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A B S T R A C T 

The Reionization Cluster Surv e y imaged 41 galaxy clusters with the Hubble Space Telescope ( HST ), in order to detect lensed 

and high-redshift galaxies. Each cluster was imaged to about 26.5 AB mag in three optical and four near-infrared bands, taken in 

two distinct visits separated by varying time intervals. We make use of the multiple near-infrared epochs to search for transient 
sources in the cluster fields, with the primary moti v ation of building statistics for bright caustic crossing events in gravitational 
arcs. Over the whole sample, we do not find any significant ( � 5 σ ) caustic crossing events, in line with expectations from 

semi-analytical calculations but in contrast to what may be naively expected from previous detections of some bright events 
or from deeper transient surv e ys that do find high rates of such e vents. Ne vertheless, we find six prominent supernova (SN) 
candidates o v er the 41 fields: three of them were previously reported and three are new ones reported here for the first time. Out 
of the six candidates, four are likely core-collapse SNe – three in cluster galaxies, and among which only one was known before, 
and one slightly behind the cluster at z ∼ 0.6–0.7. The other two are likely Ia – both of them previously known, one probably in 

a cluster galaxy and one behind it at z � 2. Our study supplies empirical bounds for the rate of caustic crossing events in galaxy 

cluster fields to typical HST magnitudes, and lays the groundwork for a future SN rate study. 

K ey words: transients: supernov ae – galaxies: clusters: general – gravitational lensing: strong – stars: massive. 
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 I N T RO D U C T I O N  

ensing of transient sources, whether theoretically or observation-
lly, has risen in interest in recent years due to the ability to not only
each us about the lensed sources, but also constrain the dark matter
omposition of the lens (see Oguri 2019 , for re vie w). Among these
ransient sources, for example, are fast radio bursts (e.g. Mu ̃ noz et al.
016 ), gamma-ray bursts (e.g. Paynter, Webster & Thrane 2021 ),
upernov ae (SNe; e.g. K elly et al. 2015 ; Goobar et al. 2017 ; Rodney
t al. 2021 ), gravitational waves (e.g. Dai et al. 2020 ; Broadhurst,
 E-mail: golubmir@post.bgu.ac.il 

S  

f  

l  

Pub
iego & Smoot 2022 ), and caustic crossing events of lensed stars
e.g. Miralda-Escude 1991 ; Venumadhav, Dai & Miralda-Escud ́e
017 ; Diego et al. 2018 ; Kelly et al. 2018 ; Meena et al. 2023b ).
mong the several transients described abo v e, the most natural

ransients to look for in optical and near-infrared (NIR) imaging
f galaxy clusters are lensed SNe and caustic crossing events. 
Lensed SNe have been attracting much interest, in part since

hey are expected to be found to larger redshifts than non-magnified
Ne, thus potentially improving the constraints on the cosmological
arameters through their contribution to the Hubble diagram. Several
Ne lensed by galaxy clusters have been found to date. The first
ew examples were found sufficiently far from the centre of the
ens or at a low enough redshift behind it, so they were magnified
© 2023 The Author(s) 
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ut not multiply imaged. For example, Nordin et al. ( 2014 ) and
atel et al. ( 2014 ) found three lensed SNe in the 25 cluster fields of

he Cluster Lensing And Supernova survey with Hubble (CLASH; 
ostman et al. 2012 ; see also Graur et al. 2014 ). Petrushevska
t al. ( 2016 ) found five magnified SNe behind Abell 1689 up to
edshift z ∼ 1 . 7, and also searched for lensed SNe in multiply imaged
alaxies in Abell 370 (Petrushevska et al. 2018 ). In another example,
odney et al. ( 2015 ) found a Type Ia SN behind the Hubble Frontier
ields (HFF; Lotz et al. 2017 ) cluster Abell 2744, which was then
onfronted with magnification estimates from various lens models 
see also Mahler et al. 2018 ). The past few years have also seen
he first examples of several multiply imaged SNe, long anticipated 
Refsdal 1964 ). Refsdal , the first multiply imaged SN, was detected
y Kelly et al. ( 2015 ) as an Einstein cross around a cluster galaxy in
he CLASH/HFF cluster MACS J1149.5 + 2223 (Ebeling et al. 2007 ).
nother image of the SN appeared 1 yr later in a counter-image of

he SN’s host galaxy (Kelly et al. 2016 ), enabling a measurement of
he expansion rate of the Universe from the time delays (Grillo et al.
018 ; Vega-Ferrero et al. 2018 ). About 1 yr later, another lensed SN
as found, multiply imaged by a field galaxy (Goobar et al. 2017 ).
odney et al. ( 2021 ) have found another SN multiply imaged by
 foreground massive cluster lens, MACS J0138.0 −2155 (Ebeling 
t al. 2010 ), with the next image predicted to appear in about two
ecades. More recently, Chen et al. ( 2022a ) found a multiply imaged
N around a galaxy in the HFF cluster Abell 370. At a redshift
∼3, this SN is the farthest one kno wn, allo wing also an early view
f the SN’s explosion thanks to the time delays. In addition to the
hysics they enable us to study, such multiply imaged transients are 
lso important as they allow us to probe and recalibrate our lens
odelling techniques (e.g. Treu et al. 2016 ; Zitrin 2021 ). 
The rate of SNe in galaxy clusters has also spurred much interest

e.g. Gal-Yam et al. 2003 ; Graham et al. 2008 ; Mannucci et al. 2008 ;
ilday et al. 2010 ; Sharon et al. 2010 ; Sand et al. 2011 ; Maoz &
annucci 2012 ; Maoz & Graur 2017 ; Freundlich & Maoz 2021 ).

