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ABSTRACT

We identify 66 photometrically classified Type Ia supernovae (SNe Ia) from the Dark Energy Survey (DES) that have occurred
within red-sequence selected galaxy clusters. We compare light-curve and host galaxy properties of the cluster SNe to 1024 DES
SNe Ia located in field galaxies, the largest comparison of two such samples at high redshift (z > 0.1). We find that cluster SN light
curves decline faster than those in the field (97.7 per cent confidence). However, when limiting these samples to host galaxies of
similar colour and mass, there is no significant difference in the SN light-curve properties. Motivated by previous detections of
a higher-normalized SN Ia delay-time distribution in galaxy clusters, we measure the intrinsic rate of SNe Ia in cluster and field
environments. We find the average ratio of the SN Ia rate per galaxy between high-mass (10 < log (M,./Mg) < 11.25) cluster
and field galaxies to be 0.594 £ 0.068. This difference is mass-dependent, with the ratio declining with increasing mass, which
suggests that the stellar populations in cluster hosts are older than those in field hosts. We show that the mass-normalized rate
(or SNe per unit mass) in massive—passive galaxies is consistent between cluster and field environments. Additionally, both of
these rates are consistent with rates previously measured in clusters at similar redshifts. We conclude that in massive—passive
galaxies, which are the dominant hosts of cluster SNe, the cluster delay-time distribution is comparable to the field.

Key words: supernovae: general — galaxies: clusters: general — transients: supernovae.

ongoing star formation than similar mass galaxies located in the

1 INTRODUCTION

Type Ia supernovae (SNe Ia) are important transients in cosmology,
as they can be used as standardizable candles to accurately measure
distances, and have provided direct evidence for the accelerating
expansion of our Universe (Riess et al. 1998; Perlmutter et al. 1999).
They are believed to be the explosions of carbon—oxygen white dwarf
stars in binary systems, where an interaction with the companion
star triggers a runaway thermonuclear reaction. The photometric
properties of the resulting SNe show a dependence on the stellar
populations of the galaxies where the SN occurred, and the properties
of these galaxies in turn depend upon their large-scale environment:
galaxies located within galaxy clusters are often older, and with less
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field (Bower et al. 1990). In this paper, we investigate the properties
of SNe Ia within galaxy clusters, and compare them to properties of
SNe Ia located in field galaxies, to understand how the higher density
environment affects SNe Ia.

SNe Ia are standardized as distance estimators using photomteric
properties such as light-curve width (‘stretch’, or x;) and optical
colour (c¢). Empirical relationships between peak brightness and
light-curve width (Rust 1974; Pskovskii 1977; Phillips 1993) and
colour (Tripp 1998) allow distances to SNe Ia to be estimated with
a 6-7 percent accuracy. These photometric SN Ia properties vary
according to host galaxy properties of the SN, with those such
as age (Hamuy et al. 2000), dust (Riess, Press & Kirshner 1996;
Brout & Scolnic 2021), stellar mass (Kelly et al. 2010; Sullivan et al.
2010), and specific star formation rate (sSFR; Sullivan et al. 2010;
Rigault et al. 2020) influencing the SN light-curve properties. For
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example, galaxies with low star-formation rates host faster-declining
(lower x;) and fainter SNe Ia than similar mass galaxies with more
vigorous star-formation rates (Sullivan et al. 2006; Lampeitl et al.
2010).

Galaxy clusters are the largest gravitationally bound structures in
our Universe. Most of the galaxies and stars within clusters formed
at least a few Gyrs ago (Guglielmo et al. 2015). Compared to similar
mass galaxies outside of clusters (field galaxies), cluster galaxies
often have little ongoing star formation (Balogh et al. 1997; Haines
et al. 2015). Clusters contain up to a thousand galaxies within radii
of up to 2.5 Mpc, and as such these galaxies are more densely packed
than those in the field. Due to this, environmental quenching of star
formation in galaxies often occurs within clusters and groups. There
is also evidence that the quenching of star formation in galaxies
within clusters depends more strongly on the radial distance from
the cluster centre (with cluster centres being the most efficiently
quenched) than on the galaxy stellar mass (van der Burg et al. 2018),
leading to a greater number of lower mass galaxies with extinguished
star formation (van der Burg et al. 2013) than the field.

The fraction of redder galaxy types increases with galaxy density
in clusters (Dressler 1980). Along with its effect on light-curve
properties, galaxy colour is important for SN Ia cosmology, since
there is evidence that SNe Ia in redder galaxies have a larger root
mean square (rms) ‘scatter’ in their residuals on the distance-redshift
‘Hubble diagram’ (Rigault et al. 2013; Kelsey et al. 2021). Recently,
Larison et al. (2023) constructed a low-redshift sample of SNe Ia in
galaxy clusters, and found evidence that SNe Ia in cluster galaxies
differ from those in the field, even when accounting for the differing
cluster and field galaxy populations. It is thus important to quantify
the effects of cluster environment on SN Ia properties, both for the
understanding of SN—host galaxy correlations as well as for precision
cosmology.

Further to light-curve differences and Hubble diagram, scatter is an
apparent offset in the SN Ia delay-time distribution (DTD) between
clusters and field galaxies. The DTD describes the probability
distribution of the time delay between the formation of an SN Ia
progenitor star and its explosion as an SN, and is normalized 2—
3 times higher in clusters compared to the field (Maoz & Graur 2017;
Freundlich & Maoz 2021). Constraining the cluster, DTD requires
measuring the SN Iarate in clusters at arange of redshifts. A summary
of many such measurements that have been inter-calibrated can be
found in Freundlich & Maoz (2021).

