
 
 

University of Birmingham

Metallicity beats sSFR: the connection between
superluminous supernova host galaxy
environments and the importance of metallicity for
their production
Cleland, Cressida; Mcgee, Sean L; Nicholl, Matt

DOI:
10.1093/mnras/stad2118

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Cleland, C, Mcgee, SL & Nicholl, M 2023, 'Metallicity beats sSFR: the connection between superluminous
supernova host galaxy environments and the importance of metallicity for their production', Monthly Notices of
the Royal Astronomical Society, vol. 524, no. 3, pp. 3559-3567. https://doi.org/10.1093/mnras/stad2118

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 02. May. 2024

https://doi.org/10.1093/mnras/stad2118
https://doi.org/10.1093/mnras/stad2118
https://birmingham.elsevierpure.com/en/publications/d726f5e8-d7b6-44dc-95e7-686057e5b4d2


MNRAS 524, 3559–3567 (2023) https://doi.org/10.1093/mnras/stad2118 
Advance Access publication 2023 July 14 

Metallicity beats sSFR: the connection between superluminous superno v a 

host galaxy environments and the importance of metallicity for their 

production 

Cressida Cleland, 1 ‹ Sean L. McGee 

1 and Matt Nicholl 2 

1 School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK 

2 Astrophysics Research Centre, School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 1NN, UK 

Accepted 2023 July 12. Received 2023 July 12; in original form 2023 January 25 

A B S T R A C T 

We analyse 33 Type I superluminous supernovae (SLSNe) taken from Zwicky Transient Facility (ZTF)’s Bright Transient Survey 

to investigate the local environments of their host galaxies. We use a spectroscopic sample of galaxies from the Sloan Digital 
Sk y Surv e y (SDSS) to determine the large-scale environmental density of the host galaxy. Noting that SLSNe are generally 

found in galaxies with low stellar masses, high star formation rates (SFRs), and low metallicities, we find that SLSN hosts 
are also rarely found within high-density environments. Only 3 

+ 9 
−1 per cent of SLSN hosts were found in regions with two or 

more bright galaxies within 2 Mpc. For comparison, we generate a sample of 662 SDSS galaxies matched to the photometric 
properties of the SLSN hosts. This sample is also rarely found within high-density environments, suggesting that galaxies 
with properties required for SLSN production fa v our more isolated environments. Furthermore, we select galaxies within the 
IllustrisTNG simulation to match SLSN host galaxy properties in colour and stellar mass. We find that the fraction of simulated 

galaxies in high-density environments quantitatively match the observed SLSN hosts only if we restrict to simulated galaxies 
with metallicity 12 + log (O/H) ≤ 8.12. In contrast, limiting to only the highest specific star formation rate (sSFR) galaxies in 

the sample leads to an o v erabundance of SLSN hosts in high-density environments. Thus, our measurement of the environmental 
density of SLSN host galaxies appears to break the de generac y between low metallicity and high sSFR as the driver for SLSN 

hosts and provides evidence that the most constraining factor on SLSN production is low metallicity. 

K ey words: galaxies: e volution – galaxies: star formation – transients: supernovae. 
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 I N T RO D U C T I O N  

hile the detection rates of supernovae (SNe) have rapidly increased 
 v er the last decade or so, thanks to wide-field high-cadence surv e ys
uch as the Panoramic Survey Telescope and Rapid Response System 

Pan-STARRS; Chambers et al. 2016 ), Asteroid Terrestrial-impact 
ast Alert System (ATLAS; Tonry et al. 2018 ), and Zwicky Tran-
ient Facility (ZTF; Bellm et al. 2019 ), superluminous supernovae 
SLSNe) remain a rare and elusive transient event. SLSNe were 
riginally classed as a supernova (SN) event that is 10–100 times
righter than typical SNe (Quimby et al. 2011 ; Gal-Yam 2012 ),
o we ver are no w classified by their unique spectra (e.g. Lunnan
t al. 2018 ; Quimby et al. 2018 ; Angus et al. 2019 ). Their light curves
iffer from those of other SNe as they are both broader and brighter.
here are two classes of SLSNe: Type I and Type II. Type I SLSNe

often referred to as simply SLSNe, a convention we adopt in this
ork) are dominated by O II absorption lines at maximum luminosity, 
hile Type II SLSNe exhibit sharply peaked hydrogen emission lines 

rom circumstellar interaction. The physical mechanisms that cause 
ype I SLSNe remain a topic of debate, with mechanisms such as a
entral engine in the form of a magnetar (see e.g. Kasen & Bildsten
 E-mail: cressidac@star .sr .bham.ac.uk 
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010 ; Inserra et al. 2013 ; Nicholl, Guillochon & Berger 2017 ) or
nteraction with the circumstellar medium (see e.g. Smith & McCray 
007 ; Che v alier & Irwin 2011 ; Chatzopoulos, Wheeler & Vinko
012 ; Ginzburg & Balberg 2012 ) being proposed as possible power
ources for the increased luminosity. 