he process of chemical or metal enrichment by SNe is not very well
onstrained observationally (Sarkar et al. 2022 ). One of the crucial 
ngredients to characterize it is the distribution of delay time between 
 burst of star formation and the explosions as SNe, especially for
ype Ia – for which the delay-time distribution spans Myr to Gyr 

ime-scales (Maoz & Graur 2017 ), unlike core-collapse (CC) SNe, 
or example, which result from massi ve, short-li ved stars. Because 
ost galaxies in clusters are red elliptical galaxies, most SNe we 

xpect to see in clusters are thus Type Ia, with a higher CC to Ia
ractions towards higher redshifts around when the clusters formed 
 z ∼ 3–4). That said, Graham et al. ( 2012 ), for example, found
everal CC SNe even in low-redshift cluster galaxies, showing that 
t least some lo w-le vel star formation is also taking place in these
o-called red-and-dead galaxies. In addition, the progenitor of Type 
a SNe is not unambiguously known. In particular, it is not clear
hether most Type Ia SNe result from single- or double-degenerate 
O white dwarfs (e.g. Hillebrandt & Niemeyer 2000 ). Since different 
rogenitor scenarios involve different time-scales that control the 
roduction rate of SN Ia events, the rate, and its dependence on
he host stellar-population age, can help discriminate between these 

odels (Maoz & Mannucci 2012 ). The rate of different types of SNe
n cluster fields, as a function of redshift, is thus of high importance.

The detection of the first multiply imaged SN Refsdal (Kelly et al.
015 ) also led to the serendipitous detection of another type of
ransient, namely a caustic crossing event . In follow-up observations 
f the SN, a new transient was seen atop the expected position of
he lensing critical curve, where the magnification gets extremely 
igh (Kelly et al. 2018 ). The spectral energy distribution (SED) and
roperties of the transient matched well that of a star crossing the
austic, getting temporarily, extremely magnified (Miralda-Escude 
991 ; Diego et al. 2018 ). This event then opened the door to
bserving cosmological stars throughout the Universe. Indeed, a 
rowing number of lensed stars have been observed since (e.g. Chen
t al. 2019 ; Kaurov et al. 2019 ; Diego et al. 2022 ; Kelly et al. 2022 ;
eena et al. 2023a ), with the highest redshift example being Earendel

t z � 6.2 (Welch et al. 2022a ). JWST no w of fers a deeper window
o observing and studying such stars through cosmic time, and has
lready re vealed v arious types of stars in its first few months of
peration (e.g. Chen et al. 2022b ; Diego et al. 2023 ; Meena et al.
023b ; Pascale et al. 2022 ; Welch et al. 2022b ). 
In this work, we report the results from a search for transients in

ubble Space Telescope ( HST ) images taken for the Reionization
luster Surv e y (RELICS) programme. In RELICS, 41 clusters were

maged in seven optical and NIR bands, to about 26.5 AB magnitudes
er band. The four-band NIR imaging was repeated in two different
pochs (see Section 2 ), separated by different periods of time (usually
 few weeks or months), allowing us to search for transient sources.
ur main moti v ation for the work is to estimate the rate of caustic

rossing events in the surv e y. Although dedicated surv e ys with HST
e.g. the Flashlights programme; Kelly et al. 2022 ) and the first
lusters imaged with JWST (see works mentioned earlier) imply 
elatively high rates to ∼29–30 AB, the first lensed stars were
isco v ered at a level of 26–27 AB magnitudes (Kelly et al. 2018 ;
hen et al. 2019 ; Kaurov et al. 2019 ), suggesting that RELICS
bservations should be sufficient for detecting at least some bright 
austic crossing events. The observed rate depends, ho we ver, on
 arious observ ational and physical properties such as filter choice,
he background stellar mass density, the source radius, luminosity, 
nd mass functions, and properties of the lenses, which is why it is
mportant to constrain. 

The paper is organized as follows: We describe the data and
bservations in Section 2 , and the methods in Section 3 . The results
re presented and discussed in Section 4 , and the work is concluded
n Section 5 . Throughout, we use a standard flat Lambda cold dark
atter cosmology with H 0 = 70 km s −1 Mpc −1 , �� 

= 0.7, and
m 

= 0.3. All magnitudes quoted are in the AB system (Oke &
unn 1983 ) and all quoted uncertainties represent 1 σ ranges unless

tated otherwise. 

 OBSERVATI ONS  A N D  DATA  

hroughout this work, we use data obtained in the framework of the
ELICS programme. In this programme, 41 massive galaxy clusters 
ere observed with the HST (PI: D. Coe), and the Spitzer Space

elescope (PI: M. Bradac), with the goal of detecting gravitationally 
ensed arcs, bright high-redshift galaxies (Salmon et al. 2020 ; Strait
t al. 2021 ), and various transients [e.g. see the SNe listed in Coe
t al. ( 2019 ) and the first spectacular detection of a lensed star
t z � 6.2 in Welch et al. ( 2022a )]. All targets were observed to
bout 26.5 mag in seven HST bands: F 435 W , F 606 W , and F 814 W
ith the Advanced Camera for Surv e ys (ACS), and F 105 W , F 125 W ,
 140 W , and F 160 W , with the Wide Field Camera Three (WFC3).
he observations in all four NIR bands repeated in two different
pochs, whereas the imaging in each optical band was taken in one
f the two epochs. For some clusters, pre vious HST observ ations
ere used as well, as detailed in Coe et al. ( 2019 ). 
The RELICS data products include reduced and colour images, 

hotometric catalogues generated with SEXTRACTOR (Bertin & 

rnouts 1996 ), and photometric redshifts computed with the 
ayesian Photometric Redshifts tool ( BPZ ; Ben ́ıtez 
MNRAS 522, 4718–4727 (2023) 
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t al. 2004 ; Coe et al. 2006 ). These are publicly available on
he RELICS website. 1 We refer the reader to Coe et al. ( 2019 )
or additional details on the HST data reduction and catalogue
onstruction. 