In this paper, we undertake the largest study of high-redshift (z >
0.1) SNe Ia in galaxy clusters to date. We compare their light-curve
and host galaxy properties to a large sample of SNe Ia hosted in field
galaxies. We also estimate the rates of both cluster and field SNe Ia
in similar mass galaxies to determine if differences in environment
leads to different rates.

The paper is laid out as follows: Section 2 describes the data sets
used in the project, and outlines the selection cuts that are applied
to our SN samples. It also describes the method for separating the
samples into cluster SNe Ia and field SNe Ia. Section 3 presents the
light-curve properties of both field and cluster SNe Ia. The rates of
SNe Ia per stellar mass for our samples are calculated in Section 4.
Section 5 summarizes the paper. We assume a flat ACDM cosmology
with a Hubble constant of Hy = 70 km s~! Mpc™', and Qy = 0.3.

2 DATA SET AND METHODOLOGY

We begin by describing the SN and galaxy cluster catalogues that
we use, and present the method for identifying the SNe that occurred
within galaxy clusters.
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2.1 The DES data set

The Dark Energy Survey (DES) was a survey that imaged 5000 deg?
of the southern sky in the grizY bands. In this paper we make use of
the Dark Energy Survey SN Programme (DES-SN; Bernstein et al.
2012) five-year, photometrically classified SN Ia sample (Moller
et al. 2022). Clusters were identified within the first annual reduction
of the science verification data (SVA1; Rykoff et al. 2016) using the
red-sequence Matched-filter Probabilistic Percolation (redMaPPer,
henceforth RM) cluster finding algorithm (Rykoff et al. 2014). The
SV data encompasses 250 deg?, including the SN fields, and was
collected between November 2012 and February 2013. These images
were reduced by an early version of the DES Data Management
Pipeline (DESDM: Sevilla et al. 2011; Desai et al. 2012; Mohr et al.
2012), covered the DES-SN fields at the depth of the full wide-field
survey. It is a well-tested data set (Bonnett et al. 2016; Jarvis et al.
2016; Jeffrey et al. 2018).!

2.1.1 Supernova data

DES-SN ran for five years for five-month seasons each year, using
the Dark Energy Camera (DECam: Flaugher et al. 2015) to observe
27 deg? split over ten fields in the southern sky. These fields were
repeatedly observed in the griz filters, with an average of seven days
between observations. Eight of the fields are ‘shallow’ (single-visit
depth of m ~ 23.5mag) and two are ‘deep’ (single-visit depth of
m ~ 24.5 mag). The images were processed by the final DESDM
pipeline (Morganson et al. 2018), and transients identified using a
difference imaging pipeline (Kessler et al. 2015). Imaging artefacts
were rejected using a machine-learning algorithm (Goldstein et al.
2015), leaving around 30 000 candidate transients. These transients
were then matched to a host galaxy using the directional light radius
(DLR; Sullivan et al. 2006) method and deep galaxy images from
Wiseman et al. (2020).

We use the SN sample described in Méller et al. (2022), where the
photometric SN classifier SuperNNova (SNN; Moller & de Boissiére
2019) was run on the DES five-year candidate SN sample. We
remove objects from our sample that have an SN Ia probability of
<50 per cent. Candidates classified by SNN as SNe Ia are then fit with
the SALT3 spectral energy distribution (SED) model (Kenworthy
et al. 2021) in the SuperNova Analysis framework (SNANA; Kessler
et al. 2009). We apply a similar light-curve selection to those
described in Vincenzi et al. (2021), and used in Wiseman et al.
(2021), on SN light-curve width (SALT3 x;) and SN rest-frame
colour (SALT3 ¢): —3 <x; <3 and —0.3 < ¢ < 0.3. These selection
cuts reduce contamination from core-collapse SNe (Vincenzi et al.
2021). We also require that each SN’s host galaxy has a measured
spectroscopic redshift (see Vincenzi et al. 2021), many of which were
measured by the Australian Dark Energy Survery (OzDES; Childress
et al. 2017; Lidman et al. 2020).

The SN host galaxy properties are estimated following the method
of Sullivan et al. (2006) and Smith et al. (2020), which used the
PEGASE.2 (Fioc & Rocca-Volmerange 1997; Le Borgne & Rocca-
Volmerange 2002) spectral synthesis code. PEGASE.2 is used to
generate synthetic galaxy spectral energy distributions, which are
then fitted to the host galaxy photometry obtained from the deep
galaxy images (Wiseman et al. 2020). This results in a best-fitting
stellar mass (M,) and star-formation rate (SFR). We finally adjust
the best-fitting template SED to exactly match the observed galaxy

Thttp://des.ncsa.illinois.edu/releases/sval
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photometry to allow an accurate estimation of the galaxy rest-frame
UBVR magnitudes (e.g. Kelsey et al. 2021). For host near-infrared
(NIR) data, we make use of VISTA and DES imaging that have been
combined for a subset of the DES-SN survey area (Hartley et al.
2022).

2.1.2 Galaxy clusters

redMaPPer (RM) is a photometric red-sequence cluster finder,
designed specifically for large-scale surveys such as DES (Rykoff
et al. 2014). This red-sequence technique is built around richness
estimators that have been optimized in Rozo et al. (2009) and Rykoff
et al. (2012). RM handles broad ranges of redshift well, and is ideal
for use on DES data (Rykoff et al. 2016).

For each cluster candidate, RM provides a richness estimate A,
and a scaling factor S that accounts for survey incompleteness. These
parameters are calculated such that each cluster with richness A has
A/S galaxies brighter than the limiting magnitude of the survey within
the geometric survey mask.