We can use properties of their host galaxies to infer the conditions
equired for a SLSN to occur. This can help constrain the processes
t work. SLSNe have been found mostly in low-mass galaxies, with
ery few being found in host galaxies with stellar mass > 10 8 M �
Schulze et al. 2018 ). This is surprising, as one might expect that
ith more stars come more SN events (Sullivan et al. 2006 ; Smith

t al. 2012 ; Wiseman et al. 2021 , see also Perley et al. 2016a ).
arious authors have found that SLSN host galaxies typically have 
igh specific star formation rates (sSFRs, ∼10 −9 yr −1 ; Neill et al.
011 ; Leloudas et al. 2015 ; Angus et al. 2016 ), leading to the idea
hat SLSNe may be the first stars to explode following a starburst.
eloudas et al. ( 2015 ) note that SLSN host galaxies have properties

hat are consistent with extreme emission line galaxies (EELGs), 
.e. high sSFR and also highly ionized gas. Meanwhile, Lunnan et al.
 2014 ), Chen et al. ( 2017 ), and Perley et al. ( 2016b ) argue that the low
etallicity observed in SLSN hosts is the more important factor in the 

roduction of these rare transients, and that their low metallicities can
xplain the extreme energies seen (Chen et al. 2013 ). Nevertheless,
ince dwarf galaxies tend to have both low metallicities and bursty
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. PanSTARRS i -band cutout images (Flewelling et al. 2020 ) of SLSN sources and of a Type Ia SN host. Panel (a) shows object ZTF21aaarmti, panel 
(b) shows object ZTF22aalzjdc, and panel (c) shows object ZTF18aangpkx. The magenta circle in each panel depicts the location of the source. In panel (b), 
no host galaxy was found for the source. The host galaxy in panel (c) is in a higher density environment than the SLSN hosts; see Section 3.1 for details. The 
absolute magnitude of the host galaxy in panel (a) is M i = −21.36 and its redshift is z = 0.193. The absolute magnitude of the host galaxy in panel (c) is M i = 

−22.67 and its redshift is z = 0.070. The redshift of the SLSN source in panel (b) is z = 0.200. The size of each of the images is 62.50 arcsec. 
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tar formation histories, and the production of SLSNe appears averse
o high metallicity and low sSFR (Schulze et al. 2018 ), there is a
e generac y re garding which of these factors is more critical. 
It is well known that the local environment of galaxies, i.e. whether

 galaxy is located within a galaxy group or a galaxy cluster or it
s isolated, has a profound effect on a number of galaxy properties,
ncluding the metallicity (Tremonti et al. 2004 ; Cooper, Newman &
an 2009 ; Ellison et al. 2009 ), star formation rate (SFR; Wetzel
t al. 2013 ; Cleland & McGee 2021 ), and o v erall evolution of the
alaxy (Dressler 1980 ). Gravitational interactions between galaxies
an disturb the gas and dust that fuel star formation, leading to
tarburst phases, or similarly galaxies may merge that will also have
n effect on the SFRs of the galaxies in volved. Con versely, high-
ensity environments may cause the quenching of star formation
n an infalling galaxy. It naturally follows to investigate the local
nvironment of SLSNe host galaxies to unco v er an y environmental
actors that may impact SLSNe rates. Ørum et al. ( 2020 ) find that up
o 50 per cent of SLSN host galaxies have at least one companion
ithin 5 kpc, which they use to explain the increased SFRs required

or SLSNe to occur. Ho we ver, for the purposes of this work we
re interested in the o v erall density of the local environment of the
LSN host galaxy. That is, a close companion galaxy of arbitrary
tellar mass within kpc of the SN host galaxy does not necessarily
ead to the same environmental effects at larger scales (e.g. Mpc).
n order to probe for such effects, we aim to use bright galaxies as
 proxy for density, noting that this is a first-order approach, with
he absolute magnitude of galaxies roughly tracing stellar mass. By
n vestigating the en vironments of these galaxies in this way, we aim
o break the de generac y between the requirements of low metallicity
nd high sSFR for SLSN production. 