 M E T H O D S  

.1 Image subtraction 

ue to the fact that the final drizzled images of each epoch in each
and are not part of the RELICS data products, we assemble an
mage for each epoch in each of the bands using the raw ‘.flt’ files.
or each cluster, we use observations made with the WFC3 camera

n four different bands ( F 105 W , F 125 W , F 140 W , and F 160 W ).
or each epoch, all exposures of the same band are aligned using
weakReg and combined into a final image using AstroDrizzle

Koekemoer et al. 2011 ). Both functions are part of the DRIZZLEPAC

oftware package available online. An automatic procedure is used to
etermine optimal values for the ‘ conv width ’ and ‘ threshold ’
arameters of the TweakReg function, minimizing the rms of the
ffsets in x and y . In several cases, the initial offsets of the data
ere large and hence we used the ‘ search radius ’ parameter

or optimal alignment. We refer the reader to the DRIZZLEPAC

ocumentation 2 for further details about these functions. The two
nal images are subtracted, resulting in a difference image in which

ransients are searched. We use once more the AstroDrizzle
unction to calculate the total errors for each epoch, and finally a
ignal-to-noise map is calculated. 

Note that for each cluster and for each epoch, we also create a
eeper ( ∼27 AB) image by a weighted sum of the four WFC3/IR
lters, and generate difference images from these ‘IR-combined’

mages as well. 

.2 Transient detection 

e search for transients in the difference images by eye. The
ystematic search is initially done on the F 140 W difference image
or all RELICS clusters. Using a simple script, each difference image
typically 2 arcmin × 2 arcmin) is split into squares with an o v erlap
f a few arcseconds between sub-frames. For each initial candidate
dentified, zoomed-in stamps in all available bands, including the
R-combined images, from both epochs and their difference images,
re then generated for further inspection. Note that the search
s done with a pixel scale of ∼0.12 arcsec. This pixel scale is
omparable to the WFC3 NIR point spread function (PSF) and
s nominally double both the RELICS pixel scale and the pixel
cale we use here for photometry and measurement (see Section
.3 below). This means that the search was made on, effectively,
omewhat smoothed images, which can help in detecting some 
vents. 

We also perform another manual search on the deeper, IR-
ombined images using SAOImageDS9 , especially around gravi-
ationally lensed arcs, in a more focused attempt to detect caustic
rossing events. In practice, we go over 47 arcs o v er all clusters (see
ig. 1 for examples). The mean photometric redshift ( z) of the arcs

s ∼1.8, with a standard deviation of ∼1.2. 
The abo v e searches are made on both the difference image and

n its ne gativ e, to minimize biases related to white versus black
NRAS 522, 4718–4727 (2023) 
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3

e

etections. For each cluster, we then perform a more detailed
nspection of all candidates that survived the previous steps. We
ccept a candidate as a reliable transient if it appears in the difference
mages of all four NIR bands and in the rele v ant epoch in all
vailable bands, and corresponds in practice to a signal-to-noise ratio
igher than about ∼5. This level was estimated by planting some
oint sources with different signal-to-noise ratios in some images,
onvolved with the PSF, and repeating the detection process. We also
heck whether the transient appears in RELICS colour images. In
he scrutinizing process, the shape of the transient is also considered,
s well as its location in the field; e.g. some events in the very edges
ere discarded as likely artefacts. 

.3 Photometry measurements 

e register our WFC3/IR images for the two epochs and the RELICS
ptical images to the Gaia Data Release 3 (Gaia Collaboration
022 ) astrometry using Scamp (Bertin 2006 ) and resample the
mages with Swarp (Bertin 2010 ) on to the same 0.06 arcsec/pix
rid as is used in RELICS. The photometry is measured on these
mages with the PHOTUTILS package ( v1.5.0 ; Bradley et al. 2022 )
n a circular aperture, with a radius of ∼3 pixels of 0.06 arcsec,
nd corrected for local background flux measured in a circular
nnulus around the source. Exact apertures and background radii
ere slightly refined manually for each candidate, to minimize

ontamination by the host galaxy. We also run the same photometry
n the difference images themselves. This constitutes an important
onsistency check as the difference in flux between the photometry
f the first and second epochs should match the fluxes measured
n the difference image. All photometry is summarized in Table 3 .
he images, including the difference images, as well as the pho-

ometry with rele v ant Julian date for each band, are made available
nline. 3 

.4 Superno v a light-cur v e fitting 

e attempt to classify each of the SN candidates using the STAR-
UST2 Bayesian light-curve classification tool (Rodney et al. 2014 ),
hich is built on the underlying SNCosmo framework and designed

or classifying SNe using HST . STARDUST2 uses the SALT3-NIR
odel to represent Type Ia SNe (Pierel et al. 2022 ) and a collection

f 42 spectrophotometric time series templates to represent CC SNe
27 Type II and 15 Type Ib/c). These CCSN templates comprise
ll of the templates developed for the SN analysis software SN AN A