We select all clusters with A/S > 5 from the SVA1 Gold 1.0.2
catalogue. While this catalogue is less reliable for analysis than
other RM catalogues with more stringent richness cuts, it gives
us a higher space density of clusters. Using the more stringent
catalogues could cause us to misclassify SNe that occurred within
less rich clusters as field SNe. For example, restricting our cluster
catalogue to A > 20S only identifies 15 SNe within clusters. As
such we do not use this richness cut, so we should be less likely
to classify cluster SNe as field SNe. We investigate the effects of
using a more conservative richness cut on our results in Appendix A,
where we find that our results are broadly unchanged when using
a richness cut of A > 15. The A > 5§ catalogue contains roughly
1000 clusters within the DES-SN fields and spans a redshift range
of 0.1 <z <0.95.

2.2 Finding supernovae within clusters

To identify if an SN event occurred within a cluster, we follow the
procedure outlined in Xavier et al. (2013). First, we check if any
given SN was projected onto a cluster in the RM catalogue. For a
given SN, s to be projected onto a cluster £ it must obey

cos 8 cos 8 cos(ay — ) + sin & sin §; > cos (Qr(f;x) s (D
where
1.5 Mpc (1 + zx)
O = —— )
¢Jo HE

is the angular radius of cluster k, which we limit to a maximum
value of 1.5Mpc, c is the speed of light, oty and ) are the right
ascensions and declinations of the SN and cluster, respectively, zx
is the cluster redshift and H(z) is the Hubble parameter. We use
a 1.5 Mpc limit to be consistent with other cluster SN rates in the
literature (Mannucci et al. 2008), with a significant overdensity of
galaxies still present at these radii (Hansen et al. 2005).

This matching identifies SNe that are projected onto the cluster, so
we next compare their redshifts to determine if they are co-located.
As galaxies within clusters are gravitationally bound, any measured
redshift differences between cluster member galaxies arise from
peculiar velocities and measurement uncertainties in the redshifts
themselves.

We find the probability, p, for the redshift difference between
a projected SN (with spectroscopic redshift) and cluster (with a
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Table 1. The purity of a given cluster in a richness bin, estimated using Hao
et al. (2010).

Richness Purity
5-10 0.60
10-15 0.75
15+ 1.00
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Figure 1. SN Ia host galaxy stellar mass versus redshift for our two SN Ia
samples (cluster SNe as red triangles, and field SNe as grey circles). Average
uncertainties on the host masses are <~0.04 dex. We note a lack of SNe Ia in
field and cluster galaxies at z > 0.7 and log(M/Mp) < 10. As such we make
a redshift selection of z < 0.7, shown by the dashed line.

photometric redshift) to be consistent with the SN being within
the cluster. We assume the SNe and clusters have redshifts that
are described by Gaussian probability distributions centred on the
measured redshift, with standard deviations (uncertainties) o, and
o', respectively. The probability for compatible redshifts is then

1 <
)
\/27 (62 + o) /=

For our samples, the typical value of o, is >~ 0.001, and the
performance of the photometric redshifts for the clusters using RM
is ox/(1 + zx) ~ 0.01 (Rykoff et al. 2016). As our cluster sample
uses photometric redshifts, we set the maximum redshift difference,
z4, at 0.03 following Xavier et al. (2013), who found this value
to maximize the statistical difference between the cluster and field
samples for photometric redshifts. Additionally, they calculate their
contamination of field SNe in the cluster sample for their photometric
sample at 42 percent, with a combined photometric and spectro-
scopic contamination of 29 percent. Using a similar calculation,
we find our contamination to be ~28 percent, comparable to the
combined contamination found in the Xavier et al. (2013) analysis,
but smaller than their photometric samples contamination by 14 per
cent.

The purity of our cluster sample is the probability that any given
cluster is classified correctly, i.e. the probability that any identified

e 71/&]2

o2+o}) 3)
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Table 2. The number of SNe that are removed from our sample at each stage of selection.

Selection Number remaining Number removed
SNe pre-light-curve cuts (see 2802

Moller et al. 2022)

SALT3 & P(Ia) selection 1306 1496
Redshift selection (0.1 <z <0.7) 1154 152
‘Exclusion zone’ cut® 1090 64
Cluster SNe 66

Field SNe 1024

“SNe within 1.5-2.5 Mpc of a given cluster that also match the pq limits described in

Section 2.2 are excluded from the sample.

cluster is real. We refer to these purities as g. While measurements of
purity are not available for the SVA1 RM catalogue, we use estimates
based on cluster richness from a similar cluster catalogue (Hao et al.
2010), and apply these to our sample. These purity estimates vary
with richness, and are shown in Table 1. We then make our final
selection on the data. SNe that are projected onto a given cluster,
with a combined probability of matching that cluster’s redshift and
the cluster itself being correctly identified of above 50 per cent (pg
> (.5), are considered as cluster SNe.

SNe Ia that are located within 1.5Mpc <r <2.5Mpc of a
given cluster have an uncertain cluster membership, and thus could
contaminate our field sample with possible cluster SNe, and vice
versa. We remove these SNe from both our samples if they pass the
pq test outlined above.

Fig. 1 shows the redshift distribution of our two samples, together
with the stellar masses of the identified SN Ia host galaxies. We find
a lack of SN Ia hosts in both field and clusters around and below
log(M/Mg) = 10 at z > 0.7. This lack of lower mass host galaxies
is likely a selection effect (the lower mass galaxies are fainter and
therefore harder to measure a spectroscopic redshift for) and we
make a selection in redshift of z < 0.7 for both samples. This leaves
66 SNe Ia located within clusters, and 1024 SNe Ia located in the
field. Table 2 shows how many SNe are removed at each stage of our
selection.

