Omega2000 J 18.49± 0.03 2013-07-24 15× 60 This work

CAHA Omega2000 H 18.20± 0.04 2013-07-24 15× 60 This work

CAHA Omega2000 Ks 18.27± 0.07 2013-07-24 15× 60 This work
SDSS u′ 20.51± 0.24 2002-05-08 · · · This work

SDSS g′ 19.20± 0.03 2002-05-08 · · · This work

SDSS r′ 18.76± 0.03 2002-05-08 · · · This work
SDSS i′ 18.60± 0.03 2002-05-08 · · · This work

SDSS z′ 19.07± 0.20 2002-05-08 · · · This work

SN2008am [SLSN-IIn, z = 0.233, E(B − V )MW = 0.02 mag]

GALEX FUV 21.60± 0.12 · · · · · · [5]
GALEX NUV 21.28± 0.08 · · · · · · [5]

SDSS u′ 20.86± 0.13 2003-01-28 · · · This work

SDSS g′ 20.37± 0.04 2003-01-28 · · · This work
SDSS r′ 19.97± 0.05 2003-01-28 · · · This work

SDSS i′ 19.65± 0.06 2003-01-28 · · · This work

SDSS z′ 19.51± 0.22 2003-01-28 · · · This work
VLT ISAAC J 19.49± 0.06 2013-03-23 2× 90 This work

CAHA Omega2000 H 19.38± 0.08 2015-05-07 30× 60 This work

VLT ISAAC Ks 19.39± 0.12 2013-03-23 2× 90 This work
UKIDSS/UKIRT WFCAM Y 19.45± 0.06 · · · · · · [1]

UKIDSS/UKIRT WFCAM J 19.44± 0.08 · · · · · · [1]

UKIDSS/UKIRT WFCAM Ks 19.56± 0.15 · · · · · · [1]
WISE W1 19.70± 0.15 · · · · · · [15]

SN2008es [SLSN-II, fast declining, z = 0.205, E(B − V )MW = 0.01 mag]

HST WFC3 F336W > 25.32 · · · [12]
HST WFC3 F160W 26.85± 0.40 · · · [12]

GTC OSIRIS g′ 26.44± 0.27 2013-03-15 1920 This work

Keck LRIS B 26.96± 0.25 · · · [12]
Keck LRIS R 25.96± 0.20 · · · [12]

SN2008fz [SLSN-IIn, z = 0.133, E(B − V )MW = 0.04 mag]

CAHA BUSCA u′ 23.88± 0.84 2012-10-04 14× 500 This work

(> 23.06) This work
CAHA BUSCA g′ > 23.83 2012-10-04 14× 500 This work

CAHA BUSCA r′ 25.80± 2.21 2012-10-04 14× 500 This work

(> 23.93) This work
CAHA BUSCA i′ 24.23± 0.79 2012-10-04 14× 500 This work

(> 23.47) This work

HST WFC3 F336W 26.73± 0.55 · · · · · · [12]
HST WFC3 F160W 25.18± 0.06 · · · · · · [12]

Keck LRIS R 25.58± 0.19 · · · · · · [12]
Keck LRIS B 26.16± 0.22 · · · · · · [12]
VLTc FORS2 RSpecial > 24.38 2013-05-30 12× 300 This work

SN2009de [SLSN-I, z = 0.311, E(B − V )MW = 0.04 mag]

SDSS u′ 22.34± 1.16 2005-06-05 · · · This work

(> 21.96)
SDSS g′ 24.36± 2.85 2005-06-05 · · · This work

(> 23.21)
SDSS r′ 23.75± 2.27 2005-06-05 · · · This work

(> 22.62)

SDSS i′ 22.89± 1.55 2005-06-05 · · · This work
(> 22.16)

SDSS z′ > 20.80 2005-06-05 · · · This work
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

SN2009jh [SLSN-I, slow declining, z = 0.349, E(B − V )MW = 0.01 mag]

HST WFC3 F390W > 25.92 · · · · · · [12]

HST WFC3 F160W 25.30± 0.15 · · · · · · [12]

VLT FORS2 RSpecial 25.86± 0.13 2013-02-20 6× 300 This work
VLT FORS2 I > 24.49 2013-03-17 3× 200 This work

VLT FORS2 zGunn 24.18± 0.60 2013-02-20 10× 120 This work

VLT HAWK-I J 26.50± 1.58 2012-05-20 15× 120 This work
(> 25.00)