Kessler et al. 2009 ), derived from the SN samples of the Sloan
igital Sk y Surv e y (Frieman et al. 2008 ; Sako et al. 2008 ; D’Andrea

t al. 2010 ), Superno va Le gac y Surv e y (Astier et al. 2006 ), and
arne gie Superno va Project (Hamuy et al. 2006 ; Stritzinger et al.
009 ; Morrell 2012 ), and extended to the NIR by Pierel et al. ( 2018 ).
ith STARDUST2 , we use a nested sampling algorithm to measure

ikelihoods o v er the SN simulation parameter space, including priors
n dust parameters described in Rodney et al. ( 2014 ). Nested
ampling is a Monte Carlo method that traverses the likelihood space
n a manner that samples the Bayesian likelihood (Skilling 2004 ).
he results of the fitting and classification procedure are summarized
y Table 2 and Fig. 2 . We find tw o lik ely SNe Ia, one in a cluster
ember and one the previously disco v ered SN Nebr a (see Table 1 ),

wo CC SNe with 75 and 84 per cent probabilities of being SNe Ib/c,
 https:// www.dropbox.com/ scl/ fo/5yfm78d1kwizylh01gone/h?dl=0&rlk 
y = k00fqpuj4yynamatfq182l17a 

https://relics.stsci.edu/
https://drizzlepac.readthedocs.io/en/latest/tweakreg.html
https://www.dropbox.com/scl/fo/5yfm78d1kwizylh01gone/h?dl=0&rlkey=k00fqpuj4yynamatfq182l17a
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Figure 1. Examples of caustic crossing arcs out of 47 arcs inspected in RELICS in which one may expect to observe lensed stars. For each example arc, we 
present, from left to right, a colour image, a combined image of all WFC3 bands for the first epoch, a similar image for the second epoch, and their difference 
image. The white bar in each image represents a scale of 2 arcsec. We find no clear detection of caustic crossing events in the RELICS surv e y. Left (from top to 
bottom): ACT-CL J0102 −49151, A2813, ACT-CL J0102 −49151, MACS J0417.5 −1154, and PLCK G004.5 −19.5. Right (from top to bottom): AS295, A2813, 
MACS J0035.4 −2015, CL J0152.7 −1357, and MACS J0553.4 −3342. 

Table 1. The six SN candidates found in this work. Column 1: Candidate ID, indicating also the abbreviated name of the cluster (see Section 4 
for full cluster names); columns 2 and 3: RA and Dec. of the SN, in J2000.0; column 4: Cluster redshift as listed in Coe et al. ( 2019 ); column 5: 
Photo- z from the RELICS catalogue for the most-probable host galaxy; columns 6 and 7: Dates of first and second epochs; column 8: Name of SN 

from Coe et al. ( 2019 ) and references therein. The three SNe for which no names are designated are the three newly found SNe. 

Candidate ID RA (J2000) Dec. (J2000) Cluster redshift Host z a phot First epoch Second epoch Name 

RXCJ0142-SN1 25.740 828 44.641 610 0.341 3.53 [3.43–3.55] 2015-12-04 2016-01-14 –
AS295-SN1 41.392 7500 −53.030 8231 0.300 0.67 [0.53–0.72] 2016-08-30 2016-10-09 –
PLCKG171-SN1 48.246 4374 8.378 6862 0.270 2.71 [2.59–2.76] 2016-09-10 2016-10-21 Kukulkan 
RXCJ0600-SN1 90.051 0314 −20.123 3171 0.460 0.38 [0.30–0.41] 2017-01-11 2017-02-15 William 

A1763-SN1 203.813 0885 41.004 3610 0.228 1.75 [1.65–1.79] 2016-05-08 2016-06-17 Nebra 
PLCKG287-SN1 177.716 2202 −28.093 2911 0.390 0.35 [0.30–0.37] 2017-02-21 2017-03-18 –

a Note that this is the host photo- z as output by the RELICS pipeline. The final deduced type and redshift for each SN, as well as an indication 
whether it is in or behind the cluster, are given in Table 2 and Section 4 . 
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nd two likely SNe II. Of the CC SNe, all but one appear to be
luster members. These are further detailed in the results section 
Section 4 ). 

 RESULTS  A N D  DISCUSSION  

n our transient search, we find no strong caustic crossing event 
andidates. This may be surprising at first sight, given that the first
ouple of lensed stars were detected to roughly similar magnitudes 
s those reached by RELICS. Ho we ver, as we show below in Section
.1 , this is in broad agreement with a rate expectation based on an
rder-of-magnitude calculation using some simple assumptions. We 
o find, ho we ver, six other prominent transients, likely SNe, detailed
n Section 4.2 . 

.1 Caustic crossing events 

e now briefly estimate the expected rate of events one should detect
o the depth reached by RELICS, o v er 41 cluster fields. 
MNRAS 522, 4718–4727 (2023) 
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Table 2. Summary of the SN light-curve fits. Column 1: ID; column 2: Redshift of the cluster; column 3: Redshift range allowed in the light-curve fitting. In 
case the fit was performed using the cluster’s redshift a single value is shown. Column 4: Best-fit redshift from the light-curve fit, in case a range was allowed; 
column 5: SN classification; column 6: Probability of each SN type; column 7: Time of peak (MJD); column 8: Reduced chi-square; column 9: Absolute B-band 
magnitude. For further details on the light-curve fitting procedure, see Section 3.4 . 

Probability 
Candidate ID Cluster z z bounds Fitted z Classification Ia–II–Ib/c Peak Reduced chi-square Absolute mag ( B band) 

RXCJ0142-SN1 0.341 0.341 – II 0.0–1.0–0.0 57 305 11.2 −17.2 
AS295-SN1 0.300 [0.53–0.72] 0.64 ± 0.02 Ib/c 0.25–0.0–0.75 57 542 1.2 −18.4 
PLCKG171-SN1 0.270 0.270 – II 0.0–1.0–0.0 57 671 13.2 −16.0 
RXCJ0600-SN1 0.460 0.460 – Ia 1.0–0.0–0.0 57 727 9.6 −18.9 
A1763-SN1 0.228 [1.65–2.0] 1.96 ± 0.04 Ia 0.79–0.21–0.0 57 553 1.0 −20.1 
PLCKG287-SN1 0.390 0.390 – Ib/c 0.0–0.23–0.77 57 728 0.6 −18.3 

Table 3. Aperture photometry for the six SN candidates found in this work and their host galaxies. For each SN, we list the photometry in both the first epoch 
and the second epoch, as well as the photometry on the difference images in the near-IR for consistenc y. F or the host galaxy, we use the default (isophotal) 
photometry from the RELICS catalogues. In cases where the transient is not detected, we note a lower bound corresponding to 1 σ point-source AB magnitude 
limit. 