We show our U — R versus stellar mass distribution in Fig. 2.
It is evident that cluster and field SNe inhabit different galaxy
populations. To fairly compare the samples like-for-like, we se-
lect a sub-sample of cluster and field SNe Ia with similar host
properties, and investigate any host dependencies. We select SNe
with a host galaxy rest-frame U — R colour of >1 and a host
stellar mass log(M,/Mg) > 10. This is intended to select SNe in
older, massive, and passive hosts. Such a selection reduces our
sample sizes to 48 (27 percent removed) SNe Ia located within
clusters and 516 (49 percent removed) SNe Ia located in the
field.

3 SN IA PROPERTIES IN FIELD AND CLUSTER
GALAXIES

Having defined our cluster and field SN Ia samples, we next compare
their light-curve properties, ¢ and x;, as well as their host galaxy
stellar masses. SALT3 x; is a measure of how quickly an SN’s
light curve evolves, with faster evolving events having lower values
of x;. The SALT3 ¢ of an SN is how red or blue the event is
and encapsulates both intrinsic SN colour and reddening by host
galaxy dust. SN ¢ and x; are empirically related to luminosity,
via the linear ‘bluer-brighter’ relationship and the ‘faster-fainter
relation ’.
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Figure2. U — Rrest-frame colour versus stellar mass for SN Ia host galaxies.
Cluster host galaxies are redder and more massive on average than those in the
field. The horizontal and vertical lines indicate our selection of red, massive
galaxies, with masses log(M/Mg) > 10and U — R > 1.

3.1 SN Ia light-curve width

The x; distributions for cluster and field SNe, together with the
cumulative distributions (CDF), are shown in the top two plots of
Fig. 3. The cluster distributions are shifted slightly to more negative
x1 values when compared to the field. A two-sided Kolmogorov—
Smirnov (K-S) test returns a p-value of 0.023, indicating that the
two distributions are not drawn from the same parent distribution
with a 97.7 per cent confidence level. This is a tentative confirmation
of what we might expect to observe: cluster galaxies are typically
more massive and passive than those in the field, and these galaxies
typically host fainter, faster SNe Ia than galaxies with stronger star
formation (Hamuy et al. 1995).

Previous results have found more significant differences in the
x; parameter between cluster and field samples (Xavier et al.
2013). Their result however uses different light-curve quality cuts.
Furthermore, they only consider rich galaxy clusters, while we make
no such distinction.

The same analysis performed on our sub-sample of cluster and
field SNe Ia in older, massive, and passive galaxies is shown in
the lower panels of Fig. 3. The x; distribution is still shifted to the
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that the distributions are drawn from the same parent distribution.

more negative values, but the significance is reduced with a K-S test
p-value of 0.068.

3.2 SN Ia colour

The SN colour distributions and cumulative distributions are shown
in Fig. 4. The field and cluster distributions are consistent, with a
K-S test p-value of 0.801. Comparing the samples after the U — R
and host mass selection gives a similar p-value of 0.827. Thus, we
see no evidence in our sample for SN colour distributions that differ
between cluster environments and the field.

3.3 SN Ia host galaxy stellar masses

We show the distributions and cumulative distributions of SN Ia host
galaxy stellar mass M, in Fig. 5. As expected, there is a deficit of
hosts with stellar masses of log(M,/Mg) < 10 in clusters, with a K-S
p value of 0.00006, i.e. the two distributions are drawn from different
parent distributions with a significance of 3.6 0. As expected after

MNRAS 526, 5292-5305 (2023)

selecting host mass and U — R to probe similar galaxies, a two sided
K-S test returns a p value of 0.715, meaning statistically the two
populations are drawn from the same parent distribution, reassuring
us that our host mass and colour cut successfully facilitates a fair
comparison of the SNe in these galaxies.

Possible explanations for the difference in stellar mass distribu-
tions for field and cluster SN host galaxies include: a different stellar
mass function (SMF) of cluster and field galaxies; a different rate
of SNe Ia as a function of stellar mass in cluster and field galaxies,
or a combination of the two. Such SN rate differences could be
caused by the difference in age and star-formation activity between
cluster and field galaxies. We examine these possibilities in the next
section.

Fig. 6 shows the SN Ia x; versus host stellar mass, where we
recover the expected relationship: the average SN x; across both field
and clusters is smaller in more massive hosts than in less massive
hosts. In around half the bins, cluster SNe have smaller x; than their
field counterparts, but the difference is typically consistent within
uncertainties in any one bin.
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3.4 The effect of progenitor age

Galaxies in clusters have been found to be older than their
similar-mass field counterparts (Saracco et al. 2017), with much
of their stellar populations formed at z > 2 (Guglielmo et al.
2015). Furthermore, stars near the centre of galaxies, regions with
lower specific star formation rate, tend to be older (Zheng et al.
2017).

For SNe Ia, Ivanov, Hamuy & Pinto (2000) and Galbany et al.
(2012) find that SNe Ia in the centres of galaxies are fainter, and
Howell (2001) find that older progenitors lead to fainter SNe Ia.
Rigault et al. (2020) provides an updated analysis, showing that
x; correlates with specific star formation rate measured within a
projected distance of 1kpc from each SN location (local sSFR),
and therefore progenitor age. However, the discovery rate of SNe
in the centres of galaxies is relatively low (Shaw 1979): regions

of high-surface brightness lead to smaller signal-to-noise in the SN
detections, reducing the detection efficiency for SNe located near
galaxy centres (Kessler et al. 2015).

In Fig. 7, we show x; versus dp r, a measurement of the effective
distance of the SN from the galaxy centre (Sullivan et al. 2006).
With the exception of the lowest dp g bin, in the field there is no
trend between x; and dp r; the weighted mean values for the cluster
sample are broadly consistent with those of the field sample. We
confirm this visual lack of a trend by fitting a straight line to the data,
which has a gradient consistent with zero.

