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A B S T R A C T 

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). Ho we ver, 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 ∗/ M �) ≤ 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 massi ve–passi ve 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 massi ve–passi ve 
galaxies, which are the dominant hosts of cluster SNe, the cluster delay-time distribution is comparable to the field. 

K ey words: supernov ae: general – galaxies: clusters: general – transients: supernovae. 
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 I N T RO D U C T I O N  

ype Ia supernovae (SNe Ia) are important transients in cosmology,
s they can be used as standardizable candles to accurately measure
istances, and have provided direct evidence for the accelerating
xpansion of our Universe (Riess et al. 1998 ; Perlmutter et al. 1999 ).
hey are believed to be the explosions of carbon–oxygen white dwarf
tars in binary systems, where an interaction with the companion
tar triggers a runaway thermonuclear reaction. The photometric
roperties of the resulting SNe show a dependence on the stellar
opulations of the galaxies where the SN occurred, and the properties
f these galaxies in turn depend upon their large-scale environment:
alaxies located within galaxy clusters are often older, and with less
 E-mail: M.Toy@soton.ac.uk 
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ngoing star formation than similar mass galaxies located in the
eld (Bower et al. 1990 ). In this paper , we in vestigate the properties
f SNe Ia within galaxy clusters, and compare them to properties of
Ne Ia located in field galaxies, to understand how the higher density
nvironment affects SNe Ia. 

SNe Ia are standardized as distance estimators using photomteric
roperties such as light-curve width (‘stretch’, or x 1 ) and optical
olour ( c ). Empirical relationships between peak brightness and
ight-curve width (Rust 1974 ; Pskovskii 1977 ; Phillips 1993 ) and
olour (Tripp 1998 ) allow distances to SNe Ia to be estimated with
 6–7 per cent accuracy. These photometric SN Ia properties vary
ccording to host galaxy properties of the SN, with those such
s age (Hamuy et al. 2000 ), dust (Riess, Press & Kirshner 1996 ;
rout & Scolnic 2021 ), stellar mass (Kelly et al. 2010 ; Sulli v an et al.
010 ), and specific star formation rate (sSFR; Sulli v an et al. 2010 ;
igault et al. 2020 ) influencing the SN light-curve properties. For
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xample, galaxies with low star-formation rates host faster-declining 
lower x 1 ) and fainter SNe Ia than similar mass galaxies with more
igorous star-formation rates (Sulli v an et al. 2006 ; Lampeitl et al.
010 ). 
Galaxy clusters are the largest gravitationally bound structures in 

ur Universe. Most of the galaxies and stars within clusters formed 
t least a few Gyrs ago (Guglielmo et al. 2015 ). Compared to similar
ass galaxies outside of clusters (field galaxies), cluster galaxies 

ften have little ongoing star formation (Balogh et al. 1997 ; Haines
t al. 2015 ). Clusters contain up to a thousand galaxies within radii
f up to 2.5 Mpc, and as such these galaxies are more densely packed
han those in the field. Due to this, environmental quenching of star
ormation in galaxies often occurs within clusters and groups. There 
s also evidence that the quenching of star formation in galaxies 
ithin clusters depends more strongly on the radial distance from 

he cluster centre (with cluster centres being the most efficiently 
uenched) than on the galaxy stellar mass (van der Burg et al. 2018 ),
eading to a greater number of lower mass galaxies with extinguished 
tar formation (van der Burg et al. 2013 ) than the field. 

The fraction of redder galaxy types increases with galaxy density 
n clusters (Dressler 1980 ). Along with its effect on light-curve 
roperties, galaxy colour is important for SN Ia cosmology, since 
here is evidence that SNe Ia in redder galaxies have a larger root
ean square (rms) ‘scatter’ in their residuals on the distance–redshift 

Hubble diagram’ (Rigault et al. 2013 ; Kelsey et al. 2021 ). Recently,
arison et al. ( 2023 ) constructed a low-redshift sample of SNe Ia in
alaxy clusters, and found evidence that SNe Ia in cluster galaxies 
iffer from those in the field, even when accounting for the differing
luster and field galaxy populations. It is thus important to quantify 
he effects of cluster environment on SN Ia properties, both for the
nderstanding of SN–host galaxy correlations as well as for precision 
osmology. 

Further to light-curve differences and Hubble diagram, scatter is an 
pparent offset in the SN Ia delay-time distribution (DTD) between 
lusters and field galaxies. The DTD describes the probability 
istribution of the time delay between the formation of an SN Ia
rogenitor star and its explosion as an SN, and is normalized 2–
 times higher in clusters compared to the field (Maoz & Graur 2017 ;
reundlich & Maoz 2021 ). Constraining the cluster, DTD requires 
easuring the SN Ia rate in clusters at a range of redshifts. A summary

f many such measurements that have been inter-calibrated can be 
ound in Freundlich & Maoz ( 2021 ). 

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

The paper is laid out as follows: Section 2 describes the data sets
sed in the project, and outlines the selection cuts that are applied
o our SN samples. It also describes the method for separating the
amples into cluster SNe Ia and field SNe Ia. Section 3 presents the
ight-curve properties of both field and cluster SNe Ia. The rates of
Ne Ia per stellar mass for our samples are calculated in Section 4 .
ection 5 summarizes the paper. We assume a flat � CDM cosmology
ith a Hubble constant of H 0 = 70 km s −1 Mpc −1 , and �M 

= 0.3. 