VLT HAWK-I Ks 24.93± 0.92 2012-06-03 27× 120 This work

(> 24.02)

SN2009nm [SLSN-IIn, z = 0.210, E(B − V )MW = 0.01 mag]

SDSS u′ 24.13± 2.88 2012-12-20 · · · This work

(> 22.86)

SDSS g′ 23.00± 0.20 2012-12-20 · · · This work
SDSS r′ 21.96± 0.11 2012-12-20 · · · This work

SDSS i′ 22.12± 0.20 2012-12-20 · · · This work

SDSS z′ 21.80± 1.05 2012-12-20 · · · This work
(> 21.36)

SN2010gx [SLSN-I, fast declining, z = 0.230, E(B − V )MW = 0.03 mag]

GALEX NUV 23.36± 0.32 · · · · · · [5]

Gemini-S GMOS g′ 23.64± 0.04 2012-01-21 18× 200 This work
Gemini-S GMOS r′ 22.93± 0.04 2011-05-25 9× 200 This work

Gemini-S GMOS i′ 22.94± 0.06 2011-05-25 9× 200 This work

Gemini-S GMOS z′ 23.25± 0.20 2011-02-28 9× 200 This work
Magellan† FourStar J 22.92± 0.01 2012-12-04 · · · [6]

SN2010kd [SLSN-I, z = 0.101, E(B − V )MW = 0.03 mag]

GALEX NUV 22.84± 0.53 · · · · · · [5]

GTC Osiris r′ 22.46± 0.03 2013-04-02 9× 60 This work
NOT ALFOSC g′ 22.84± 0.05 2015-03-13 4× 300 This work

NOT ALFOSC i′ 22.55± 0.05 2015-03-13 5× 240 This work

Swift UVOT uvu 22.91± 0.37 2014-11-19–2016-01-26 9529 This work

SN2011cp [SLSN-IIn, z = 0.380, E(B − V )MW = 0.05 mag]

SDSS u′ 22.37± 1.17 2003-01-25 · · · This work

(> 22.01)

SDSS g′ 22.75± 0.28 2003-01-25 · · · This work
SDSS r′ 21.26± 0.10 2003-01-25 · · · This work

SDSS i′ 20.63± 0.08 2003-01-25 · · · This work
SDSS z′ 20.37± 0.30 2003-01-25 · · · This work
UKIDSS/UKIRT WFCAM Y 20.18± 0.10 · · · · · · [1]

UKIDSS/UKIRT WFCAM J 20.01± 0.09 · · · · · · [1]

UKIDSS/UKIRT WFCAM H 19.72± 0.10 · · · · · · [1]
UKIDSS/UKIRT WFCAM Ks 19.04± 0.06 · · · · · · [1]

WISE W1 18.67± 0.06 · · · · · · [15]
WISE W2 18.35± 0.08 · · · · · · [15]

WISE W3 17.56± 0.51 · · · · · · [15]

WISE W4 > 15.26 · · · · · · [15]

SN2011ep [SLSN-I, z = 0.280, E(B − V )MW = 0.02 mag]

GALEX NUV 22.54± 0.41 · · · · · · [5]

SDSS u′ 22.63± 1.41 2001-05-18 · · · This work

(> 21.88)
SDSS g′ 22.62± 0.23 2001-05-18 · · · This work

SDSS r′ 22.75± 0.35 2001-05-18 · · · This work

SDSS i′ > 22.23 2001-05-18 · · · This work
SDSS z′ > 20.34 2001-05-18 · · · This work
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

SN2011ked [SLSN-I, fast declining, z = 0.143, E(B − V )MW = 0.01 mag]

VLT FORS2 uHigh 22.94± 0.08 2013-05-30 1× 400 This work

VLT FORS2 gHigh 22.49± 0.03 2013-05-30 1× 300 This work

VLT FORS2 RSpecial 22.43± 0.04 2013-05-30 1× 90 This work
VLT FORS2 I 22.24± 0.06 2013-05-30 1× 90 This work

VLT FORS2 zGunn 22.66± 0.19 2013-05-30 1× 90 This work

VLT HAWK-I Ks 22.19± 0.27 2013-06-02 3× 120 This work

SN2011kf [SLSN-I, fast declining, z = 0.245, E(B − V )MW = 0.02 mag]