In the lowest dpir bin, there is a decrease in the error-weighted
mean x; for SNe in both field and cluster galaxies (i.e. intrinsically
fainter SNe Ia are preferentially located in this regions). The SNe in
this dpLr bin are closest to the host galaxy centres, where increased
surface brightness would bias against detecting fast, faint SNe.
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0.25 plotted. Due to few SNe Ia at these distances, we use one bin between
1.75 <dpir <2.5.

Similarly, increased dust extinction in these regions is unlikely to
drive the absence of the intrinsically brighter/larger x; events. Thus,
it is likely that the age gradient present in star-forming galaxies,
strongest for dp g < 0.5 (Gonzélez Delgado et al. 2015; Ibarra-
Medel et al. 2016), drives the effect that we see.

4 SUPERNOVA RATES IN CLUSTERS AND THE
FIELD

In Section 3.3, we showed that there is a differing distribution of
host galaxy stellar masses between SNe la within clusters and those
in the field. In this section, we measure the rate of SNe Ia per unit
stellar mass — the mass-normalized SN Ia rate, or the specific SN Ia
rate — as a function of the stellar mass of their host galaxies for the
two samples.

MNRAS 526, 5292-5305 (2023)

4.1 Calculating the SN Ia rate per unit stellar mass

The rate of SNe Ia per unit stellar mass is calculated from the number
of SNe Ia (Nsne) detected per unit time, divided by the total surveyed
stellar mass. This rate can be further calculated as a function of stellar
mass by repeating the calculation, but segregating events into bins
based on the stellar mass of their host galaxies.

The total amount of stellar mass within our two samples is
calculated as follows. For the field, we estimate the total stellar mass
by multiplying the ZFOURGE/CANDELS stellar mass function
measured over 0.2 < z < 0.5 (Tomczak et al. 2014) by the
volume surveyed by the DES-SN survey over 0.1 < z < 0.7. The
ZFOURGE SMF, ¢(M)dM, is described by the double Schechter
function (Schechter 1976)

P(M)AM = ¢1(M)AM + ¢ (M)dM
= In(10)e="""™"" 1o@-4")
X [¢r10M =MD g grioM =MD M, @

where M = log(M/My), (a1, o) are the slopes and (¢}, ¢3) are
the normalizations of the two Schechter functions, and M* is the
characteristic mass. The product of the SMF and the field volume
results in the galaxy numbers as a function of stellar mass that DES
surveys, from which the total stellar mass in each mass bin can be
calculated.

For the cluster SN Ia sample, instead of calculating the volume
encompassed by our clusters (which is uncertain) and multiplying
by a cluster SMF, we instead use the relation between a cluster’s
richness, A and its total stellar mass, M,, i.e.

n = T o n| = s
M* M.,l)» M,\)» )\'

where M, is the median M, of the sample, and A =40,7 =0.35 are
the median richness and redshift used in McClintock et al. (2019).
Values for 7y, 5, 0y, 2, and M, are taken from Palmese et al. in prep
and Palmese et al. (2020), which measured the stellar-to-halo mass
relation for DES redMaPPer clusters.

This gives the overall mass for the cluster sample, which we
separate into mass bins by using a SMF for DES clusters presented
in Palmese et al. in prep. However, this SMF is only valid for hosts
with log(M./Mg) > 10. As such, we discard cluster SNe in hosts less
massive than this limit for this rate analysis. Both field and cluster
SMFs assume a Chabrier initial mass function (IMF). In SN Ia rate
analyses, a Kroupa IMF is often used. As such we shift our IMFs
to a Kroupa IMF, using equation 2 in Speagle et al. (2014) which
amounts to a difference of 0.01 dex.

Nsne for both our samples is calculated as detailed in Section 2.2.
We account for time dilation, and the efficiency of the DES-SN
survey in both detecting SNe and in measuring the redshift of the SN
host galaxy using host galaxy spectroscopy. We do this following a
standard ‘efficiency’ method (e.g. Perrett et al. 2012; Wiseman et al.
2021): we compute ngsn i, the detection efficiency of the ith SN, as

. hos|
NN = NN (Fis Zis B> X100 €)X €200 ()T, (6)

where nsn, i(Fi, 2i, to, i, X1,i, ¢i) 1S the SN detection efficiency of the
ith SN exploding in field F, at time fy and redshift z, with stretch
x; and colour c. This detection efficiency is estimated by simulating
1.1 x 10% SNe Ia using SNANA and running a simulation of the
DES-SN survey, and is fully described in Wiseman et al. (2021).

To obtain the detection efficiency, we divide the number of SNe
detected by the simulation of DES-SN (i.e. that pass the light-
curve selection described in Section 2.1.1) by the total number
of simulated SNe Ia. €, (m"%") is the efficiency of obtaining a

Zspec r,i
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Figure 8. The number of SNe per 10'® M, per century, as a function of
stellar mass of the host galaxy for cluster SNe and field SNe. The final
cluster data points are the 1o (dark red) and 3o (light pink) upper limits for
a non-detection from Gehrels (1986). The final ratio is the ratio of the 3o
non-detection rate to the field.

spectroscopic redshift for our SN hosts as a function of r-band
apparent magnitude, and has been modelled by Vincenzi et al. (2021).
In the rate calculation, each SN is then weighted by the factor 1/ngn;.