AB magnitude in: F 435 W F 606W F 814 W F 105 W F 125 W F 140 W F 160 W 

RXCJ0142-SN1 
Difference image – – – 24.42 ± 0.02 24.20 ± 0.03 24.29 ± 0.03 24.91 ± 0.03 
Epoch 1 26.19 ± 0.07 – 23.42 ± 0.01 23.74 ± 0.02 23.46 ± 0.02 23.61 ± 0.02 23.90 ± 0.03 
Epoch 2 – 24.76 ± 0.02 – 24.39 ± 0.04 24.25 ± 0.04 24.48 ± 0.06 24.40 ± 0.04 

RXCJ0142-SN1-Host 
RELICS data 23.34 ± 0.03 22.23 ± 0.01 21.63 ± 0.01 21.63 ± 0.01 21.63 ± 0.01 21.56 ± 0.02 21.50 ± 0.01 

AS295-SN1 
2015 Jan. 23 > 28.95 > 29.35 > 28.17 – – – –
Difference image – – – 25.72 ± 0.06 25.63 ± 0.09 25.74 ± 0.08 25.30 ± 0.04 
Epoch 1 – – – 24.94 ± 0.04 25.12 ± 0.06 25.20 ± 0.06 24.97 ± 0.04 
Epoch 2 – – – 25.69 ± 0.07 26.38 ± 0.19 26.23 ± 0.14 26.00 ± 0.09 

AS295-SN1-Host 
RELICS data 22.33 ± 0.02 21.64 ± 0.01 20.85 ± 0.01 20.59 ± 0.01 20.46 ± 0.01 20.41 ± 0.01 20.36 ± 0.01 

PLCKG171-SN1 
Difference image – – – 24.94 ± 0.04 24.81 ± 0.06 24.84 ± 0.05 25.23 ± 0.06 
Epoch 1 28.78 ± 0.94 – 26.81 ± 0.15 26.13 ± 0.10 26.49 ± 0.21 25.66 ± 0.09 25.96 ± 0.09 
Epoch 2 – 24.77 ± 0.02 – 24.63 ± 0.03 24.69 ± 0.05 24.42 ± 0.04 24.81 ± 0.04 

PLCKG171-SN1-Host 
RELICS data 23.40 ± 0.13 22.65 ± 0.03 23.05 ± 0.01 22.94 ± 0.04 22.74 ± 0.05 22.70 ± 0.04 22.74 ± 0.03 

RXCJ0600-SN1 
Difference image – – – 25.49 ± 0.05 25.67 ± 0.10 25.26 ± 0.06 25.67 ± 0.06 
Epoch 1 27.76 ± 0.26 – 26.93 ± 0.12 24.89 ± 0.03 25.08 ± 0.06 24.95 ± 0.04 25.11 ± 0.04 
Epoch 2 – 26.09 ± 0.04 – 25.80 ± 0.06 25.94 ± 0.11 26.42 ± 0.14 26.10 ± 0.09 

RXCJ0600-SN1-Host 
RELICS data 22.34 ± 0.03 20.514 ± 0.004 19.602 ± 0.002 19.204 ± 0.003 18.990 ± 0.004 18.850 ± 0.003 18.725 ± 0.002 

A1763-SN1 
Difference image – – – 25.26 ± 0.04 24.92 ± 0.06 25.13 ± 0.06 25.33 ± 0.04 
Epoch 1 26.78 ± 0.15 – 27.38 ± 0.19 26.35 ± 0.09 26.70 ± 0.21 26.25 ± 0.12 26.40 ± 0.09 
Epoch 2 – 26.97 ± 0.09 – 24.94 ± 0.03 24.69 ± 0.04 24.77 ± 0.03 24.97 ± 0.03 

A1763-SN1-Host 
RELICS data 24.72 ± 0.06 24.75 ± 0.04 24.75 ± 0.06 24.22 ± 0.05 23.55 ± 0.02 23.76 ± 0.06 23.70 ± 0.02 

PLCKG287-SN1 
2016 Aug. 3 – > 29.35 > 27.99 – – – –
Difference image – – – 25.96 ± 0.11 25.22 ± 0.07 25.98 ± 0.12 26.50 ± 0.13 
Epoch 1 28.62 ± 0.66 – – 25.36 ± 0.22 24.93 ± 0.18 25.60 ± 0.34 26.10 ± 0.61 
Epoch 2 – – – 26.33 ± 0.45 26.63 ± 0.84 26.82 ± 1.07 27.64 ± 2.56 