VLT FORS2 bhigh 24.22± 0.06 2013-05-30 12× 300 This work

VLT FORS2 Rspecial 23.46± 0.08 2013-05-30 1× 300 This work

VLT FORS2 I 23.37± 0.14 2013-05-30 12× 120 This work
VLT FORS2 zGunn 23.45± 0.34 2013-05-30 12× 120 This work

VLT HAWK-I J 24.37± 0.44 2013-06-02 22× 120 This work

VLT HAWK-I Ks 23.95± 0.43 2013-06-02 22× 120 This work

SN2012il [SLSN-I, fast declining, z = 0.175, E(B − V )MW = 0.02 mag]

GALEX FUV 22.31± 0.40 · · · · · · [5]

GALEX NUV 22.78± 0.31 · · · · · · [5]

HST WFC3 F336W 22.78± 0.06 · · · · · · [12]
Magellan IMACS r′ 21.62± 0.03 20013-11-18 1× 180 This work

Magellan† FourStar J 21.78± 0.11 · · · · · · [6]

Magellan† FourStar Ks 21.90± 0.20 · · · · · · [6]
SDSS u′ 24.00± 3.00 2005-02-04 · · · This work

SDSS g′ 21.85± 0.09 2005-02-04 · · · This work

SDSS g′ 21.85± 0.09 2005-02-04 · · · This work
SDSS i′ 21.62± 0.16 2005-02-04 · · · This work

SDSS z′ 22.54± 1.87 2013-02-08 1× 180 This work

Swift/UVOT uvw1 21.54± 0.68 2016-01-09 140 This work
(> 20.92) This work

SN2013dg [SLSN-I, fast declining, z = 0.265, E(B − V )MW = 0.04 mag]

Magellan IMACS g′ 26.49± 0.95 2014-06-27 4× 300 This work

(> 25.53)
Magellan IMACS r′ 25.93± 0.67 2014-06-27 6× 300 This work

(> 25.35)
Magellan IMACS i′ 25.21± 0.73 2014-06-27 5× 240 This work

(> 24.55)

Magellan FourStar J > 23.74 2014-03-23 26× 69 This work

SN2013hx [SLSN-IIn, fast declining, z = 0.130, E(B − V )MW = 0.02 mag]

Magellan IMACS g′ 24.71± 0.45 2016-02-01 2× 300 This work
Magellan IMACS r′ 24.55± 0.35 2016-02-01 4× 180 This work

Magellan IMACS i′ 23.54± 0.32 2016-02-01 5× 240 This work

SN2013hy [SLSN-I, z = 0.663, E(B − V )MW = 0.03 mag]

DES/Blanco DECam g′ 24.24± 0.13 · · · · · · [19]
DES/Blanco DECam r′ 23.65± 0.10 · · · · · · [19]

DES/Blanco DECam i′ 23.31± 0.10 · · · · · · [19]

DES/Blanco DECam z′ 23.26± 0.17 · · · · · · [19]

SN2015bn [SLSN-I, z = 0.110, E(B − V )MW = 0.02 mag]

GALEX NUV 23.62± 0.59 · · · · · · [5]
SDSS u′ 24.51± 4.05 1999-03-22 · · · This work

SDSS g′ 22.42± 0.15 1999-03-22 · · · This work
SDSS r′ 22.81± 0.31 1999-03-22 · · · This work
SDSS i′ 21.74± 0.21 1999-03-22 · · · This work

SDSS z′ 21.09± 0.41 1999-03-22 · · · This work
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

SN1000+0216 [SLSN-I, z = 3.899, E(B − V )MW = 0.02 mag]

COSMOS/Subaru Suprime-Cam Bj 26.82± 0.24 · · · · · · [8]

COSMOS/Subaru Suprime-Cam V j 25.65± 0.12 · · · · · · [8]

COSMOS/Subaru Suprime-Cam g+ 26.70± 0.26 · · · · · · [8]
COSMOS/Subaru Suprime-Cam r+ 25.09± 0.08 · · · · · · [8]

COSMOS/Subaru Suprime-Cam i+ 24.60± 0.06 · · · · · · [8]

COSMOS/Subaru Suprime-Cam z+ 24.75± 0.16 · · · · · · [8]
COSMOS/UKIRT WFCAM J 24.30± 0.37 · · · · · · [8]