To test the reliability of our detection efficiencies, we cal-
culate a simple average volumetric rate (SNRy,) for our field
sample and compare to other analyses. We take the efficiency-
corrected number of field SNe and divide by the co-moving volume
within our redshift range. We calculate SNRy,((z) = 0.55) =
0.406 x 10~* SNe yr~! Mpc—, consistent with Neill et al. (2006)
who found SNRy,({z) = 0.47) = [0.42703 (syst.) 4 0.06 (stat.)] x
10~* SNe yr~! Mpc~3 and Perrett et al. (2012) with SNR,(0.5 <
7 < 0.6) = [0.487006T004] 5 10~* SNe yr~! Mpc . Our measure-
ment is also within the 1o uncertainties of the power-law fit to the
evolution of the SNR|, with redshift (Frohmaier et al. 2019). We have
not performed a full uncertainty analysis on our SNRy, measurement
as this is not the focus of this paper, and is deferred to future
work.

We calculate the rate of SNe Ia per 10'© My percentury (also
known as the SNuM) as a function of host galaxy stellar mass, shown
in Fig. 8. Within stellar mass bins that contain detected cluster SNe,
the rate of SNe in cluster environments is broadly consistent with
the field, with the respective rates mostly being 1o of each other.
The largest outlier is the highest mass bin with cluster SNe detected,
which sharply decreases compared to the field, with a difference
of 3.60. On average however, the rate of cluster SNe per mass is
lower than the field, driven by the higher mass bin, with a weighted
average ratio of the two of 0.594 & 0.068 between (10 < log(M,/Mg)
< 11.25).

We do not detect any cluster SNe Ia in host galaxies above
log(M./Mg) = 11.25, which is perhaps surprising. This lowers the
overall cluster SNuM significantly, as a typical cluster SMF indicates
galaxies with these stellar masses exist. For example, if the cluster
rate from 11.25 < log(M./Mg) < 11.5 was equal to the field rate,

SNe Ila within DES galaxy clusters 5299
17.8 £ 5.0 SNe would have been expected over the five-year DES-
SN observing period given the total mass observed in that bin, and
thus we would expect such objects to occur in our sample. However,
cluster environments are also older when compared to the field, which
(assuming a DTD that declines with time) also reduces the expected
rate in these higher mass galaxies.

Taking into account the SMF above log(M,./Mg) = 10 for clusters
and field, we calculate the integrated SNuM measurement for both
environments. SNuM is known to be a strong function of galaxy
properties (Mannucci et al. 2005; Sullivan et al. 2006; Smith et al.
2012; Wiseman et al. 2021), and as such this host mass selection
is key to making sure our results are a fair comparison, and do
not include less massive field hosts, which have a higher SNuM
then higher mass hosts. We find the integrated SNuM for clusters
to be 0.0332 & 0.004075:9%2 at an efficiency weighted redshift of
0.44, while the field SNuM is 0.086 £+ 0.0069 £ 0.0062 at an
efficiency weighted redshift of 0.54. There exists an evolution of
rate with redshift, which will account for some of the difference
between our cluster and field rate. We compare our measurements
of total SNuM to measurements from the literature in Fig. 9 and
Table 3.

We also calculate the integrated mass of the stars formed (formed
mass) in our cluster hosts to compare the production efficiency of
SNe Ia between the field and clusters, and for comparison to the
literature. For this, for clusters we assume a single burst of star
formation at z = 3, and a constant metallicity of 0.02, using the
PEGASE.3 (Fioc & Rocca-Volmerange 2019) spectral synthesis code
as done in Freundlich & Maoz (2021), and present our overall rate
as a function of formed mass rather than stellar mass. After cutting
low-mass galaxies, we assume that the star formation history of the
field hosts is the same as the cluster hosts. This allows us to make a
simple estimate of the formed mass for the field galaxies, shown as
the unfilled black circle in Fig. 9.

Our cluster SNuM is the most precise in its redshift range,
and is consistent with other measurements at lower and higher
redshifts. However, we stress for these overall rates we have removed
both cluster and field SNe that are located in low-mass galaxies.
This would lower our overall rate compared to literature rates.
Additionally, due to the cluster SMF being only valid for use in
galaxies log(M,/Mg) > 10 we have assumed all cluster mass is
made up of these galaxies. As we have found cluster SNe Ia hosted
in less massive galaxies (Figs 1, 2, 5, and 6) we know this to be an
oversimplification. As such we estimate the amount of mass below
this limit in the cluster using the ZFOURGE/CANDELS passive
stellar mass function (measured over 0.2 < z < 0.5). We account for
this uncertainty in the mass in the upper error on our cluster SNuM.
Our field rate is also consistent with literature cluster rates at similar
redshifts.

4.2 Discussion of rates

Our SN Ia SNuM in galaxy clusters is lower than that in the field,
whether comparing overall values or only rates for SNe Ia in similar
mass hosts. Fig. 8 also shows that the ratio of the cluster rate
compared to the field rate tentatively decreases with host stellar
mass. We discuss the origin of this trend below.

4.2.1 The effect of age on the SN la rate

The cluster DTD has been measured to be normalized higher than the
field DTD by many studies (Maoz & Graur 2017; Freundlich & Maoz
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Figure 9. A comparison of our field and cluster SNuMs, in host galaxies with log(M./Mg) > 10, compared to other literature examples. All cluster rates are in
terms of formed mass, not stellar mass. The gold markers are rates measured in clusters from the literature. Left: The black filled point is the field rate per stellar
mass, and the black circle is the estimated field rate per formed mass, assuming a similar SFH to cluster environments, the error of which should be treated as a
lower limit. Right: A similar comparison, but instead both field and cluster have been limited to galaxies passing the UVJ cut described in Section 4.2.2. Both
cluster and field are presented in terms of formed mass. Errors on these passive rates should be treated as a lower limit. The redshift range of this work spans

0.1 <z <0.7. Data are in Table 3.