 DATA  SET  A N D  M E T H O D O L O G Y  

e begin by describing the SN and galaxy cluster catalogues that 
e use, and present the method for identifying the SNe that occurred
ithin galaxy clusters. 
.1 The DES data set 

he Dark Energy Surv e y (DES) was a surv e y that imaged 5000 deg 2 

f the southern sky in the grizY bands. In this paper we make use of
he Dark Energy Surv e y SN Programme (DES-SN; Bernstein et al.
012 ) five-year, photometrically classified SN Ia sample (M ̈oller 
t al. 2022 ). Clusters were identified within the first annual reduction
f the science verification data (SVA1; Rykoff et al. 2016 ) using the
ed-sequence Matched-filter Probabilistic Percolation (redMaPPer, 
enceforth RM) cluster finding algorithm (Rykoff et al. 2014 ). The
V data encompasses 250 deg 2 , including the SN fields, and was
ollected between No v ember 2012 and February 2013. These images
ere reduced by an early version of the DES Data Management
ipeline (DESDM: Sevilla et al. 2011 ; Desai et al. 2012 ; Mohr et al.
012 ), co v ered the DES-SN fields at the depth of the full wide-field
urv e y. It is a well-tested data set (Bonnett et al. 2016 ; Jarvis et al.
016 ; Jeffrey et al. 2018 ). 1 

.1.1 Supernova data 

ES-SN ran for five years for five-month seasons each year, using
he Dark Energy Camera (DECam: Flaugher et al. 2015 ) to observe
7 deg 2 split over ten fields in the southern sky. These fields were
epeatedly observed in the griz filters, with an average of seven days
etween observations. Eight of the fields are ‘shallow’ (single-visit 
epth of m ∼ 23.5 mag) and two are ‘deep’ (single-visit depth of
 ∼ 24.5 mag). The images were processed by the final DESDM
ipeline (Morganson et al. 2018 ), and transients identified using a
ifference imaging pipeline (Kessler et al. 2015 ). Imaging artefacts 
ere rejected using a machine-learning algorithm (Goldstein et al. 
015 ), leaving around 30 000 candidate transients. These transients 
ere then matched to a host galaxy using the directional light radius

DLR; Sulli v an et al. 2006 ) method and deep galaxy images from
iseman et al. ( 2020 ). 
We use the SN sample described in M ̈oller et al. ( 2022 ), where the

hotometric SN classifier SuperNNova (SNN; M ̈oller & de Boissi ́ere
019 ) was run on the DES five-year candidate SN sample. We
emo v e 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

he SALT3 spectral energy distribution (SED) model (Kenworthy 
t al. 2021 ) in the SuperNova Analysis framework ( SN AN A ; Kessler
t al. 2009 ). We apply a similar light-curve selection to those
escribed in Vincenzi et al. ( 2021 ), and used in Wiseman et al.
 2021 ), on SN light-curve width (SALT3 x 1 ) and SN rest-frame
olour (SALT3 c ): −3 ≤ x 1 ≤ 3 and −0.3 ≤ c ≤ 0.3. These selection
uts reduce contamination from core-collapse SNe (Vincenzi et al. 
021 ). We also require that each SN’s host galaxy has a measured
pectroscopic redshift (see Vincenzi et al. 2021 ), many of which were
easured by the Australian Dark Energy Survery (OzDES; Childress 

t al. 2017 ; Lidman et al. 2020 ). 
The SN host galaxy properties are estimated following the method 

f Sulli v an et al. ( 2006 ) and Smith et al. ( 2020 ), which used the
 ́EGASE.2 (Fioc & Rocca-Volmerange 1997 ; Le Borgne & Rocca-
olmerange 2002 ) spectral synthesis code. P ́EGASE.2 is used to
enerate synthetic galaxy spectral energy distributions, which are 
hen fitted to the host galaxy photometry obtained from the deep
alaxy images (Wiseman et al. 2020 ). This results in a best-fitting
tellar mass ( M ∗) and star-formation rate (SFR). We finally adjust
he best-fitting template SED to exactly match the observed galaxy 
MNRAS 526, 5292–5305 (2023) 

http://des.ncsa.illinois.edu/releases/sva1


5294 M. Toy et al. 

M

p  

U  

(  

c  

2

2

r  

d  

e  

e  

e  

f
 

a  

p  

λ  

t
 

c  

o  

u  

c  

l  

c  

s  

t  

u  

w  

a  

1  

o

2

T  

p  

g  

g

w

θ

i  

v  

a
i  

a  

l  

g
 

w  

A  

r  

p  

t
 

a  

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 

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 /M �) < 10. As such we make 
a redshift selection of z < 0.7, shown by the dashed line. 
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hotometry to allow an accurate estimation of the galaxy rest-frame
BVR magnitudes (e.g. Kelsey et al. 2021 ). For host near-infrared

NIR) data, we make use of VISTA and DES imaging that have been
ombined for a subset of the DES-SN surv e y area (Hartle y et al.
022 ). 

.1.2 Galaxy clusters 

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

For each cluster candidate, RM provides a richness estimate λ,
nd a scaling factor S that accounts for surv e y incompleteness. These
arameters are calculated such that each cluster with richness λ has
/ S galaxies brighter than the limiting magnitude of the surv e y within

he geometric surv e y mask. 
We select all clusters with λ/ S ≥ 5 from the SVA1 Gold 1.0.2

atalogue. While this catalogue is less reliable for analysis than
ther RM catalogues with more stringent richness cuts, it gives
s a higher space density of clusters. Using the more stringent
atalogues could cause us to misclassify SNe that occurred within
ess rich clusters as field SNe. For example, restricting our cluster
atalogue to λ ≥ 20 S only identifies 15 SNe within clusters. As
uch we do not use this richness cut, so we should be less likely
o classify cluster SNe as field SNe. We investigate the effects of
sing a more conserv ati ve richness cut on our results in Appendix A ,
here we find that our results are broadly unchanged when using
 richness cut of λ ≥ 15. The λ ≥ 5 S catalogue contains roughly
000 clusters within the DES-SN fields and spans a redshift range
f 0.1 ≤ z ≤ 0.95. 