COSMOS/CFHT WIRCAM Ks 24.81± 0.61 · · · · · · [8]

COSMOS/Spitzer IRAC 3.6 µm 23.14± 0.08 · · · · · · [8]
COSMOS/Spitzer IRAC 4.5 µm 22.74± 0.10 · · · · · · [8]

COSMOS/Spitzer IRAC 5.8 µm 22.72± 0.23 · · · · · · [8]

COSMOS/Spitzer IRAC 8.5 µm 21.50± 0.28 · · · · · · [8]
UltraVISTA/VISTA VIRCAM Y 24.20± 0.05 · · · · · · [20]

UltraVISTA/VISTA VIRCAM J 23.79± 0.05 · · · · · · [20]
UltraVISTA/VISTA VIRCAM H 23.58± 0.06 · · · · · · [20]

UltraVISTA/VISTA VIRCAM Ks 23.45± 0.06 · · · · · · [20]

SN2213-1745 [SLSN-I, z = 2.046, E(B − V )MW = 0.02 mag]

CFHTLS/CFHT MegaPrime u∗ 24.35± 0.01 · · · · · · This work
CFHTLS/CFHT MegaPrime g′ 23.97± 0.01 · · · · · · This work

CFHTLS/CFHT MegaPrime r′ 23.87± 0.01 · · · · · · This work

CFHTLS/CFHT MegaPrime i′ 23.78± 0.01 · · · · · · This work
CFHTLS/CFHT MegaPrime z′ 23.67± 0.02 · · · · · · This work

Magellan FourStar J 22.76± 0.12 2014-11-05 37× 61 This work

SNLS06D4eu [SLSN-I, z = 1.588, E(B − V )MW = 0.02 mag]

CFHTLS/CFHT MegaPrime u∗ 24.55± 0.01 · · · · · · This work
CFHTLS/CFHT MegaPrime g′ 24.19± 0.01 · · · · · · This work

CFHTLS/CFHT MegaPrime r′ 24.11± 0.01 · · · · · · This work

CFHTLS/CFHT MegaPrime i′ 24.01± 0.01 · · · · · · This work
CFHTLS/CFHT MegaPrime z′ 23.92± 0.02 · · · · · · This work

VLT HAWK-I J 23.85± 0.26 2013-10-13 6× 180 This work

VLT HAWK-I Ks 23.74± 0.30 2013-10-13 14× 120 This work

SNLS07D2bv [SLSN-I, z ∼ 1.5, E(B − V )MW = 0.02 mag]

COSMOS/CFHT MegaPrime u∗ 26.54± 0.17 · · · · · · [8]

COSMOS/Subaru Suprime-Cam Bj 26.71± 0.22 · · · · · · [8]

COSMOS/Subaru Suprime-Cam V j 26.42± 0.20 · · · · · · [8]
COSMOS/Subaru Suprime-Cam g+ 26.95± 0.27 · · · · · · [8]

COSMOS/Subaru Suprime-Cam r+ 27.03± 0.29 · · · · · · [8]

COSMOS/Subaru Suprime-Cam i+ 26.33± 0.23 · · · · · · [8]
COSMOS/Subaru Suprime-Cam z+ 26.47± 0.69 · · · · · · [8]

COSMOS/UKIRT PS1-12zn J 25.67± 1.12 · · · · · · [8]
COSMOS/CFHT WIRCAM Ks 24.66± 0.60 · · · · · · [8]
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Table A1 – continued List of host observations and their photometries.

Survey/ Instrument Filter
Brightness

Date
Exposure

Reference
Telescope (magAB) time (s)

SSS120810 [SLSN-I, fast declining, z = 0.156, E(B − V )MW = 0.02 mag]

Swift UVOT uvm2 23.02± 0.17 2014-11-09–2016-01-28 8922 This work

VLT FORS2 gHigh 22.71± 0.10 2013-05-30 1× 300 This work

VLT FORS2 RSpecial 22.61± 0.06 2013-05-30 1× 300 This work
VLT FORS2 I 22.47± 0.07 2013-05-30 3× 120 This work

VLT FORS2 zGunn 22.43± 0.14 2013-05-30 3× 120 This work

VLT HAWK-I J 23.11± 0.14 2013-06-02 6× 120 This work
VLT HAWK-I Ks 23.38± 0.24 2013-06-02 6× 120 This work