Table 3. Overall SN Ia rates (with host mass cuts applied) from this work with comparisons
from the literature, as recalculated by Freundlich & Maoz (2021).

Rate (SNuM) Average redshift
Cluster SNuM (this work) 0.0332 % 0.00407 590822 0.44
Field SNuM (this work)® 0.086 £ 0.0069 = 0.0062° 0.54
Field SNuM (passive galaxies) 0.0625 £ 0.0069 =+ 0.0062¢ 0.54
Cluster literature SN Ia rates
Friedmann & Maoz (2018)¢ 0.24610.071 L.12
Barbary et al. (2012) 0.14575003 112
Gal-Yam, Maoz & Sharon (2002) 0.18110351 0.9
Sharon et al. (2010) 0.05870:0% 0.6
Graham et al. (2008) 0.0450074 0.46
Gal-Yam et al. (2002) 0.046701%8 0.25
Dilday et al. (2010) 0.03970013 0.23
Sharon et al. (2007) 0.03870.026 0.15
Dilday et al. (2010) 0.02379012 0.08
Mannucci et al. (2008) 0.0269008 0.02

“Statistical + systematic + SMF correction.

UThis is for an estimated formed mass, assuming a similar SFH as the cluster hosts. Errors
presented are for a stellar mass based SNuM, and as such should be treated as a lower boundary.

“Minimum error, see Section 4.2.2.
Single redshift bin.

2021). This enhanced DTD could be caused by an excess of white
dwarfs (WD), due to a differing IMF, or an enhancement of binary
systems within clusters compared to the field (Friedmann & Maoz
2018). For example, the IMF may be non-universal (Davé 2008;
van Dokkum 2008) and depend on a galaxy’s velocity dispersion,
which may in turn lead to an excess of low-mass stars in the most
massive galaxies (Ferré-Mateu, Vazdekis & de la Rosa 2013; Ferreras
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et al. 2013). This may lead to cluster galaxies’ stellar populations
containing a higher fraction of low-mass stars than the field, which,
evolved over long enough times could lead to more WDs, causing a
higher normalized DTD.

One may expect due to this increased DTD, to measure more
SNe within clusters than in the field at the same redshift. However
we find that the overall rate of SNe Ia per unit formed mass in
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massive galaxies within the field environments is higher than cluster
environments. Assuming a declining DTD, our lower rate in clusters
would indicate that cluster galaxies of the same mass have older
stellar populations than their field counterparts. This age-dependent
rate could negate this higher-normalized DTD, and explain the
damped cluster rate.

It may be possible to probe the effect of an older stellar population
by measuring the U — R colour of SN host galaxies. U — R can be used
as a proxy for morphology, and is dependent on the star formation
history (SFH) of the galaxy being studied (Lintott et al. 2008). U —
R also correlates with galaxy age (Wiseman et al. 2022), with redder
galaxies being older, and thus we can use U — R to probe the galaxy
age. We have shown the U — R colours versus their stellar masses
for our two samples in Fig. 2. We see a slightly higher proportion
of high-mass red galaxies within clusters compared to the field. The
increasing U — R with galaxy stellar mass, and the higher proportion
of red galaxies in the cluster SNe hosts, may help explain the
dampening in the rate as a function of mass in the cluster population.

A possible cause of this older population is that star formation
in clusters turned off earlier than in the field. The rate of galaxy
mergers within cluster environments compared to the field may be
enhanced (Watson et al. 2019), although the significance of this
increase is debated, and evidence also exists for a comparable or
lower cluster merger rate when comparing the field to the central
cluster environment (Delahaye et al. 2017). Galaxy mergers can alter
the gas content of the interacting galaxies, with some gas potentially
being removed from one galaxy and taken by another, or lost to
the intergalactic medium. Such a removal of gas would quench
star formation within clusters, leading to older populations and a
subsequent decrease in the rate.

Further investigation is needed into the effect of the IMF on WD
production efficiency, and on galaxy mergers causing a differing
age in similar mass galaxies in different environments. This would
allow further constraints on the cluster and field DTD in order to see
what effects this would have on SN production over Hubble Time. A
precise DTD in galaxy clusters and massive field galaxies is deferred
to a future work.

4.2.2 The SN la rate in passive galaxies

We are able to estimate the effects of an age difference between the
cluster and the field environments by isolating field galaxies that are
passive, and thus should have older stellar populations. To calculate
the SNuM in massive, passive field galaxies requires a passive field
galaxy stellar mass function, which is provided by ZFOURGE. The
ZFOURGE passive galaxies were identified using the rest-frame U,
V, and J bands.

To estimate the total number of massive field galaxies that are
passive, we compute the fraction of those with NIR coverage that
pass the Tomczak et al. (2014) UVJ cut and multiply it by the total
number of galaxies. We then calculate the total passive formed mass
using the passive SMF in Tomczak et al. (2014) and assuming
a similar SFH to clusters, as above. We can then calculate the
rate per century per 10'°© M formed, which we find to be 0.0625
with the minimum error being £0.0069 (stat.) &= 0.0062 (syst.). As
we have made some oversimplifications we do not know the exact
error on this rate. However, assuming similar or slightly enhanced
errors to our other field SNuMs, this passive rate is comparable
(different at a maximum of 1.70) to the passive cluster rate of
0.0386 +0.0040 (stat.) TO0053 (syst.) (again the minimum error).
Additionally, fitting a straight line to the literature values in Fig. 9

SNe la within DES galaxy clusters 5301

allows us to probe the evolution of the SNuM as a function of redshift.
We find that such a rate evolution has a gradient of ~0.11 £ 0.02.
Thus the average redshift difference of 0.1 between our cluster and
field samples would have a related rate difference of ~0.011. Shifting
the cluster rate to the field redshift using this evolution brings the
maximum difference to <1o.