.2 Finding superno v ae within clusters 

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

cos δs cos δk cos ( αs − αk ) + sin δs sin δk ≥ cos 
(
θ ( k) 

max 

)
, (1) 

here 

( k) 
max ≡

1 . 5 Mpc (1 + z k ) 

c 
∫ z k 

0 
d z 

H ( z) 

(2) 

s the angular radius of cluster k , which we limit to a maximum
alue of 1.5 Mpc, c is the speed of light, αs ( k ) and δs ( k ) are the right
scensions and declinations of the SN and cluster, respectively, z k 
s the cluster redshift and H ( z) is the Hubble parameter. We use
 1.5 Mpc limit to be consistent with other cluster SN rates in the
iterature (Mannucci et al. 2008 ), with a significant o v erdensity of
alaxies still present at these radii (Hansen et al. 2005 ). 

This matching identifies SNe that are projected onto the cluster, so
e next compare their redshifts to determine if they are co-located.
s galaxies within clusters are gravitationally bound, any measured

edshift differences between cluster member galaxies arise from
eculiar velocities and measurement uncertainties in the redshifts
hemselves. 

We find the probability, p , for the redshift difference between
 projected SN (with spectroscopic redshift) and cluster (with a
NRAS 526, 5292–5305 (2023) 
hotometric redshift) to be consistent with the SN being within
he cluster. We assume the SNe and clusters have redshifts that
re described by Gaussian probability distributions centred on the
easured redshift, with standard deviations (uncertainties) σ s and
k , respectively. The probability for compatible redshifts is then 

 = 

1 √ 

2 π
(
σ 2 

s + σ 2 
k 

)
∫ z d 

−z d 

e 
− [ z−( z s −z k )] 

2 

2 ( σ2 
s + σ2 

k ) . (3) 

For our samples, the typical value of σ s is � 0.001, and the
erformance of the photometric redshifts for the clusters using RM
s σ k /(1 + z k ) ∼ 0.01 (Rykoff et al. 2016 ). As our cluster sample
ses photometric redshifts, we set the maximum redshift difference,
 d , at 0.03 following Xavier et al. ( 2013 ), who found this value
o maximize the statistical difference between the cluster and field
amples for photometric redshifts. Additionally, they calculate their
ontamination of field SNe in the cluster sample for their photometric
ample at 42 per cent, with a combined photometric and spectro-
copic contamination of 29 per cent. Using a similar calculation,
e find our contamination to be ∼28 per cent, comparable to the

ombined contamination found in the Xavier et al. ( 2013 ) analysis,
ut smaller than their photometric samples contamination by 14 per
ent. 

The purity of our cluster sample is the probability that any given
luster is classified correctly, i.e. the probability that any identified
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Table 2. The number of SNe that are remo v ed from our sample at each stage of selection. 

Selection Number remaining Number remo v ed 

SNe pre-light-curve cuts (see 
M ̈oller et al. 2022 ) 

2802 

SALT3 & P (Ia) selection 1306 1496 
Redshift selection (0.1 ≤ z ≤ 0.7) 1154 152 
‘Exclusion zone’ cut a 1090 64 

Cluster SNe 66 
Field SNe 1024 

a 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. 
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Figure 2. U − R rest-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 /M �) > 10 and U − R > 1. 
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luster is real. We refer to these purities as q . While measurements of
urity are not available for the SVA1 RM catalogue, we use estimates
ased on cluster richness from a similar cluster catalogue (Hao et al.
010 ), and apply these to our sample. These purity estimates vary
ith richness, and are shown in Table 1 . We then make our final

election on the data. SNe that are projected onto a given cluster,
ith a combined probability of matching that cluster’s redshift and 

he cluster itself being correctly identified of abo v e 50 per cent ( pq
 0.5), are considered as cluster SNe. 
SNe Ia that are located within 1 . 5 Mpc ≤ r ≤ 2 . 5 Mpc of a

iv en cluster hav e an uncertain cluster membership, and thus could
ontaminate our field sample with possible cluster SNe, and vice 
 ersa. We remo v e these SNe from both our samples if the y pass the
q test outlined abo v e. 
Fig. 1 shows the redshift distribution of our two samples, together 

ith the stellar masses of the identified SN Ia host galaxies. We find
 lack of SN Ia hosts in both field and clusters around and below
og( M /M �) = 10 at z ≥ 0.7. This lack of lower mass host galaxies
s likely a selection effect (the lower mass galaxies are fainter and
herefore harder to measure a spectroscopic redshift for) and we 
ake a selection in redshift of z < 0.7 for both samples. This leaves

6 SNe Ia located within clusters, and 1024 SNe Ia located in the
eld. Table 2 shows how many SNe are removed at each stage of our
election. 

We show our U − R versus stellar mass distribution in Fig. 2 .
t is evident that cluster and field SNe inhabit different galaxy 
opulations. To fairly compare the samples like-for-like, we se- 
ect a sub-sample of cluster and field SNe Ia with similar host
roperties, and investigate any host dependencies. We select SNe 
ith a host galaxy rest-frame U − R colour of > 1 and a host

tellar mass log( M ∗/ M �) > 10. This is intended to select SNe in 
lder, massive, and passive hosts. Such a selection reduces our 
ample sizes to 48 (27 per cent remo v ed) SNe Ia located within
lusters and 516 (49 per cent remo v ed) SNe Ia located in the
eld. 