Note. — Data were not corrected for Galactic extinction apart from the data designated by †. The CFHTLS y′ band filter is similar

to CFHTLS i′. If a measurement has a confidence of < 2σ, we also report the 3σ limiting magnitude.
a An error of 0.15 mag was added in quadrature to the CTIO/R-band measurement due to the contamination by a bright star.
b The brightness was measured with a circular aperture with a diameter of 1.5× FWHM of the stellar PSF.
c The object is on Chip 1 and 2. The measurement is only for Chip 2.
d The brightness was measured with a circular aperture with a diameter of 7 px of the stellar PSF.

References. — [1]: Lawrence et al. (2007); [2]: Smith et al. (2016); [3]: Le Fèvre et al. (2004); [4]: Nicholl et al. (2014); [5]: Bianchi et al.
(2011); [6]: Lunnan et al. (2014); [7]: Lunnan et al. (2013); [8]: Ilbert et al. (2009); [9]: Hudelot et al. (2012); [10]: Jarvis et al. (2013); [11]:

Vreeswijk et al. (2014); [12]: Angus et al. (2016); [13]: Inserra (priv. comm.); [14]: Barbary et al. (2009); [15]: AllWISE Source Catalog;
[16]: Kato et al. (2007); [17]: Rest et al. (2011); [18]: Adami et al. (2006); [19]: Papadopoulos et al. (2015); [20]: McCracken et al. (2012)
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Table A2. Radio observations of SLSN host galaxies.

Object Redshift
Survey/ Observed r.m.s

Date Reference
Telescope frequency (mJy/beam)

SLSN-I host galaxies

CSS140925 0.460 NVSS/VLA 1.4 GHz 0.45 · · · [1]

DES14S2qri 1.500 FIRST/VLA 1.4 GHz 0.155 · · · [2]

DES14X2byo 0.869 FIRST/VLA 1.4 GHz 0.108 · · · [2]
DES14X3taz 0.608 FIRST/VLA 1.4 GHz 0.106 · · · [2]

iPTF13ajg† 0.740 FIRST/VLA 1.4 GHz 0.102 · · · [2]

LSQ12dlf‡ 0.255 NVSS/VLA 1.4 GHz 0.45 · · · [1]
LSQ14an 0.163 NVSS/VLA 1.4 GHz 0.45 · · · [1]

LSQ14mo‡ 0.256 NVSS/VLA 1.4 GHz 0.45 · · · [1]

LSQ14bdq† 0.345 NVSS/VLA 1.4 GHz 0.45 · · · [1]
LSQ14fxj 0.360 FIRST/VLA 1.4 GHz 0.114 · · · [2]

MLS121104 0.303 JVLA 1.4 GHz 0.015 2015-07-28 & This work

2015-08-05 This work
PS1-10ky 0.956 FIRST/VLA 1.4 GHz 0.162 · · · [2]

PS1-10pm 1.206 FIRST/VLA 1.4 GHz 0.141 · · · [2]
PS1-10ahf 1.158 FIRST/VLA 1.4 GHz 0.11 · · · [2]

PS1-10awh 0.909 FIRST/VLA 1.4 GHz 0.105 · · · [2]

PS1-10bzj‡ 0.649 NVSS/VLA 1.4 GHz 0.45 · · · [1]
PS1-11ap† 0.524 FIRST/VLA 1.4 GHz 0.144 · · · [2]

PS1-11tt 1.283 FIRST/VLA 1.4 GHz 0.151 · · · [2]

PS1-11afv 1.407 FIRST/VLA 1.4 GHz 0.162 · · · [2]
PS1-11aib 0.997 FIRST/VLA 1.4 GHz 0.139 · · · [2]

PS1-11bam 1.565 FIRST/VLA 1.4 GHz 0.139 · · · [2]

PS1-11bdn 0.738 FIRST/VLA 1.4 GHz 0.117 · · · [2]
PS1-12zn 0.674 FIRST/VLA 1.4 GHz 0.153 · · · [2]

PS1-12bmy 1.566 NVSS/VLA 1.4 GHz 0.45 · · · [1]

PS1-12bqf 0.522 FIRST/VLA 1.4 GHz 0.123 · · · [2]
PS1-13gt 0.884 FIRST/VLA 1.4 GHz 0.16 · · · [2]