In this work, we identify isolated SLSNe and SLSNe in groups, and
ompare between various host galaxy properties. We also compare
gainst Type Ia SN host galaxies, which occur in a wider variety of
ost galaxies. We then investigate these host galaxies further within
he IllustrisTNG simulation suite, by exploring the metallicities
nd sSFRs of a sample of simulated galaxies with observational
roperties similar to those of SLSN hosts. 
The paper is structured as follows. In Section 2 , we describe

he data used and how it were obtained. In Section 3 , we explain
he results and discuss their implications. Finally, in Section 4 ,
e summarize our findings. For the computation of cosmological
istances, we use a flat Universe with H 0 = 70.2 and �m 

= 0.277. 
NRAS 524, 3559–3567 (2023) 
 DATA  

e obtain coordinates, redshifts, and host photometry ( g − i colours
nd M i absolute magnitudes) of 55 Type I SLSNe (hereafter simply
eferred to as SLSNe) and 4816 Type Ia SNe from the ZTF Bright
ransient Surv e y 1 (BTS; Masci et al. 2019 ; Perley et al. 2020a ). This
as the full sample of SLSNe and Type Ia SNe available on the BTS

t the time of analysis (2022 September). The BTS is used to obtain
roperties on SN events and their host galaxies due it being a well-
efined sample with a limiting magnitude of ≈18.5 mag that selects
or nearby events with a higher chance of host detection. The SNe in
his sample have been classified spectroscopically, and by a variety
f research groups. Table A1 lists and cites the classification group
or each SLSN. The code SHERLOCK 

2 is used to cross-identify for a
ost galaxy and its photometry (Smith et al. 2020 ); this information
s available directly on the LASAIR broker (Smith et al. 2019 ) for
ach source. Some sources have no catalogued host, and are marked
s ‘orphans’. See Fig. 1 for examples of a SLSN source with a
ost detection (left-hand panel) and a SLSN source where no host
as detected (middle panel). We denote the SLSN host galaxy

ample as SLSN-g, and the Type Ia SN host galaxy sample as
N-Ia. 
We obtain a spectroscopically redshifted sample of 300 000

andom galaxies (Spec- z ) from the Sloan Digital Sky Survey (SDSS)
ata Release 17 (DR17; Smee et al. 2013 ; Blanton et al. 2017 ;
bdurro’uf et al. 2022 ), such that their redshifts are local and
recisely known, 0 < z < 0.4. We also obtain 16 494 random
hotometrically redshifted galaxies from SDSS DR17 (Fukugita et al.
996 ; Gunn et al. 1998 , 2006 ; Doi et al. 2010 ) to better match the
arameter space of the SLSNe sample, with 0 < z < 0.4, such that z err 

 0.1 and z err / z < 0.5. Both samples were obtained using the SDSS
uery service CasJobs. 3 For each sample of SN hosts, we restrict
o sources within the on-sky footprint of the spectroscopic sample,
esulting in 35 SLSNe (18 with detected hosts) and 3450 Type Ia

https://sites.astro.caltech.edu/ztf/bts/bts.php
https://github.com/thespacedoctor/sherlock
http://cas.sdss.org/dr17/
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Table 1. Descriptions of each of the samples used. The ranges shown in the redshift and magnitude columns refer to the minima and maxima of that property 
for each sample, not necessarily the selection constraints. 

Sample # obj. Redshift Median ( z ) Magnitude Median ( M i ) Description 

SLSN-g 33 0.064 ≤ z ≤ 0.39 0.159 −22.74 ≤ M i ≤ −15.32 −18.41 SLSN host galaxies 
SDSS-m 662 0.036 ≤ z ≤ 0.312 0.117 −22.196 ≤ M i ≤ −16.709 −19.632 SDSS photometric- z galaxies matched to SLSN-g 
SN-Ia 3268 0.001 ≤ z ≤ 0.0.156 0.065 −26.56 ≤ M i ≤ −11.56 −20.76 Type Ia SN host galaxies 
Spec- z 300 000 0.0 ≤ z ≤ 0.4 0.144 −31.214 ≤ M i ≤ −10.006 −22.385 SDSS spectroscopic- z galaxies 