PLCKG287-SN1-Host 
RELICS data 21.06 ± 0.02 20.67 ± 0.01 19.435 ± 0.003 18.575 ± 0.002 18.194 ± 0.002 18.045 ± 0.001 17.931 ± 0.003 
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To do this, we start by noting that caustic crossing events are
iased towards bright and luminous stars. For an O/B-type star at
edshift z = 2, with ef fecti ve temperatures of T eff = 12 000 –45 000
, a magnification in the range of ∼20 000 –50 000 is needed for
NRAS 522, 4718–4727 (2023) 
t to be visible at an apparent magnitude of 26.5–27.0 AB in the
ST filters. In the corrugated network forming around the macro-

ritical curve, thanks to point masses in the lens such as stars etc.,
he typical peak magnification for a stellar source of radius R is
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Figure 2. The best-fitting model for each SN light curve. Each colour corresponds to a different HST filter, with measurements shown as points with errors (or 
upper limit arrows) and maximum likelihood model realizations shown as solid lines. Shaded regions of the same colour correspond to 1 σ uncertainties from 

the fitting procedure. The SN type shown is the same as in Table 2 , and corresponds to each plotted model. 
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xpected to be (e.g. Venumadhav et al. 2017 ; Oguri et al. 2018 )
10 4 , 10 5 ] × ( R /10 R �) −1/2 , with the exact value depending on
he macro-convergence, microlens density, microlens mass function 
tc., with an average frequency of peaks of about ∼1 per year,
er source star. For the above, we assume a typical stellar mass
ensity of 10 M � pc −2 . For a typical lensed arc, we adopt a typical
pparent brightness of ∼26 AB arcsec −2 . This is equi v alent to
10 9 L � arcsec −2 for a source at z ∼ 2, which roughly translates

nto ∼1000 massive stars per arcsec 2 . For this order-of-magnitude 
alculation, we assume a Salpeter initial mass function ranging 
etween 0.1 and 100 M �. Given most lensed arcs are typically blue
tar-forming galaxies, we neglect here the time evolution of the stellar 
opulation. It should, ho we ver, be ackno wledged that the age, as well
s other factors such as metallicity, may be important for assessing
he true number of expected stars, and our calculation remains crude 
n that sense. In particular, a more evolved stellar population will 
nclude less massive stars, so our estimation is in that aspect an
pper limit. The typical rele v ant area of the corrugated network in
he image plane is 0.1 arcsec 2 , equi v alent to 0.0005 arcsec 2 in the
ource plane, assuming a magnification of 200 within the corrugated 
etwork. Adopting a velocity of 500 km s −1 , this implies that we
xpect roughly one crossing every 2 yr in an arc. 

Assuming that these events follow a Poissonian distribution, 
ith an event lasting for ∼3 d, we can estimate the probability
f detecting at least one event in a given arc, in one visit, to be
0 . 4 per cent . The probability of detecting at least one ev ent o v er all

he RELICS clusters, assuming one caustic crossing arc per cluster, 
s ∼16 per cent . Note that this is, in principle, an upper limit: stars in
he corrugated network that are sufficiently close to the main caustic, 
uch that they are constantly sufficiently highly magnified, will only 
how minor fluctuations and will not be detected as transient sources
n our difference images. 

Outside the corrugated network, the magnification needed for 
/B-type stars is typically too high to be reached in an individual
icrocaustic crossing. Still, such a magnification can be reached if 

everal microlenses sit near each other so that we have overlapping
icrocaustics. Microlensing simulations (Meena, Arad & Zitrin 

022 ) show that the frequency of bright enough events in this regime
s 1–2 orders of magnitude lower than on the corrugated network,
ence contributing only little to the chances of seeing an event in
ELICS. 
Note, ho we ver, that some stars, such as various super- and hyper-

iants, may be intrinsically brighter than what we assume abo v e,
o they could be observed even with an almost order-of-magnitude 
ower magnification than considered here. One such example is 
carus, for which a peak magnification of ∼3000 was sufficient for
ts detection. This means that in practice, there may be somewhat

ore ev ents e xpected than estimated abo v e, although due to their
ow numbers (or the small area in which such magnifications can
e reached), we do not expect a significant contribution from such
tars. 

.2 SN candidates 

ur study yields six strong SN candidates summarized in Table 1 .
hree of the candidates were previously reported in Coe et al. ( 2019 ).
e present the SN candidates in Fig. 3 . Four of the transients are

etected to be fading and two are getting brighter between the
rst and second epochs. The SN light-curve fits are summarized 

n Table 2 and shown in Fig. 2 . While in principle SNe in galaxy
MNRAS 522, 4718–4727 (2023) 
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Figure 3. The six SN detections. For each one, at the top row we present three colour images, one for each epoch from the WFC3 filters, and one including all 
ACS + WFC3 filters; second row displays the difference image for each filter; next two rows present the images from the two epochs. A scale of 1 arcsec is 
marked upon the image. The red arrow in each stamp points to the exact candidate location. In parentheses, we designate for each SN candidate the best fitted 
type. The orientation of the figures is arbitrary. 
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lusters can appear in the diffuse intracluster light, all six SNe we
nd here seem to lie in potential host galaxies. We in addition use

he BayEsian Analysis of GaLaxy sEds tool ( BEAGLE ; 
he v allard & Charlot 2016 ) to infer the properties of the host galaxies
ased on their broad-band photometry presented in Table 3 . Note that
e assume the same redshifts for both the light-curve fitting of the
Ne and the SED fitting of their host galaxies. 

.2.1 RXCJ0142.9 + 4438 

e detect a transient in the cluster RXC J0142.9 + 4438 ( z = 0.341;
ig. 3 ). The transient is detected to be fading between the first and
econd epochs. The apparent host has a photometric redshift of z phot 