PTF09atu 0.501 FIRST/VLA 1.4 GHz 0.172 · · · [2]

PTF09cnd† 0.258 FIRST/VLA 1.4 GHz 0.141 · · · [2]
PTF10hgi‡ 0.099 NVSS/VLA 1.4 GHz 0.45 · · · [1]

PTF10vqv 0.452 FIRST/VLA 1.4 GHz 0.17 · · · [2]
PTF11rks‡ 0.190 NVSS/VLA 1.4 GHz 0.45 · · · [1]

PTF12dam† 0.107 FIRST/VLA 1.4 GHz 0.14 · · · [2]

SCP06F6‡ 1.189 FIRST/VLA 1.4 GHz 0.143 · · · [2]
SN1999as 0.127 FIRST/VLA 1.4 GHz 0.142 · · · [2]

SN2005ap‡
0.283 FIRST/VLA 1.4 GHz 0.13 · · · [2]

JVLA 1.4 GHz 0.025 2015-09-20 This work
SN2006oz 0.396 FIRST/VLA 1.4 GHz 0.099 · · · [2]

SN2007bi† 0.128 FIRST/VLA 1.4 GHz 0.136 · · · [2]

SN2009de 0.311 FIRST/VLA 1.4 GHz 0.149 · · · [2]
SN2009jh† 0.349 FIRST/VLA 1.4 GHz 0.145 · · · [2]
SN2010gx‡ 0.230 NVSS/VLA 1.4 GHz 0.45 · · · [1]

SN2010kd 0.101 FIRST/VLA 1.4 GHz 0.159 · · · [2]
SN2011ep 0.280 FIRST/VLA 1.4 GHz 0.158 · · · [2]

SN2011ke‡ 0.143 FIRST/VLA 1.4 GHz 0.158 · · · [2]
SN2011kf‡ 0.245 FIRST/VLA 1.4 GHz 0.154 · · · [2]

SN2012il‡ 0.175 FIRST/VLA 1.4 GHz 0.145 · · · [2]
SN2013dg‡ 0.265 FIRST/VLA 1.4 GHz 0.199 · · · [2]
SN2013hy 0.663 NVSS/VLA 1.4 GHz 0.45 · · · [1]
SN2015bn 0.110 FIRST/VLA 1.4 GHz 0.147 · · · [2]

SN1000+0216 3.899 FIRST/VLA 1.4 GHz 0.135 · · · [2]
SN2213-1745 2.046 NVSS/VLA 1.4 GHz 0.45 · · · [1]
SNLS06D4eu 1.588 NVSS/VLA 1.4 GHz 0.45 · · · [1]

SNLS07D2bv 1.500 FIRST/VLA 1.4 GHz 0.143 · · · [2]
SSS120810‡ 0.156 SUMSS 843 MHz 1.3 · · · [3]
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Table A2 – continued Radio observations of SLSN host galaxies.

Object Redshift
Survey/ Observed r.m.s

Date Reference
Telescope frequency (mJy/beam)

SLSN-IIn host galaxies

CSS100217 0.147 FIRST/VLA 1.4 GHz 0.15 · · · [2]

PTF10heh 0.338 FIRST/VLA 1.4 GHz 0.12 · · · [2]

PTF10qaf 0.284 FIRST/VLA 1.4 GHz 0.135 · · · [2]
PTF11dsf 0.385 FIRST/VLA 1.4 GHz 0.15 · · · [2]

SN1999bd 0.151 FIRST/VLA 1.4 GHz 0.164 · · · [2]

SN2003ma 0.289 · · · · · · · · ·
SN2006gy 0.019 NVSS/VLA 1.4 GHz 0.45 · · · [1]

SN2006tf 0.074 FIRST/VLA 1.4 GHz 0.132 · · · [2]

SN2007bw 0.14 FIRST/VLA 1.4 GHz 0.162 · · · [2]
SN2008am 0.233 FIRST/VLA 1.4 GHz 0.144 · · · [2]

SN2008fz
0.133 FIRST/VLA 1.4 GHz 0.14 · · · [2]

JVLA 1.4 GHz 0.015 2015-07-21 This work
SN2009nm 0.21 FIRST/VLA 1.4 GHz 0.141 · · · [2]

SN2011cp 0.38 FIRST/VLA 1.4 GHz 0.137 · · · [2]

SLSN-II host galaxies

CSS121015‡ 0.287 FIRST/VLA 1.4 GHz 0.172 · · · [2]
SN2008es‡ 0.205 FIRST/VLA 1.4 GHz 0.147 · · · [2]

SN2013hx‡ 0.13 SUMSS 843 MHz 1.3 · · · [3]

Note. — Objects with decline time-scales smaller/larger than 50 days are marked by a †/‡.