Figure 2. Histograms of the colours, absolute magnitudes, and redshifts of galaxies in SLSN-g with reliable photometry compared to the matched SDSS 
sample. KS tests result in p -values of 0.46, 0.36, and 0.75, respectively, validating that the SLSN-g and SDSS-m samples match each other. 
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.1 Matched sample generation 

ince the number of SLSN host galaxies is so low, it is desirable
o generate a matched galaxy sample, based on SLSN host galaxy 
roperties. This means we can make statistical comparisons of SLSN 

ost-like galaxies, but on a much larger sample of galaxies. The 
roperties of the SLSN host galaxies are based on their photometry, 
o we generate a sample of galaxies that are matched based on
hotometric properties such as absolute magnitude and colour. We 
enerate this matched sample to the SLSN host galaxies from the 
DSS photometric galaxies (Cooper et al. 2009 ). For each SLSN
ost galaxy, we randomly search for a photometric galaxy within a 
phere in parameter space according to equation ( 1 ): 

(
� colour 

0 . 2 

)2 

+ 

(
�M i 

1 . 2 

)2 

+ 

(
�z 

0 . 04 

)2 

= 1 , (1) 

here � colour, � M i , and �z refer to the difference between the ( g −
 ) colour, absolute magnitude, and redshift of the SLSN host galaxy
nd the photometric galaxy. The scaling factor in the denominator 
f each term in equation ( 1 ) comes from taking the range of each
roperty and multiplying by a factor of 0.1. This f actor w as chosen
y visual inspection to ensure an adequate chance of finding an 
ppropriate match, while reducing mismatches in parameter space. 
pplying this factor ensures each property has the same weight in 
arameter space. We attempt a random search for a unique SDSS 

alaxy that satisfies equation ( 1 ) on a SLSN host galaxy; this search
ets repeated until a match is found, to a maximum of 1000 times.
his process is repeated on SLSN host galaxies 10 000 times. This

esults in a matched sample (SDSS-m) of 662 galaxies. Note that 
 arying the multiplicati ve factor in equation ( 1 ), and the number of
epetitions performed on each galaxy, has no quantitative effect on 
he results discussed in Section 3.1 . For this matching procedure, we
nly use the 18 SLSN sources with detected hosts and reliable host
hotometry. The rest of the analysis depends on the positions and 
edshifts of each SLSN source directly, and so the entire sample of
3 SLSNe is used. 
The details of each sample are listed in Table 1 . Histograms of

he distributions of the colour, absolute magnitude, and redshift of 
LSN-g and SDSS-m are plotted in Fig. 2 . Kolmogoro v–Smirno v
KS) tests validate that the distributions match well, with the added
enefit of o v er an order of magnitude more galaxies in the matched
ample than SLSN host galaxies. 

 RESULTS  A N D  DI SCUSSI ON  

.1 Obser v ations 

sing bright, well-observed galaxies as a proxy for density, we count
he number of bright ( M i < −21.5) Spec- z galaxies that are at an on-
ky projection of 2 Mpc or less of the target galaxy, within �z =
.005, based on a typical velocity dispersion of a galaxy group/cluster 
Yang et al. 2007 ). We denote this quantity as N 2 . We use M i <

21.5 as the threshold for bright galaxies as this magnitude is the
ompletion limit for the entire spectroscopic sample for this redshift 
ange, and we use 2 Mpc as it is the upper end of galaxy group
iameters (Yang et al. 2007 ). Note that varying the M i threshold
oes not have a qualitative effect on the results. We calculate N 2 for
LSN-g, SDSS-m, and SN-Ia as a control. SN-Ia works as a control
ample because these galaxies are much less confined to a specific
egion of parameter space compared to SLSNe, and the photometry 
s easily comparable to SLSN-g since both samples come from ZTF.
 two-dimensional (2D) histogram showing these results is shown in 
ig. 3 , with N 2 shown as a function of absolute magnitude. Note the

og scale in the z-axis. This quantity is also plotted for SLSN-g and
DSS-m in dark purple and light purple, respectively. We can see

hat while the distribution N 2 for SN-Ia occupies a large and varied
egion of parameter space (note 70 per cent of SN-Ia still has N 2 =
), N 2 ≤ 2 for SLSN-g and N 2 ≤ 3 for SDSS-m, with the majority of
MNRAS 524, 3559–3567 (2023) 
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Figure 3. A scatter plot of the number of bright Spec- z galaxies within 2 Mpc 
of a target galaxy against absolute magnitude, compared to a 2D histogram 