 SN  IA  PROPERTIES  IN  FIELD  A N D  CLUSTER  

A L A X I E S  

aving defined our cluster and field SN Ia samples, we next compare
heir light-curve properties, c and x 1 , as well as their host galaxy
tellar masses. SALT3 x 1 is a measure of how quickly an SN’s
ight curv e evolv es, with faster e volving e vents having lo wer v alues
f x 1 . The SALT3 c of an SN is how red or blue the event is
nd encapsulates both intrinsic SN colour and reddening by host 
alaxy dust. SN c and x 1 are empirically related to luminosity, 
ia the linear ‘bluer–brighter’ relationship and the ‘f aster-f ainter 
elation ’. 
.1 SN Ia light-cur v e width 

he x 1 distributions for cluster and field SNe, together with the
umulative distributions (CDF), are shown in the top two plots of
ig. 3 . The cluster distributions are shifted slightly to more ne gativ e
 1 values when compared to the field. A two-sided Kolmogorov–
mirnov (K–S) test returns a p -value of 0.023, indicating that the

wo distributions are not drawn from the same parent distribution 
ith a 97.7 per cent confidence level. This is a tentative confirmation
f what we might expect to observe: cluster galaxies are typically
ore massive and passive than those in the field, and these galaxies

ypically host f ainter, f aster SNe Ia than galaxies with stronger star
ormation (Hamuy et al. 1995 ). 

Previous results have found more significant differences in the 
 1 parameter between cluster and field samples (Xavier et al. 
013 ). Their result ho we ver uses dif ferent light-curve quality cuts.
urthermore, they only consider rich galaxy clusters, while we make 
o such distinction. 
The same analysis performed on our sub-sample of cluster and 

eld SNe Ia in older, massi ve, and passi ve galaxies is shown in
he lower panels of Fig. 3 . The x 1 distribution is still shifted to the
MNRAS 526, 5292–5305 (2023) 



5296 M. Toy et al. 

M

Figure 3. SN Ia x 1 distributions for events located in clusters versus those in the field. Upper Left: x 1 values in bins of width 0.5. Upper Right: CDFs of the 
x 1 data. A K–S test measures a 0.023 probability that the distributions are drawn from the same parent distribution. In the lower plots, both samples have been 
selected to be only red and massive host galaxies (i.e. U − R > 1 and log ( M ∗/ M �) ≥ 10) as described in Section 2.2 . A K–S test measures a 0.068 probability 
that the distributions are drawn from the same parent distribution. 
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ore ne gativ e values, but the significance is reduced with a K–S test
 -value of 0.068. 

.2 SN Ia colour 

he SN colour distributions and cumulative distributions are shown
n Fig. 4 . The field and cluster distributions are consistent, with a
–S test p -value of 0.801. Comparing the samples after the U − R

nd host mass selection gives a similar p -value of 0.827. Thus, we
ee no evidence in our sample for SN colour distributions that differ
etween cluster environments and the field. 

.3 SN Ia host galaxy stellar masses 

e show the distributions and cumulative distributions of SN Ia host
alaxy stellar mass M ∗ in Fig. 5 . As expected, there is a deficit of
osts with stellar masses of log( M ∗/M �) ≤ 10 in clusters, with a K–S
 value of 0.0006, i.e. the two distributions are drawn from different
arent distributions with a significance of 3.6 σ . As expected after
NRAS 526, 5292–5305 (2023) 
electing host mass and U − R to probe similar galaxies, a two sided
–S test returns a p value of 0.715, meaning statistically the two
opulations are drawn from the same parent distribution, reassuring
s that our host mass and colour cut successfully facilitates a fair
omparison of the SNe in these galaxies. 

Possible explanations for the difference in stellar mass distribu-
ions for field and cluster SN host galaxies include: a different stellar

ass function (SMF) of cluster and field galaxies; a different rate
f SNe Ia as a function of stellar mass in cluster and field galaxies,
r a combination of the two. Such SN rate differences could be
aused by the difference in age and star-formation activity between
luster and field galaxies. We examine these possibilities in the next
ection. 

Fig. 6 shows the SN Ia x 1 versus host stellar mass, where we
eco v er the e xpected relationship: the av erage SN x 1 across both field
nd clusters is smaller in more massive hosts than in less massive
osts. In around half the bins, cluster SNe have smaller x 1 than their
eld counterparts, but the difference is typically consistent within
ncertainties in any one bin. 
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Figure 4. SN Ia colour distributions for events found in clusters and those found in the field. Left: Histograms binned in steps of 0.05. Right: CDFs of the 
colour distributions. A two sided K–S test gives a p -value of 0.801, indicating no statistical evidence that the CDFs are from different parent distributions. 

Figure 5. Host galaxy stellar mass distributions for SNe Ia occurring within clusters and in the field. Left: Cluster and field data binned in steps 0.25. There is 
a lack of cluster hosts with stellar masses between 9 ≤ log( M ∗/ M �) ≤ 10, skewing the distribution to the more massive end. Right: CDFs of the host stellar 
masses. A two-sided K–S test performed on the CDFs returned a p -v alue of 0.0006, indicating strong e vidence that the two distributions are drawn from dif ferent 
base distributions. 
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.4 The effect of progenitor age 

alaxies in clusters have been found to be older than their 
imilar-mass field counterparts (Saracco et al. 2017 ), with much 
f their stellar populations formed at z > 2 (Guglielmo et al.
015 ). Furthermore, stars near the centre of galaxies, regions with 
ower specific star formation rate, tend to be older (Zheng et al.
017 ). 
F or SNe Ia, Ivano v, Hamuy & Pinto ( 2000 ) and Galban y et al.

 2012 ) find that SNe Ia in the centres of galaxies are fainter, and
owell ( 2001 ) find that older progenitors lead to fainter SNe Ia.
igault et al. ( 2020 ) provides an updated analysis, showing that
 1 correlates with specific star formation rate measured within a 
rojected distance of 1 kpc from each SN location (local sSFR),
nd therefore progenitor age. Ho we v er, the disco v ery rate of SNe
n the centres of galaxies is relatively low (Shaw 1979 ): regions
f high-surface brightness lead to smaller signal-to-noise in the SN 

etections, reducing the detection efficiency for SNe located near 
alaxy centres (Kessler et al. 2015 ). 