References. — [1]: Condon et al. (1998); [2]: Becker et al. (1995); [3]: Mauch et al. (2003)
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Figure B1. Similar to Fig. 3. Spectral energy distributions of hosts of H-poor SLSNe from 1000 to 40000 Å (detections: •; upper
limits: H). The solid line displays the best-fit model of the SED with Le Phare. The squares in a lighter shade are the model predicted
magnitudes. Key fitting parameters are displayed for each SED. See Table 4 and Sect. 3.3 for details.
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Figure B1. (Continued)
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100

101

102
F
ν

( µ
Jy

)

17

18

19

20

21

22

23

24

B
ri

gh
tn

es
s

(m
ag

A
B
)

SN2010kd (SLSN-I, z = 0.101)

log M/M� = 7.30+0.25
−0.29

SFR/M� yr−1 = 0.10+0.19
−0.05

Age/Myr = 199.9+300.6
−148.9

E (B − V ) = 0.15
χ2/n.o.f. = 4.4/5.0

103 104

Rest-frame wavelength (Å)
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SN2015bn (SLSN-I, z = 0.11)
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χ2/n.o.f. = 8.2/6.0

Figure B1. (Continued)
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SSS120810 (SLSN-I-fast, z = 0.156)
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χ2/n.o.f. = 5.2/7.0

Figure B1. (Continued)
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Figure B2. Similar to Figs. 2 and B1 but for H-rich host galaxies.
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Figure C1. Similar to Fig. 5. Each panel has a size of 20′′ × 20′′ where North is up and East is left. The blue crosshair marks the
position of the SNe after aligning a SN and a host image. If no SN image was available, the blue circle (arbitrary radius) indicates the SN
position reported in the literature. The average alignment error was 0.′′17 but it exceeded 1.′′0 in a few cases. See Sect. 4.2 for details. The
green circle (arbitrary radius) marks the host galaxy. The observed absolute B-band brightness is displayed in the lower left. The images

of CSS140925, DES14S2qri, DES14X2byo, PS1-11aib, PS1-13gt, PTF09atu, SN2013dg and SN2015bn were smoothed with a Gaussian
kernel (width of 1 px) to improve the visibility of the host.
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Figure C1. (Continued)
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Figure C2. Similar as Fig. 5 but for H-rich SLSNe. The red crosshair marks the position of the SNe after aligning a SN and a host

image. If no SN image was available, the red circle (arbitrary radius) indicates the SN position reported in the literature. The image of

SN2013hx was smoothed with a Gaussian kernel (width of 1 px) to improve the visibility of the host.
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Figure D1. Statistical properties of the SLSN host galaxy populations and of the comparison samples. Top: z 6 0.5. Centre: 0.5 < z 6 1.0.
Bottom: 1.0 < z 6 4.0. For each property, the mean and the dispersion are displayed, as well as their uncertainties (for details see Sect.

3.4) The vertical lines indicate location of the H-poor (dashed) and H-rich (dotted) SLSN host populations in the diagnostics plots. Note,

the exceptionally blue colours of SLSN-I hosts at z < 0.5 and huge dispersions of some SLSN-IIn host properties. The measurement
values are listed in Tables 3 and D1.
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Table D1. Statistical properties of GRB and SN host galaxies, EELGs and star-forming galaxies from the UltraVISTA survey per

redshift bin.