of the same distribution for Type Ia SNe host galaxies. SLSN-g is shown 
as dark purple circles and the matched sample, SDSS-m, is shown as light 
purple triangles. Normalized histograms are included on the x and y axes and 
show the absolute magnitude and N 2 distributions for SN-Ia, SDSS-m, and 
SDSS-g. 
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Figure 4. A colour–magnitude diagram comparing SLSN-g and SDSS- 
m to SN-Ia. Low-density SLSN-g galaxies are plotted in purple circles, 
high-density SLSN-g galaxies are plotted in orange pluses, low-density 
SDSS-m galaxies are plotted in purple crosses, high-density SDSS-m are 
plotted in orange triangles, and the distributions for low- and high-density 
SN-Ia galaxies are plotted as purple filled in contours and orange contour 
lines, respectively. Open purple circles represent the SLSN-g sources with 
unreliable host photometry. Purple and orange points sho wn indi vidual SN-Ia 
galaxies when they are not captured by the contours. 
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alaxies having N 2 = 0. This is not simply a consequence of reduced
umbers of SLSN-g compared to SN-Ia; binned by magnitude, the
raction of SLSN-g with any bright neighbour (i.e. N 2 ≥ 1) reaches a
aximum of about 10 per cent, 4 which is only half of the minimum of

he fraction of SN-Ia with any neighbour in the same bins. Similarly,
DSS-m only reaches a maximum of about 10 per cent. 
We consider galaxies with N 2 ≥ 2 as being in a high-density en-

ironment, with everything else being in a low-density environment.
his number is chosen under the assumption that a typical galaxy
roup or cluster halo is of the order of a few Mpc in diameter (Yang
t al. 2007 ), so any more than two bright (large) galaxies would be
onsidered a high-density environment. We emphasize the fact that
his is a generous constraint, set in an attempt to maximize the number
f SLSN hosts in high-density environments. An example of a SN-Ia
ost galaxy with a high N 2 number ( N 2 = 8) is shown in the right-hand
anel of Fig. 1 . We plot SLSN-g, SDSS-m, and SN-Ia on a colour–
agnitude diagram in Fig. 4 , separated by high and low density.
ontour lines map out the SN-Ia galaxies that are in high-density
nvironments. We see that the high-density SLSN-g and SDSS-m
alaxies are found on the outer regions of these contour lines. That is,
hey preferentially a v oid the region in phase space where high-density
nvironments occur. This result, along with finding that the matched
ample galaxies are also almost e xclusiv ely found in low-density
nvironments, is indicative that the galactic properties of SLSN hosts
re the constraining factor in the density of the environment of these
alaxies. In other words, the types of galaxies where SLSNe are
ound (blue low mass and low metallicity) are rarely found in high-
ensity environments. As a fraction of each sample, SLSNe that occur
n high-density environments are at 1 / 33 = 0 . 03 ±0 . 06 

0 . 01 , and matched
alaxies that occur in high-density environments are even lower, at
 / 662 = 0 . 006 ±0 . 005 . 
NRAS 524, 3559–3567 (2023) 

0 . 002 

 This number is entirely dependent on the choice of binning since N 2 ≈ 1 for 
LSN-g in any magnitude bin. 

h  

5

.2 Simulations 

ince these galaxies are so faint, often the reliable host photometry
r spectroscopy required to accurately measure physical properties
ike metallicity and SFR is not available. Therefore it can be useful to
se simulations to distinguish between real physical properties, and
bservational constraints. In Section 3.3 , we utilize the IllustrisTNG
uite of simulations 5 (Marinacci et al. 2018 ; Naiman et al. 2018 ;
elson et al. 2018 , 2019 ; Pillepich et al. 2018 ; Springel et al.
018 ). IllustrisTNG is a set of large-scale cosmological, gra v o-
agnetohydrodynamical simulations based on the AREPO code

Springel 2010 ). We use the TNG100 simulation, which has a volume
f 106.5 3 cMpc. This simulation provides the best balance of large
aloes (i.e. M h > 10 12 M �) and smaller resolution subhaloes (i.e. M h 

 10 9 M �), although qualitatively similar results were found with
he use of TNG300. From this simulation, we use stellar masses,
FRs, gas-phase metallicity abundances, galaxy colours, group halo
asses, and information about group membership. 