In Fig. 7 , we show x 1 versus d DLR , a measurement of the ef fecti ve
istance of the SN from the galaxy centre (Sulli v an et al. 2006 ).
ith the exception of the lowest d DLR bin, in the field there is no

rend between x 1 and d DLR ; the weighted mean values for the cluster
ample are broadly consistent with those of the field sample. We
onfirm this visual lack of a trend by fitting a straight line to the data,
hich has a gradient consistent with zero. 
In the lowest d DLR bin, there is a decrease in the error-weighted
ean x 1 for SNe in both field and cluster galaxies (i.e. intrinsically

ainter SNe Ia are preferentially located in this regions). The SNe in
his d DLR bin are closest to the host galaxy centres, where increased
urf ace brightness w ould bias a gainst detecting f ast, f aint SNe.
MNRAS 526, 5292–5305 (2023) 
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M

Figure 6. SN Ia x 1 versus host galaxy stellar mass for SNe Ia in clusters 
and the field, shown both as individual points (yellow stars/grey crosses) and 
as weighted means (red diamonds/blue pentagons). We reco v er the e xpected 
trend of higher mass hosts containing SNe Ia with smaller values of x 1 . 

Figure 7. SN x 1 versus fractional host galaxy distance ( d DLR ) for SNe Ia in 
clusters and the field, with the mean values for x 1 within d DLR bins of width 
0.25 plotted. Due to few SNe Ia at these distances, we use one bin between 
1.75 ≤ d DLR ≤ 2.5. 
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imilarly, increased dust extinction in these regions is unlikely to
rive the absence of the intrinsically brighter/larger x 1 events. Thus,
t is likely that the age gradient present in star-forming galaxies,
trongest for d DLR < 0.5 (Gonz ́alez Delgado et al. 2015 ; Ibarra-
edel et al. 2016 ), drives the effect that we see. 

 SUPER N OVA  RATES  IN  CLUSTERS  A N D  T H E  

IELD  

n Section 3.3 , we showed that there is a differing distribution of
ost galaxy stellar masses between SNe Ia within clusters and those
n the field. In this section, we measure the rate of SNe Ia per unit
tellar mass – the mass-normalized SN Ia rate, or the specific SN Ia
ate – as a function of the stellar mass of their host galaxies for the
wo samples. 
NRAS 526, 5292–5305 (2023) 
.1 Calculating the SN Ia rate per unit stellar mass 

he rate of SNe Ia per unit stellar mass is calculated from the number
f SNe Ia ( N SNe ) detected per unit time, divided by the total surv e yed
tellar mass. This rate can be further calculated as a function of stellar
ass by repeating the calculation, but se gre gating ev ents into bins

ased on the stellar mass of their host galaxies. 
The total amount of stellar mass within our two samples is

alculated as follows. For the field, we estimate the total stellar mass
y multiplying the ZFOURGE/CANDELS stellar mass function
easured o v er 0.2 < z < 0.5 (Tomczak et al. 2014 ) by the

olume surv e yed by the DES-SN surv e y o v er 0.1 < z < 0.7. The
FOURGE SMF, φ( M )d M , is described by the double Schechter

unction (Schechter 1976 ) 

( M) d M = φ1 ( M) d M + φ2 ( M) d M 

= ln (10)e −10 ( M −M ∗ ) 
10 ( M −M 

∗) 

× [ φ∗
1 10 ( M −M 

∗) α1 + φ∗
2 10 ( M −M 

∗) α2 ]d M, (4) 

here M = log( M /M �), ( α1 , α2 ) are the slopes and ( φ∗
1 , φ

∗
2 ) are

he normalizations of the two Schechter functions, and M 

∗ is the
haracteristic mass. The product of the SMF and the field volume
esults in the galaxy numbers as a function of stellar mass that DES
urv e ys, from which the total stellar mass in each mass bin can be
alculated. 

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

ln 

(
M � 

˜ M � 

)
= πM � | λ + αM � | λ ln 

(
λ

˜ λ

)
, (5) 

here ˜ M � is the median M � of the sample, and ˜ λ = 40, ̃  z = 0 . 35 are
he median richness and redshift used in McClintock et al. ( 2019 ).
alues for πM � | λ, αM � | λ, and ˜ M � are taken from Palmese et al. in prep
nd Palmese et al. ( 2020 ), which measured the stellar-to-halo mass
elation for DES redMaPPer clusters. 

This gives the overall mass for the cluster sample, which we
eparate into mass bins by using a SMF for DES clusters presented
n Palmese et al. in prep . Ho we ver, this SMF is only valid for hosts
ith log( M ∗/M �) ≥ 10. As such, we discard cluster SNe in hosts less
assive than this limit for this rate analysis. Both field and cluster
MFs assume a Chabrier initial mass function (IMF). In SN Ia rate
nalyses, a Kroupa IMF is often used. As such we shift our IMFs
o a Kroupa IMF, using equation 2 in Speagle et al. ( 2014 ) which
mounts to a difference of 0.01 dex. 

N SNe for both our samples is calculated as detailed in Section 2.2 .
e account for time dilation, and the efficiency of the DES-SN

urv e y in both detecting SNe and in measuring the redshift of the SN
ost galaxy using host galaxy spectroscopy. We do this following a
tandard ‘efficiency’ method (e.g. Perrett et al. 2012 ; Wiseman et al.
021 ): we compute ηSN,i , the detection efficiency of the i th SN, as 

SN , i = ηSN , i ( F i , z i , t 0 ,i , x 1 ,i , c i ) × εz spec ( m 

host 
r,i ) , (6) 

here ηSN, i ( F i , z i , t 0, i , x 1, i , c i ) is the SN detection efficiency of the
 th SN exploding in field F , at time t 0 and redshift z, with stretch
 1 and colour c . This detection efficiency is estimated by simulating
.1 × 10 6 SNe Ia using SN AN A and running a simulation of the
ES-SN surv e y, and is fully described in Wiseman et al. ( 2021 ). 
To obtain the detection efficiency, we divide the number of SNe

etected by the simulation of DES-SN (i.e. that pass the light-
urve selection described in Section 2.1.1 ) by the total number
f simulated SNe Ia. εz spec ( m 

host 
r,i ) is the efficiency of obtaining a
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Figure 8. The number of SNe per 10 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 1 σ (dark red) and 3 σ (light pink) upper limits for 
a non-detection from Gehrels ( 1986 ). The final ratio is the ratio of the 3 σ
non-detection rate to the field. 
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pectroscopic redshift for our SN hosts as a function of r -band
pparent magnitude, and has been modelled by Vincenzi et al. ( 2021 ). 
n the rate calculation, each SN is then weighted by the factor 1/ ηSN,i .