Therefore it appears that while the stellar population in cluster host
galaxies may be much older than those within overall field hosts,
they are comparable in age or slightly older to stellar populations in
passive field hosts.

We however note that this passive rate contains many simplifica-
tions, and more wide-reaching NIR data would be needed to allow
these comparisons to be performed in a more precise manner.

5 SUMMARY

Using the DES five-year photometrically confirmed Type la su-
pernova (SN Ia) sample, we have identified 66 SNe Ia that have
occurred within redMaPPer clusters of galaxies, the largest high-
redshift sample of cluster SNe Ia to date. We analysed and compared
the light-curve and environmental properties of this SN Ia sample to
1024 DES SNe Ia that occurred in the field. We have also calculated
the rate of SNe Ia per 10'° M, per century for the two samples, as a
function of host galaxy stellar and formed mass. Our main findings
can be summarized as follows.

(i) We find a tentative indication that the light-curve widths, x;, of
cluster SNe Ia are, on average, more negative (i.e. fainter and faster
evolving) than their field counterparts. Although this is an expected
result, as x; has a known dependence on galaxy stellar mass and
age, the evidence is not strong in this sample. When just comparing
galaxies with similar host masses and colours, the significance drops
further, perhaps implying that any differences we see are due to the
lack of low-mass, young cluster hosts. We find that the colours of
cluster SNe Ia statistically match those of the field, with very similar
distributions.

(i) There is no clear relationship between an SN’s x; and its
location in its host. The exception is for the innermost SNe Ia, which
have smaller values of x; for both cluster and field hosts.

(iii) We calculate the rates of SNe Ia in cluster and field en-
vironments, and find them to be broadly consistent to within lo.
However, at higher masses this appears to change, with the rate of
cluster SNe between (11 < log(M,/Mg) < 11.25) being lower than
the field by 3.60. Taking into account all mass bins with a detected
cluster SNe, the weighted average ratio of cluster to field SNe rates
is 0.594 +£ 0.068, however this average ratio is heavily driven by the
final cluster mass bin.

(iv) Integrating the overall rates of field and clusters within
galaxies with log(M,/Mg) > 10.0, we find the rate of SNe Ia
within clusters as a fraction of formed mass to be 0.0332 £+
0.0040 (stat.) 0008 (syst.) SNe 100 yr='10' MZ!, and the corre-
sponding field rate to be 0.086 % 0.0069 (stat.) = 0.0062 (syst.) SNe
100 yr~'10'0 MCT)I. However, these measurements are at slightly
differing redshifts, which will account for some of this difference
and both are broadly consistent with other literature cluster rates.
The measured decrease could be due to cluster galaxies being older,
or more quenched than their field counterparts. Thus this declining
rate within clusters compared to the field indicates that galaxies at a
fixed mass are older in clusters than the field. We calculate that the
rate in passive field galaxies is more comparable to the cluster rate,
however a more complete data set would be valuable in verifying
this result.
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SOFTWARE

NUMPY (Harris et al. 2020), SCIPY (Virtanen et al. 2020), PANDAS (Wes
McKinney 2010), MATPLOTLIB (Hunter 2007), ASTROPY (Astropy
Collaboration 2013, 2018), H5PY (Collette 2013).
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APPENDIX A: INVESTIGATING THE EFFECTS
OF RICHNESS ON OUR SAMPLE

When selecting our cluster sample we chose to use the larger A/S >
5 catalogue, potentially opening our analysis to contamination from
over densities of galaxies that would not be classified as true clusters.
To investigate what affect this cut has, we restrict our sample to A/S >
15 and re-analyse the results presented in this paper. This re-analysis
is summarized in Table Al.

Limiting the sample with a more stringent richness cut does change
the significance of our results. The colour distribution changes by a
large amount, but there is still no significant difference between
the two samples, with both samples having less than 1o difference
between them. For the field versus cluster x; distribution, it does not
alter the result much, with the ‘less significant’ sample still having
a tentative difference between the cluster and field samples, with a
confidence level of around 95 per cent. Additionally the restriction
shifts the result into being less significant. If the cut removed non-
cluster SNe this should increase the significance between our two
samples, as SN x; values within rich galaxy clusters were previously
found to be significantly different from field galaxy x; values, as
found in Xavier et al. (2013).

The largest shift is in the host stellar masses, where restricting
our sample to only higher richness clusters again decreases the
significance of the difference between them. The actual distribution
shapes however, do not significantly change. This is shown in
Fig. Al. We therefore attribute the drop in significance to lower
statistics.

There is no significant change in the overall rate, with the
two being consistent when accounting for their errors. As our
investigated properties do not significantly change under a richness
cut, we conclude that making such a richness cut is unneces-
sary, and would be unnecessarily removing cluster SNe from our
sample.

Table Al. Significance of our cluster versus field analysis for a richness cut
of A/S > 5 and for A/S > 15.

Comparison K-S test result K-S test result
AMS >S5 MS > 15

X1 0.023 0.0507

c 0.8005 0.4441

Host stellar mass 0.0006 0.1102

Overall cluster rate 0.0332F000% (syst)  0.0325 £ 0.0098

(SNe 100yr~'10' Mg")?

“Calculated rate is for galaxies with log(M,/Mg) > 10 as done in Section 4
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Figure A1. Host galaxy stellar mass distributions for SNe Ia occurring within clusters and in the field. Left: CDF of our uncut sample, with clusters of richness
>5 Right: CDF of our restricted sample, with clusters of richness >15. Visually, there is little difference between the two samples, with the exception of far

fewer SNe within the higher richness sample.
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