.3 IllustrisTNG 

o investigate the tendency of SLSN host-like galaxies to a v oid
igh-density environments further, we make use of the IllustrisTNG
uite of simulations. From the TNG100-1 simulation, we obtain
tellar masses, gas metallicities, SFRs, and g and i photometry on
ll 4371 211 subhaloes in the most recent redshift snapshot. Each
ubhalo resides in a parent halo with a total halo mass M 200 , defined
s the total mass of a sphere whose mean density is 200 times the
ritical density of the Universe. In line with the properties of SLSN
ost galaxies, we define a sample of blue low-mass galaxies (BLM),
 https://www.tng-pr oject.or g/data/

https://www.tng-project.org/data/
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Figure 5. Histograms of metallicity (left) and sSFR (right) in IllustrisTNG for all blue low-mass (BLM) galaxies (black), BLM field galaxies (purple), and 
BLM group galaxies (orange). 
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ith ( g − i ) < 1 and 10 7 < M ∗/M � < 10 9 . This stellar mass range
as an upper limit in line with observations of SLSN host galaxies
e.g. Schulze et al. 2018 ), and a lower limit to a v oid contamination
rom haloes not yet formed into galaxies. Note that at this stellar
ass range, virtually all galaxies ( ∼98 per cent) have ( g − i ) < 1

nd also are star forming. For each subhalo, we retrieve the number
f subhaloes ( N subs ) in its parent halo. For a galaxy to be in a group,
e require N subs > 1 and M 200 > 10 12 M �. This is to ensure we a v oid

ncluding field galaxies with smaller (non-galaxy) haloes associated 
ith them. Everything else is assigned as being in the field. 
In Fig. 5 , we plot a histogram of the log of the metallicity of

LM and a histogram of the log of sSFR, separated by group
embership. Immediately it is clear that this sample is biased towards 

ow metallicities, as is expected from observations of SLSN host 
alaxies (see fig. 11 in Chen et al. 2015 , and fig. 8 in Perley et al.
016b ). Notably there are much fewer BLM galaxies in groups than
n the field, with group galaxies making up 35.5 per cent of the BLM
ample. Additionally, the BLM galaxies that reside in groups lie at 
he high end of the metallicity distribution. We also see that BLM
alaxies typically have intermediate sSFR, as is seen in the properties 
f SLSN host galaxies. Ho we ver, BLM galaxies in groups dominate
 v er field galaxies at high sSFR. 
Thus, in agreement with our observational results in the previous 

ection, the simulation results qualitatively suggest that the reason 
LSN-g are not found in dense environments is because the galaxies 

hat host SLSN, BLM, are not often found in groups. Ho we ver,
uantitatively, there is a potential discrepancy. From the simulation 
esults in Fig. 5 we measure that 35.5 per cent of such BLM
alaxies are found in groups within the simulation. This means, 
bservationally, we would expect about 12(235) of SLSN-g(SDSS- 
) to be in high-density environments, compared to the 1(4) in 
LSN-g(SDSS-m). 
This potential discrepancy is pointing to an additional requirement 

n our simulated sample to properly reco v er the observ ed environ-
ental distribution – that of low metallicity. It is known that SLSNe 

equire host galaxies with low metallicities (e.g. Lunnan et al. 2014 ),
nd in the simulation results of Fig. 5 , the lower metallicity ranges are
ominated by field galaxies. We better illustrate this in Fig. 6 , where
e plot the fractions of field galaxies and group galaxies with respect

o the total BLM sample as a function of metallicity. Field galaxies
learly dominate at Z < Z �, and group galaxies dominate at Z >
 t
 �; here we assume Z � = 8.69 following Asplund et al. ( 2009 ). We
lso plot the metallicity at which the fraction of observed SLSN host
alaxies in groups are 0.03. We can then apply generous constraints
y considering the uncertainties on the SLSN occurrence rate abo v e.
y computing beta distribution confidence intervals at c = 0.68 

Cameron 2011 ) on the fraction of observed SLSNe in groups, we
nd this fraction to be 0 . 03 + 0 . 09 

−0 . 02 . In Fig. 6 these confidence intervals
re shaded in gre y. Ev en with such a wide confidence interval, the
ighest metallicity that is consistent with the observed environmental 
ensity of SLSN hosts, and therefore the apparent upper limit of
LSN production is 12 + log (O/H) = 8.12. This is approximately
.2 dex lower than the apparent threshold reported in Schulze et al.
 2018 ), 12 + log (O/H) ∼ 8.3, and 0.3 dex lower than the threshold
eported in Chen et al. ( 2017 ), 12 + log (O/H) ∼ 8.4. 