To test the reliability of our detection efficiencies, we cal- 
ulate a simple average volumetric rate (SNR Ia ) for our field 
ample and compare to other analyses. We take the efficiency- 
orrected number of field SNe and divide by the co-moving volume 
ithin our redshift range. We calculate SNR Ia ( 〈 z〉 = 0.55) =
.406 × 10 −4 SNe yr −1 Mpc −3 , consistent with Neill et al. ( 2006 )
ho found SNR Ia ( 〈 z〉 = 0 . 47) = [0 . 42 + 0 . 13 

−0 . 09 ( syst. ) ± 0 . 06 ( stat. )] ×
0 −4 SNe yr −1 Mpc −3 and Perrett et al. ( 2012 ) with SNR Ia (0 . 5 <
 < 0 . 6) = [0 . 48 + 0 . 06 + 0 . 04 

−0 . 06 −0 . 05 ] × 10 −4 SNe yr −1 Mpc −3 . Our measure-
ent is also within the 1 σ uncertainties of the power-law fit to the

volution of the SNR Ia with redshift (Frohmaier et al. 2019 ). We have
ot performed a full uncertainty analysis on our SNR Ia measurement 
s this is not the focus of this paper, and is deferred to future
ork. 
We calculate the rate of SNe Ia per 10 10 M � per century (also

nown as the SNuM) as a function of host galaxy stellar mass, shown
n Fig. 8 . Within stellar mass bins that contain detected cluster SNe,
he rate of SNe in cluster environments is broadly consistent with 
he field, with the respective rates mostly being 1 σ of each other.
he largest outlier is the highest mass bin with cluster SNe detected,
hich sharply decreases compared to the field, with a difference 
f 3.6 σ . On average ho we ver, the rate of cluster SNe per mass is
ower than the field, driven by the higher mass bin, with a weighted
verage ratio of the two of 0.594 ± 0.068 between (10 ≤ log( M ∗/M �)

11.25). 
We do not detect any cluster SNe Ia in host galaxies abo v e

og( M ∗/M �) = 11.25, which is perhaps surprising. This lowers the
 v erall cluster SNuM significantly, as a typical cluster SMF indicates
alaxies with these stellar masses e xist. F or e xample, if the cluster
ate from 11.25 ≤ log( M ∗/M �) ≤ 11.5 was equal to the field rate,
7.8 ± 5.0 SNe would have been expected over the five-year DES-
N observing period given the total mass observed in that bin, and

hus we would expect such objects to occur in our sample. Ho we ver,
luster environments are also older when compared to the field, which 
assuming a DTD that declines with time) also reduces the expected 
ate in these higher mass galaxies. 

Taking into account the SMF abo v e log( M ∗/M �) = 10 for clusters
nd field, we calculate the integrated SNuM measurement for both 
nvironments. SNuM is known to be a strong function of galaxy
roperties (Mannucci et al. 2005 ; Sulli v an et al. 2006 ; Smith et al.
012 ; Wiseman et al. 2021 ), and as such this host mass selection
s key to making sure our results are a fair comparison, and do
ot include less massive field hosts, which have a higher SNuM
hen higher mass hosts. We find the integrated SNuM for clusters
o be 0 . 0332 ± 0 . 0040 + 0 . 0082 

−0 . 0044 at an efficiency weighted redshift of
.44, while the field SNuM is 0.086 ± 0.0069 ± 0.0062 at an
fficiency weighted redshift of 0.54. There exists an evolution of 
ate with redshift, which will account for some of the difference
etween our cluster and field rate. We compare our measurements 
f total SNuM to measurements from the literature in Fig. 9 and
able 3 . 
We also calculate the integrated mass of the stars formed (formed
ass) in our cluster hosts to compare the production efficiency of
Ne Ia between the field and clusters, and for comparison to the

iterature. For this, for clusters we assume a single burst of star
ormation at z = 3, and a constant metallicity of 0.02, using the
 ́EGASE.3 (Fioc & Rocca-Volmerange 2019 ) spectral synthesis code 
s done in Freundlich & Maoz ( 2021 ), and present our o v erall rate
s a function of formed mass rather than stellar mass. After cutting
ow-mass galaxies, we assume that the star formation history of the
eld hosts is the same as the cluster hosts. This allows us to make a
imple estimate of the formed mass for the field galaxies, shown as
he unfilled black circle in Fig. 9 . 

Our cluster SNuM is the most precise in its redshift range,
nd is consistent with other measurements at lower and higher 
edshifts. Ho we ver, we stress for these overall rates we have removed
oth cluster and field SNe that are located in low-mass galaxies.
his would lower our o v erall rate compared to literature rates.
dditionally, due to the cluster SMF being only valid for use in
alaxies log( M ∗/M �) ≥ 10 we have assumed all cluster mass is
ade up of these galaxies. As we have found cluster SNe Ia hosted

n less massive galaxies (Figs 1 , 2 , 5 , and 6 ) we know this to be an
 v ersimplification. As such we estimate the amount of mass below
his limit in the cluster using the ZFOURGE/CANDELS passive 
tellar mass function (measured o v er 0.2 < z < 0.5). We account for
his uncertainty in the mass in the upper error on our cluster SNuM.
ur field rate is also consistent with literature cluster rates at similar

edshifts. 