3.53 in the RELICS catalogue. If this redshift is correct, this would
ake the SN the farthest one detected by HST . Indeed, the host galaxy 

oes seem to be bluish-greenish in the RELICS colour image (Fig. 3 ),
uggesting it is not a typical cluster member, but possibly behind the
luster. Our lens model implies that the galaxy would not be multiply
maged at that redshift, and indeed we do not identify any possible

ultiple images, so in that respect the high-redshift option remains 
otentially valid. The host galaxy, however, does not seem to be 
tretched tangentially, as would be expected by the lensing shear in 
his case, thus disfa v ouring the high-redshift solution. For a second
edshift estimate, we also run an EAZY (Brammer, van Dokkum & 

oppi 2008 ) photometric-redshift fit, using the RELICS photometry 
or the host. We obtain a lower redshift solution, similar to the cluster
edshift, namely a best-fitting redshift and 68 per cent confidence 
nterval of 0.34 [0.26–0.43], which would suggest that the host is
n the cluster. The SN light-curve fit is thus run with the cluster’s
edshift as input (see also Table 2 ). The photometry fits well a CC
N of Type II, with more than 90 per cent probability. While future
pectroscopy of the host would be useful for securing its redshift, we
onclude that it is likely a CC SN of Type II at the redshift of the
luster. The SN was not known before and reported here for the first
ime, to the best of our knowledge. As for the host galaxy, we find
t is relatively massive with log ( M � /M �) = 9.50 ± 0.02, relatively
oung with t age � 270 Myr, and has a moderate star formation rate
SFR) of log ( ψ/ M � yr −1 ) = 0 . 3 ± 0 . 2. 

.2.2 Abell S295 

n the cluster Abell S295 ( z = 0.300), we detect a transient fading
etween the first and second epochs. The transient appears to be 
nside a host galaxy (see Fig. 3 ) with a photometric redshift of z phot 

0.67. A photometric-redshift EAZY fit yields a similar redshift of 
.67, with a narrow 68 per cent confidence interval of [0.61–0.71]. 
rom the light-curve fit, in which the SN’s redshift is free to vary
etween ∼0.5 and ∼0.7, we obtain it is likely (with 75 per cent
robability) a CC of Type Ib/c, at an approximated redshift of
.64 ± 0.02. The SN was not known before and reported here for
he first time, to our knowledge. Our SED fit to the host galaxy
uggests a massive (log ( M � /M �) = 10.4 ± 0.1), relatively young
 t age � 160 Myr), dusty ( A V = 3 . 3 + 0 . 4 

−0 . 3 ), and hea vily star -forming
piral with an SFR of log ( ψ/ M � yr −1 ) = 1 . 5 ± 0 . 3. 

.2.3 PLCK G171.9-40.7 

he transient detected in PLCK G171.9-40.7 ( z = 0.270) gets 
righter between the first and second epochs and appears to lie inside
 very faint host galaxy, with z phot ≈ 2.71 (see Fig. 3 ). Based on
ther multiple images known in this cluster (Cerny et al. 2018 ), we
ould expect the host to be multiply imaged, were it at z ∼ 2 or
bo v e. Ho we ver, we do not detect any counter image in the expected
osition based on the lensing symmetry, which suggests that the 
alaxy is probably at a lower redshift. Preliminary investigation of 
his candidate in Coe et al. ( 2019 ) classified the host as a cluster
ember galaxy. We run an EAZY photometric-redshift fit to the 

ost photometry in the first epoch, where the SN’s contribution is
egligible, and obtain a relatively wide range of possible redshifts, 
ith a single-template best-fitting and 68 per cent confidence interval 
f 0.737 [0.05–2.11], leaving the redshift ambiguous. For this 
edshift, our lens model suggests a magnification of μ ∼ 2.3. Given 
he wide photometric redshift range, for simplicity we run the light-
urve fit assuming the cluster’s redshift. The fit suggests that it is
 CC SN of Type II, with o v er 90 per cent probability. For the host
alaxy, we find a low stellar mass of log ( M � / M �) = 7 . 58 + 0 . 08 

−0 . 07 , a
ery low SFR of log ( ψ/ M � yr −1 ) = −1 . 61 ± 0 . 3, and a very young
tellar age of t age � 13 Myr. Note, ho we ver, that gi ven the faintness
f the object and the relatively large uncertainties on the photometry,
EAGLE does not find a very good fit at the cluster redshift assumed

or the light-curve fit of the SN. In addition, since it is fitted at
 very low redshift, this galaxy does not have any rest-frame UV
hotometry to properly constrain its current population of massive 
tars that produce CC SNe. 

.2.4 RXC J0600.1-2007 

he transient detected in the cluster RXC J0600.1-2007 ( z = 0.460)
eems to be fading between the first and second epochs and appears
o have exploded in the outskirts of a host galaxy (see Fig. 3 ) with a
PZ photometric redshift and 95 per cent confidence interval of 0.383 

0.30–0.41], not too far from the cluster’s redshift. This candidate has
een previously reported in Coe et al. ( 2019 ), where it was mentioned
hat the host was probably a cluster member. We perform the light-
urve fit using the cluster redshift as input and obtain that this is
ikely a Type Ia SN, with more than 90 per cent probability. The
ost galaxy is a massive [log ( M � /M �) = 10.96 ± 0.02], quiescent
 log ( ψ/ M � yr −1 ) = 0 . 1 + 0 . 5 

−1 . 3 ] cluster galaxy of t age � 960 Myr. 

.2.5 Abell 1763 

e detect a transient in the cluster Abell 1763 ( z = 0.228), which
eems to get brighter between the first and second epochs and appears
o lie inside a very faint host galaxy ( z phot ≈ 1.75; see Fig. 3 ). This
N had been followed up with further observations, and was reported

n some more detail in Rodney et al. ( 2016 ) and Coe et al. ( 2019 )
here it was classified as a lensed Type Ia SN at z ∼ 2. Initial
agnification estimate yielded μ ∼ 2 (pri v ate communication). In 

his work, similar to all other cluster fields, we only use the first two
pochs for our detection and analysis. Nevertheless, the light-curve 
t, allowing a redshift range of [1.65–2] and based only on those two
pochs, suggests a Type Ia SN at a redshift of z � 2, with 80 per cent
robability and in agreement with the previous analysis. We find 
he host galaxy has a relatively high stellar mass of log ( M � /M �) =
.0 ± 0.2 and a low SFR log ( ψ/ M � yr −1 ) = −0 . 7 + 1 . 0 

−0 . 9 and stellar age
f t age � 120 Myr. 