In addition, we find that only about 26 per cent of BLM galaxies
n groups reside in haloes of M h ≥ 10 13 M �. This supports the idea
hat the typical galaxies that host SLSNe will rarely be found in large
roups or clusters. 
The distributions in Fig. 5 provide evidence that low metallicity is

he constraining requirement for SLSN production, rather than high 
MNRAS 524, 3559–3567 (2023) 
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FR. Focusing on the right-hand panel, we see that the distribution of
LM-g in sSFR is more evenly distributed compared to metallicity in

he left-hand panel. In particular, noting SLSN host galaxies require
SFR � 10 −9 yr −1 (Schulze et al. 2018 ), there is actually an excess
f BLM-g galaxies at this sSFR. This means that if a high sSFR
as the predominant factor for SLSN production compared to low
etallicity, we would see many more SLSN host galaxies in denser

nvironments: ≈24 out of the 33 SLSN events in this sample. Since
his is not the case, our analysis suggests that low metallicity is likely
he more important requirement. 

 C O N C L U S I O N S  

sing SLSN sources from the ZTF BTS, we calculate whether their
ost galaxies are found in high-density or low-density large-scale
nvironments. We use bright, spectroscopically redshifted galaxies
ith absolute magnitude M i < −21.5 as tracers of density, and

lassify a source as in a high-density environment if there are two or
ore bright galaxies within 2 Mpc. We test our findings by comparing

he SLSN sample with a sample of Type Ia SNe, whose host galaxies
pan a wider range of galaxy colour and absolute magnitude. We
lso create another sample, derived from SDSS photometrically
edshifted galaxies, matched to the SLSN host galaxies in galaxy
olour, absolute magnitude, and redshift. Our main findings may be
ummarized as follows. 

(i) SLSN host galaxies are almost al w ays located in low-density
nvironments, with all but two (of 33) host galaxies having no
right galaxies within 2 Mpc. The photometrically selected matched
ample (in luminosity, colour, and redshift) shows similar results.
his is in contrast to Type Ia SN host galaxies, 8.5 per cent of
hich have two or more bright neighbours This is consistent with

he fraction of SNe Ia found in clusters compared to field galaxies,
ccording to Larison et al. ( 2023 ). In any rele v ant magnitude bin, the
aximum high-density fraction is < 10 per cent for the SLSN and
atched samples, while for the SN-Ia sample the minimum is > 20

er cent. 
(ii) In analysis of the IllustrisTNG simulations, o v er 70 per cent

f BLM galaxies are found in the field, rather than in groups. These
alaxies have low metallicities and high SFRs, which are typical of
LSN host galaxies. 
(iii) Crucially, we find that in order to quantitatively match the rate

f SLSN host galaxies found in dense environments, an additional
ondition on the metallicity of the host in the simulation is required.
aking the uncertainties into account, SLSN production is only
a v oured in galaxies with 12 + log (O/H) = 8.12. In contrast, se-
ecting only high-sSFR galaxies would lead to an o v errepresentation
f high-density hosts in the simulation. 

The fact that simulations suggest that galaxies capable of produc-
ng SLSNe and having high sSFR would preferentially be found in
roups, but such galaxies with low metallicity would preferentially
e found in the field, suggests that the metallicity of a galaxy is the
ore important factor in the occurrence of these e xplosiv e transients.
o we ver, this result will be strengthened with more observations of
LSNe and their host galaxies, which will be achieved over the
oming years when new high-cadence surv e ys come online such as
he Vera C. Rubin Observatory. 
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Table A1. ZTF IDs of the transient events that were obtained on the BTS, the group that 
classified them as SLSNe, and the rele v ant citation. 