.2 Discussion of rates 

ur SN Ia SNuM in galaxy clusters is lower than that in the field,
hether comparing o v erall values or only rates for SNe Ia in similar
ass hosts. Fig. 8 also shows that the ratio of the cluster rate

ompared to the field rate tentatively decreases with host stellar 
ass. We discuss the origin of this trend below. 

.2.1 The effect of a g e on the SN Ia rate 

he cluster DTD has been measured to be normalized higher than the
eld DTD by many studies (Maoz & Graur 2017 ; Freundlich & Maoz
MNRAS 526, 5292–5305 (2023) 
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Figure 9. A comparison of our field and cluster SNuMs, in host galaxies with log( M ∗/M �) ≥ 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 . 0040 + 0 . 0082 
−0 . 0044 

a 0.44 

Field SNuM (this work) b 0.086 ± 0.0069 ± 0.0062 b 0.54 

Field SNuM (passive galaxies) 0.0625 ± 0.0069 ± 0.0062 c 0.54 

Cluster literature SN Ia rates 

Friedmann & Maoz ( 2018 ) d 0 . 246 + 0 . 071 
−0 . 071 1.12 

Barbary et al. ( 2012 ) 0 . 145 + 0 . 103 
−0 . 088 1.12 

Gal-Yam, Maoz & Sharon ( 2002 ) 0 . 181 + 0 . 241 
−0 . 123 0.9 

Sharon et al. ( 2010 ) 0 . 058 + 0 . 055 
−0 . 048 0.6 

Graham et al. ( 2008 ) 0 . 045 + 0 . 074 
−0 . 024 0.46 

Gal-Yam et al. ( 2002 ) 0 . 046 + 0 . 108 
−0 . 038 0.25 

Dilday et al. ( 2010 ) 0 . 039 + 0 . 013 
−0 . 011 0.23 

Sharon et al. ( 2007 ) 0 . 038 + 0 . 026 
0 . 018 0.15 

Dilday et al. ( 2010 ) 0 . 023 + 0 . 012 
−0 . 009 0.08 

Mannucci et al. ( 2008 ) 0 . 026 + 0 . 011 
−0 . 009 0.02 

a Statistical + systematic + SMF correction. 
b This 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. 
c Minimum error, see Section 4.2.2 . 
d Single redshift bin. 
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021 ). This enhanced DTD could be caused by an excess of white
warfs (WD), due to a differing IMF, or an enhancement of binary
ystems within clusters compared to the field (Friedmann & Maoz
018 ). F or e xample, the IMF may be non-univ ersal (Dav ́e 2008 ;
an Dokkum 2008 ) and depend on a galaxy’s velocity dispersion,
hich may in turn lead to an excess of low-mass stars in the most
assive galaxies (Ferr ́e-Mateu, Vazdekis & de la Rosa 2013 ; Ferreras
NRAS 526, 5292–5305 (2023) 
t al. 2013 ). This may lead to cluster galaxies’ stellar populations
ontaining a higher fraction of low-mass stars than the field, which,
volv ed o v er long enough times could lead to more WDs, causing a
igher normalized DTD. 
One may expect due to this increased DTD, to measure more

Ne within clusters than in the field at the same redshift. Ho we ver
e find that the o v erall rate of SNe Ia per unit formed mass in
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assive galaxies within the field environments is higher than cluster 
nvironments. Assuming a declining DTD, our lower rate in clusters 
ould indicate that cluster galaxies of the same mass have older 

tellar populations than their field counterparts. This age-dependent 
ate could negate this higher-normalized DTD, and explain the 
amped cluster rate. 
It may be possible to probe the effect of an older stellar population

y measuring the U − R colour of SN host galaxies. U − R can be used
s a proxy for morphology, and is dependent on the star formation
istory (SFH) of the galaxy being studied (Lintott et al. 2008 ). U −
 also correlates with galaxy age (Wiseman et al. 2022 ), with redder
alaxies being older, and thus we can use U − R to probe the galaxy
ge. We have shown the U − R colours versus their stellar masses
or our two samples in Fig. 2 . We see a slightly higher proportion
f high-mass red galaxies within clusters compared to the field. The 
ncreasing U − R with galaxy stellar mass, and the higher proportion 
f red galaxies in the cluster SNe hosts, may help explain the
ampening in the rate as a function of mass in the cluster population.
A possible cause of this older population is that star formation 

n clusters turned off earlier than in the field. The rate of galaxy
ergers within cluster environments compared to the field may be 

nhanced (Watson et al. 2019 ), although the significance of this
ncrease is debated, and evidence also exists for a comparable or
ower cluster merger rate when comparing the field to the central 
luster environment (Delahaye et al. 2017 ). Galaxy mergers can alter 
he gas content of the interacting galaxies, with some gas potentially 
eing remo v ed from one galaxy and taken by another, or lost to
he intergalactic medium. Such a removal of gas would quench 
tar formation within clusters, leading to older populations and a 
ubsequent decrease in the rate. 