Sample Number
Mean mR (R−Ks) MB logM/M�

log SFR log sSFR

Redshift (mag) (mag) (mag) (M� yr−1) (yr−1)

z 6 0.5

GRB 14 0.32
22.03± 0.68 (7) 0.79± 0.35 (5) −18.33± 0.41 8.83± 0.20 −0.19± 0.13 −9.15± 0.11

1.67+0.61
−0.44 0.62+0.32

−0.21 1.50+0.34
−0.28 0.65+0.17

−0.13 0.07+0.22
−0.05 0.07+0.14

−0.04

SN

GOODS 12 0.41 · · · · · · −18.82± 0.52 9.07± 0.27 0.22± 0.19 −8.85± 0.16

1.71+0.44
−0.35 0.88+0.23

−0.18 0.66+0.16
−0.13 0.52+0.12

−0.10

L11, S12, S13 105 0.05 · · · · · · −19.51± 0.20 9.52± 0.09 0.22± 0.11 −9.47± 0.11

2.01+0.14
−0.13 0.90+0.07

−0.06 0.94+0.09
−0.08 0.78+0.09

−0.08

EELG

VUDS 9 0.34
24.92± 0.18 (11) 1.05± 0.07 (11) −15.65± 0.31 7.38± 0.16 −1.14± 0.17 −8.50± 0.22

0.53+0.15
−0.12 0.03+0.05

−0.02 0.89+0.27
−0.20 0.37+0.14

−0.10 0.45+0.15
−0.11 0.42+0.31

−0.18

zCOSMOS 86 0.30
21.96± 0.07 (89) 0.53± 0.05 (89) −18.47± 0.13 8.36± 0.06 0.11± 0.06 −8.21± 0.04

0.69± 0.05 0.48± 0.04 1.21± 0.09 0.49+0.05
−0.04 0.50± 0.04 0.27± 0.03

UltraVISTA 26706 0.33
22.53± 0.01 1.10± 0.01 · · · 8.99± 0.01 −0.81± 0.01 −9.80± 0.01

1.47 0.58 0.85 0.86 0.87

0.5 < z 6 1.0

GRB 38 0.76
24.00± 0.39 (12) 1.03± 0.15 (7) −19.36± 0.25 9.03± 0.12 0.43± 0.12 −8.43± 0.10

1.29+0.33
−0.26 0.24+0.28

−0.11 1.54+0.19
−0.17 0.66+0.10

−0.08 0.63+0.10
−0.09 0.37+0.09

−0.08

SN

GOODS 41 0.72 · · · · · · −19.51± 0.30 9.22± 0.15 0.25± 0.13 −8.96± 0.04

1.94+0.24
−0.21 0.93+0.11

−0.10 0.84+0.10
−0.09 0.26± 0.03

EELG

VUDS 21 0.65
24.73± 0.14 (19) 1.15± 0.12 (19) −17.51± 0.14 8.00± 0.07 −0.32± 0.08 −8.34± 0.12

0.61+0.11
−0.09 0.46+0.10

−0.08 0.65+0.11
−0.10 0.29+0.06

−0.05 0.32+0.06
−0.05 0.47+0.10

−0.08

zCOSMOS 78 0.70
22.44± 0.05 (91) 0.90± 0.06 (91) −20.38± 0.08 9.13± 0.04 0.96± 0.04 −8.14± 0.04

0.52± 0.04 0.58+0.05
−0.04 0.66+0.06

−0.05 0.31± 0.03 0.30± 0.03 0.28± 0.03

UltraVISTA 52689 0.77
23.69± 0.01 1.91± 0.01 · · · 9.60± 0.01 −0.42± 0.01 −10.02± 0.01

1.02 0.82 0.64 0.93 1.06

1.0 < z 6 4.0

SN

GOODS 5 1.16 · · · · · · −21.12± 0.73 10.02± 0.49 1.28± 0.40 −8.76± 0.30

1.44+0.69
−0.47 0.95+0.45

−0.30 0.79+0.37
−0.25 0.55+0.27

−0.18

EELG

3D-HST 22 1.75 · · · · · · · · · 8.72± 0.11 0.83± 0.10 −7.97± 0.11

0.46+0.10
−0.09 0.41+0.08

−0.07 0.37+0.10
−0.08

WISPS 7 1.62 · · · · · · · · · 8.62± 0.23 1.28± 0.43 −7.32± 0.36

0.57+0.21
−0.15 1.06+0.37

−0.27 0.87+0.34
−0.24

UltraVISTA 70413 1.60
24.76± 0.01 2.43± 0.01 · · · 9.98± 0.01 −0.16± 0.01 −10.13± 0.01

1.05 1.10 0.56 1.19 1.23

Note. — The first row of each element shows the mean value and its error and the second row the standard deviation of the sample.
The values of the R-band brightness, the B-band luminosity and the R−Ks colour are not corrected for host attentuation.
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