ZTF ID Classifying group Citation 

ZTF18aavrmcg NUTS Dong ( 2018 ) 
ZTF18aapgrxo ZTF Fremling & Sharma ( 2018 ) 
ZTF18abmasep ZTF Fremling, Dugas & Sharma ( 2018a ) 
ZTF18abl w afp ePESSTO Gromadzki et al. ( 2018 ) 
ZTF18abshezu ZTF Fremling, Dugas & Sharma ( 2018b ) 
ZTF18abvgjyl ZTF Fremling, Dugas & Sharma ( 2018c ) 
ZTF18acapyww ZTF Fremling, Dugas & Sharma ( 2018d ) 
ZTF18acenqto ZTF Fremling, Dugas & Sharma ( 2018e ) 
ZTF18achdidy ZTF Fremling, Dugas & Sharma ( 2019a ) 
ZTF18acxgqxq ZTF Fremling et al. ( 2019a ) 
ZTF18ac yxn yw ZTF Fremling, Dugas & Sharma ( 2019b ) 
ZTF19aaknqmp ZTF Fremling, Dugas & Sharma ( 2019c ) 
ZTF19aanesgt ZTF Fremling, Dugas & Sharma ( 2019d ) 
ZTF19aacxrab ZTF Fremling, Dugas & Sharma ( 2019e ) 
ZTF19aa v ouyw None Chen ( 2019 ) 
ZTF19aarphwc ZTF Fremling, Dugas & Sharma ( 2019f ) 
ZTF19aawfbtg TCD Prentice et al. ( 2019a ) 
ZTF19abpbopt ZTF Perley ( 2019 ) 
ZTF19abnacvf ZTF Perley et al. ( 2019 ) 
ZTF19abfvnns ZTF Fremling & Dahiwale ( 2019 ) 
ZTF18aajqcue ZTF Fremling, Sharma & Dahiwale ( 2019g ) 
ZTF19abxgmzr ZTF Fremling, Dahiwale & Dugas ( 2019h ) 
ZTF19acfwynw C-SNAILS Nicholl et al. ( 2019 ) 
ZTF19acgjpgh TCD Prentice et al. ( 2019b ) 
ZTF20aahbfmf SGLF Poidevin et al. ( 2020 ) 
ZTF20aaifybu ZTF Yan et al. ( 2020a ) 
ZTF19acbonaa ZTF Yan et al. ( 2020b ) 
ZTF20aayprqz ZTF Perley et al. ( 2020b ) 
ZTF20aattyuz ZTF Dahiwale & Fremling ( 2020 ) 
ZTF20abobpcb SGLF Perez-Fournon et al. ( 2020 ) 
ZTF20abpuwxl None Terreran ( 2020 ) 
ZTF20abzumlr ZTF Perley et al. ( 2020c ) 
ZTF20acphdcg ePESSTO + Ihanec et al. ( 2020 ) 
ZTF20acpyldh FLEET Blanchard et al. ( 2020 ) 
ZTF21aaarmti ePESSTO + Gillanders et al. ( 2021 ) 
ZTF21aagpymw ePESSTO + Magee et al. ( 2021 ) 
ZTF19ackjrru FLEET Gomez et al. ( 2021a ) 
ZTF19acyjzbe FLEET Gomez et al. ( 2021a ) 
ZTF19adaivcf FLEET Gomez et al. ( 2021a ) 
ZTF21aappdnv Global SN Project Gonzalez et al. ( 2021 ) 
ZTF21aakjkec ZTF Dahiwale & Fremling ( 2021 ) 
ZTF21aaxwpyv TCD Deckers et al. ( 2021 ) 
ZTF21aavdqgf None Yao et al. ( 2021 ) 
ZTF21abaiono ZTF Perley et al. ( 2021 ) 
ZTF21abcpsjy REFITT Weil, Subrayan & Milisavljevic ( 2021 ) 
ZTF21abbqeea SGLF Poidevin et al. ( 2021 ) 
ZTF21absyjff FLEET Gomez et al. ( 2021b ) 
ZTF21accwovq ePESSTO + Gromadzki, Cartier & Yaron ( 2021 ) 
ZTF21abrqria FLEET Gomez et al. ( 2021c ) 
ZTF21aalkhot ePESSTO + Smith et al. ( 2022 ) 
ZTF22aabimec ePESSTO + Sri v astav et al. ( 2022 ) 
ZTF22aadqgoa SGLF Poidevin et al. ( 2022 ) 
ZTF22aalzjdc UCSC Davis et al. ( 2022 ) 
ZTF22aarqrxf ePESSTO + Ayala et al. ( 2022 ) 
ZTF22abcvfgs ePESSTO + Harv e y et al. ( 2022 ) 
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