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

.2.2 The SN Ia rate in passive galaxies 

e are able to estimate the effects of an age difference between the
luster and the field environments by isolating field galaxies that are 
assive, and thus should have older stellar populations. To calculate 
he SNuM in massi ve, passi ve field galaxies requires a passive field
alaxy stellar mass function, which is provided by ZFOURGE. The 
FOURGE passive galaxies were identified using the rest-frame U , 
 , and J bands. 
To estimate the total number of massive field galaxies that are 

assive, we compute the fraction of those with NIR co v erage that
ass the Tomczak et al. ( 2014 ) UVJ cut and multiply it by the total
umber of galaxies. We then calculate the total passive formed mass
sing the passive SMF in Tomczak et al. ( 2014 ) and assuming
 similar SFH to clusters, as abo v e. We can then calculate the
ate per century per 10 10 M � formed, which we find to be 0.0625
ith the minimum error being ±0.0069 (stat.) ± 0.0062 (syst.). As 
e have made some oversimplifications we do not know the exact 

rror on this rate. Ho we ver, assuming similar or slightly enhanced
rrors to our other field SNuMs, this passive rate is comparable 
different at a maximum of 1.7 σ ) to the passive cluster rate of
.0386 ±0 . 0040 (stat. ) + 0 . 0082 

−0 . 0044 (syst. ) (again the minimum error). 
dditionally, fitting a straight line to the literature values in Fig. 9
llows us to probe the evolution of the SNuM as a function of redshift.
e find that such a rate evolution has a gradient of ∼0.11 ± 0.02.

hus the average redshift difference of 0.1 between our cluster and
eld samples would have a related rate difference of ∼0.011. Shifting

he cluster rate to the field redshift using this evolution brings the
aximum difference to < 1 σ . 
Therefore it appears that while the stellar population in cluster host

alaxies may be much older than those within o v erall field hosts,
hey are comparable in age or slightly older to stellar populations in
assive field hosts. 
We ho we ver note that this passi v e rate contains man y simplifica-

ions, and more wide-reaching NIR data would be needed to allow
hese comparisons to be performed in a more precise manner. 

 SUMMARY  

sing the DES five-year photometrically confirmed Type Ia su- 
ernova (SN Ia) sample, we have identified 66 SNe Ia that have
ccurred within redMaPPer clusters of galaxies, the largest high- 
edshift sample of cluster SNe Ia to date. We analysed and compared
he light-curve and environmental properties of this SN Ia sample to
024 DES SNe Ia that occurred in the field. We have also calculated
he rate of SNe Ia per 10 10 M � per century for the two samples, as a
unction of host galaxy stellar and formed mass. Our main findings
an be summarized as follows. 

(i) We find a tentative indication that the light-curve widths, x 1 , of
luster SNe Ia are, on average, more negative (i.e. fainter and faster
volving) than their field counterparts. Although this is an expected 
esult, as x 1 has a known dependence on galaxy stellar mass and
ge, the evidence is not strong in this sample. When just comparing
alaxies with similar host masses and colours, the significance drops 
urther, perhaps implying that any differences we see are due to the
ack of low-mass, young cluster hosts. We find that the colours of
luster SNe Ia statistically match those of the field, with very similar
istributions. 
(ii) There is no clear relationship between an SN’s x 1 and its

ocation in its host. The exception is for the innermost SNe Ia, which
ave smaller values of x 1 for both cluster and field hosts. 
(iii) We calculate the rates of SNe Ia in cluster and field en-

ironments, and find them to be broadly consistent to within 1 σ .
o we ver, at higher masses this appears to change, with the rate of

luster SNe between (11 ≤ log( M ∗/ M �) ≤ 11 . 25) being lower than 
he field by 3.6 σ . Taking into account all mass bins with a detected
luster SNe, the weighted average ratio of cluster to field SNe rates
s 0.594 ± 0.068, ho we ver this average ratio is heavily driven by the
nal cluster mass bin. 
(iv) Inte grating the o v erall rates of field and clusters within

alaxies with log( M ∗/ M �) ≥ 10 . 0, we find the rate of SNe Ia
ithin clusters as a fraction of formed mass to be 0 . 0332 ±
 . 0040 (stat. ) + 0 . 0082 

−0 . 0044 (syst. ) SNe 100 yr −1 10 10 M 

−1 
� , and the corre-

ponding field rate to be 0.086 ± 0.0069 (stat.) ± 0.0062 (syst.) SNe
00 yr −1 10 10 M 

−1 
� . Ho we ver, these measurements are at slightly

iffering redshifts, which will account for some of this difference 
nd both are broadly consistent with other literature cluster rates. 
he measured decrease could be due to cluster galaxies being older,
r more quenched than their field counterparts. Thus this declining 
ate within clusters compared to the field indicates that galaxies at a
xed mass are older in clusters than the field. We calculate that the
ate in passive field galaxies is more comparable to the cluster rate,
o we ver a more complete data set would be valuable in verifying
his result. 
MNRAS 526, 5292–5305 (2023) 
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PPENDI X  A :  I NVESTI GATI NG  T H E  EFFECTS  

F  RI CHNESS  O N  O U R  SAMPLE  

hen selecting our cluster sample we chose to use the larger λ/ S ≥
 catalogue, potentially opening our analysis to contamination from 

 v er densities of galaxies that would not be classified as true clusters.
o investigate what affect this cut has, we restrict our sample to λ/ S ≥
5 and re-analyse the results presented in this paper. This re-analysis
s summarized in Table A1 . 

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

The largest shift is in the host stellar masses, where restricting
ur sample to only higher richness clusters again decreases the 
ignificance of the difference between them. The actual distribution 
hapes ho we ver, do not significantly change. This is shown in
ig. A1 . We therefore attribute the drop in significance to lower
tatistics. 

There is no significant change in the o v erall rate, with the
wo being consistent when accounting for their errors. As our 
nvestigated properties do not significantly change under a richness 
ut, we conclude that making such a richness cut is unneces-
ary, and would be unnecessarily removing cluster SNe from our 
ample. 

able A1. Significance of our cluster versus field analysis for a richness cut
f λ/ S ≥ 5 and for λ/ S ≥ 15. 

omparison K–S test result K–S test result 
λ/ S ≥ 5 λ/ S ≥ 15 

 1 0.023 0.0507 
 0.8005 0.4441 
ost stellar mass 0.0006 0.1102 

verall cluster rate 
SNe 100 yr −1 10 10 M 

−1 
� )a 

0 . 0332 + 0 . 0091 
−0 . 0060 (syst) 0.0325 ± 0.0098 

 Calculated rate is for galaxies with log( M ∗/ M �) > 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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