.2.6 PLCK G287.0 + 32.9 

e detect a transient in the cluster PLCK G287.0 + 32.9 ( z = 0.390).
he transient appears to be fading between the first and second epochs 
nd apparently lies in the halo of a cluster member host galaxy with
 phot = 0.35 [0.30–0.37] (see Fig. 3 ). This candidate has not been
reviously reported, to our knowledge. We adopt the redshift of the
MNRAS 522, 4718–4727 (2023) 
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luster for the light-curve fit and obtain that this is most likely a
ype Ib/c CC SN (with o v er 75 per cent probability). In this case,

he host galaxy is a very massive [log ( M � /M �) = 11.76 ± 0.01],
uiescent [ log ( ψ/ M � yr −1 ) = −1 . 1 + 0 . 7 

−0 . 6 ], and old ( t age � 10 Gyr)
luster member galaxy. 

 C O N C L U S I O N  

n this work, we present results from a search for transients in the
1 RELICS cluster fields. Moti v ated by the disco v ery of various
austic crossing events of lensed stars in imaging depths broadly
imilar to those obtained in RELICS (e.g. Kelly et al. 2018 ; Chen
t al. 2019 ), and the rapidly increasing numbers of events detected
n deeper observations (e.g. Kelly et al. 2022 ; Meena et al. 2023b ;
ascale et al. 2022 ), our main goal was to characterize the caustic
rossing event rate in lensed arcs in the RELICS survey. 

We utilize the fact that the NIR imaging took place in two distinct
pochs to create difference images for each cluster and search for
ransients. We do not detect any prominent caustic crossing event. We
alculate the expected rate of events given the observational depth
nd find that the probability to detect at least one caustic crossing
vent in a cluster is ∼0 . 04 per cent per visit. Assuming one lensed
rc per cluster, we finally conclude a probability of ∼16 per cent
o detect at least one caustic crossing event in RELICS. Our study
hus supplies an empirical limit on the rate of bright caustic crossing
vents, to typical HST magnitudes, suggesting that indeed, a depth of
26.5 AB is insufficient for detecting substantial numbers of lensed

tars and that deeper observations are needed (as indeed successfully
emonstrated in the references abo v e). 
Note that some lensed stars may also appear as quasi-persistent

ources, in case they are sufficiently close to the caustic, in the
o-called corrugated caustic network. One such famous example is
arendel, the farthest known lensed star detected at redshift z �
.2 whose observed brightness has remained approximately constant
 v er sev eral years (Welch et al. 2022a ), with only mild fluctuations.
s another example, some types of stars such as Luminous Blue
ariables can be bright enough for long periods of time at redshifts
f z � 1, even if farther away from the caustic. One such prominent
xample is Godzilla in the Sunrise Arc (Diego et al. 2022 ). Since
hese are not expected to appear as transient sources, we also search
or possible point sources near to where the critical curves pass
n lensed arcs. We find no additional, prominent point sources in
austic crossing arcs in RELICS, although we note also that this
erhaps merits a further, designated examination. 
While we do not find any lensed stars, our search yields six

N candidates. Three were previously known and reported in Coe
t al. ( 2019 ), and three are, to the best of our kno wledge, ne w ones
resented here for the first time. Note also that Coe et al. ( 2019 )
ound a few other candidates that are, however, mostly smaller or
ainter looking than our candidates, and not retained in our search
such detection differences can be attributed to different image-
ubtraction and source-identification procedures). The SN candidates
e find here are classified using the Bayesian light-curve fitting

ode STARDUST2 , and we obtain that two of the six SNe are Type
a candidates, and four are CC: two Type II candidates, and two
andidates that are most probably Type Ib/c. Four of the SNe go off
n the cluster, likely in cluster galaxies, where two seem to be lensed
nd lie behind the cluster, the farthest of them at z � 2. In terms of
ype, three of the four SNe found inside the clusters are CC, and one
s Ia. This ratio is perhaps a bit surprising given that the delay times
rom stellar formation to explosion are much longer for Ia than for
C, and that cluster galaxies are relatively early type, so-called red-
NRAS 522, 4718–4727 (2023) 
nd-dead galaxies with very little new star formation. This may be
artially explained by the fact that some of these SN host galaxies do
ot seem to be typical cluster members (i.e. red passive ellipticals).
dditionally, the SZ-selected RELICS sample may be biased towards

elati vely massi ve, younger clusters in which galaxies possibly have
ome more star formation compared to the average cluster galaxy at
imilar redshifts. We run BEAGLE to extract the physical parameters
f each host, and obtain that for three of the CC SN hosts the SFR
s between a few and a few dozen M � yr −1 , although for the fourth
t is very low ( ∼0.03 M � yr −1 ). For the two Ia SN hosts, the SFR is
etween ∼0.1 and ∼3 M � yr −1 , i.e. on average lower than that for
he CC hosts, as may be e xpected. Giv en the low number of SNe in
ur sample, ho we ver, we do not attempt to draw general conclusions
egarding this ratio and the link to the host’s properties. 

The SN rate in galaxy clusters, particularly as a function of
edshift and type, is of high importance for a variety of studies from
haracterizing the metal enrichment history in the cluster, through
stimating the quenching and intracluster light (ICL) distribution
ime-scales (Maoz & Graur 2017 ), to shedding light on the SN
rogenitor problem (Maoz & Mannucci 2012 ). The detection of
everal SNe in this work thus calls for a rate calculation. In a follow-
p work, we aim to estimate the completeness of SN detection in our
ethod, extend the search to the parallel fields accompanying each
ELICS cluster field, and calculate the resulting SN rate. 
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