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ABSTRACT

Aims. Strong lensing by massive galaxy clusters can provide magnification of the flux and even multiple images of the galaxies that
lie behind them. This phenomenon facilitates observations of high-redshift supernovae (SNe) that would otherwise remain undetected.
Type Ia supernovae (SNe Ia) detections are of particular interest because of their standard brightness, since they can be used to improve
either cluster lensing models or cosmological parameter measurements.

Methods. We present a ground-based, near-infrared search for lensed SNe behind the galaxy cluster Abell 370. Our survey was based
on 15 epochs of J-band observations with the HAWK-I instrument on the Very Large Telescope (VLT). We use Hubble Space Telescope
(HST) photometry to infer the global properties of the multiply-imaged galaxies. Using a recently published lensing model of Abell
370, we also present the predicted magnifications and time delays between the images.

Results. In our survey, we did not discover any live SNe from the 13 lensed galaxies with 47 multiple images behind Abell 370.
This is consistent with the expectation of 0.09 + 0.02 SNe calculated based on the measured star formation rate. We compare the
expectations of discovering strongly lensed SNe in our survey and that performed with HST during the Hubble Frontier Fields (HFF)
programme. We also show the expectations of search campaigns that can be conducted with future facilities, such as the James Webb
Space Telescope (JWST) or the Wide-Field Infrared Survey Telescope (WFIRST). We show that the NIRCam instrument aboard the
JWST will be sensitive to most SN multiple images in the strongly lensed galaxies and thus will be able to measure their time delays if

observations are scheduled accordingly.
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1. Introduction

Zwicky (1937) suggested that massive astrophysical objects
can act as gravitational lenses, magnifying and produc-
ing multiple images of the same background source. A
good example of a gravitational lens is Abell 370 (A370),
one of the most massive and well-studied galaxy -clus-
ters. A370 lensing properties allowed the discovery of one
of the first extended-source lensed galaxies (the Giant arc;
Soucail et al. 1987). In a more recent study, the A370
mass distribution was modelled with Hubble Frontier Fields
(HFF) images and GLASS spectroscopy (Diego et al. 2018).
These authors identified dozens of multiple images of 13
strongly lensed background galaxy sources behind A370.
(Lagattuta et al. 2017; L17) identified nine new multiply-imaged

* Based on observations made with European Southern Observatory
(ESO) telescopes at the Paranal Observatory under programme ID
091.A-0108 and ID 093.A-0278 PI: A. Goobar.

Article published by EDP Sciences

systems and secured their redshifts with the help of Multi-Unit
Spectroscopic Explorer (MUSE) spectroscopy and archival
Hubble Space Telescope (HST) images. In total, there are
22 known unique systems with at least 69 individual images.
Using these new constraints, L17 updated the lens model of
A370, probing the mass distribution from cluster to galaxy
scales.

High-z galaxies that appear as multiple images can host
supernova (SN) explosions. Owing to the magnification boost
due to lensing, SNe that would normally be too faint to be
detected by current telescopes, can be observed. As the light
from the multiple images travels on different paths, the arrival
of SN images exhibits a time delay. The time delay depends on
the Hubble parameter, and to a lesser degree, other cosmologi-
cal parameters (Holz 2001; Goobar et al. 2002; Bolton & Burles
2003; Oguri & Kawano 2003; Oguri 2007). There is also a grav-
itational dependence on the time delay, i.e. from the lensing
potential. Therefore, strongly lensed SNe can be used as tools
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to examine both global cosmology and the local environment of
the cluster lenses (see e.g. Riehm et al. 2011).

The first multiply-imaged at z = 1.489 (dubbed SN Refsdal)
was discovered behind the galaxy cluster MACS J1149.6 + 2223
(Kelly et al. 2015). The image of SN Refsdal re-appeared almost
a year later in another host galaxy image, as predicted indepen-
dently by several lensing models, thus providing a test of the
accuracy of the lens model predictions (Grillo etal. 2016;
Kelly et al. 2016b; Jauzac et al. 2016; Diego et al. 2016). It was
identified as a core-collapse (CC) type of explosion (Kelly et al.
2016a).

Because of their standard candle nature, observations of
SNe Ia through lensing clusters are even more interesting. By
estimating the absolute magnification of SNe Ia, it is possible
to break the so-called mass-sheet degeneracy of gravitational
lenses (Oguri & Kawano 2003). Thus, even single magnified
SN Ia could be used to put constraints on the lensing potential, if
the background cosmology is assumed to be known (Patel et al.
2014; Nordin et al. 2014; Rodney et al. 2015). This can be further
improved by observations of strongly lensed SNe Ia, through the
measurements of time delays between the multiple images. In
contrast, if the lensing potential is well known, measurements
of time delays of any transient source can be used to measure
cosmological parameters.

The first resolved multiply-imaged SN Ia, iPTFl6geu
(Goobaretal. 2017), was magnified by a galaxy lens, rather
than a galaxy cluster. For this reason, the expected time delays
were about one day, a timescale that is difficult to probe with
SNe Ia light curves. Cluster lensing timescales are typically
much longer, which makes their measurement potentially more
feasible (Vega-Ferrero et al. 2018), especially if the lens poten-
tial is well studied and the predicted time delays have small
uncertainties.

A dedicated ground-based search for SNe behind Abell 1689
was presented in Petrushevska et al. (2016, P16 hereafter), after
the pilotstudies carried out by Stanishev et al. (2009), Goobar et al.
(2009) and Amanullah etal. (2011). We present a similar near-
infrared (NIR) survey of A370.

Throughout this paper the cosmology Q, = 0.7, Q) = 0.3
and Hy = 70 is assumed and all presented magnitudes are in the
Vega system.

2. A370 HAWK-I observations and transient search

All data presented were obtained with the High Acuity Wide
field K-band imager (HAWK-I; Pirard et al. 2004; Casali et al.
2006) mounted on the VLT (Programmes ID 090.A-0492,
091.A-0108, P.I. Goobar). HAWK-I has a combined 7.5" x 7.5’
field of view, divided into four equally-sized pixel arrays ar-
ranged in a square grid. Since the core of A370 covers a smaller
area than a single HAWK-I detector, we placed the cluster at the
centre of one of the chips for each exposure. To optimise the
survey for finding high-z SNe, all observations are carried out
using the J-band filter, covering the wavelength range 1.17-1.34
pm. Nearby SN spectra peak in the optical region of the spec-
trum, but at high-z, their light is redshifted to the NIR. Fur-
thermore, considering the duration of light curves of high-z and
the effects of time dilation, we kept ~1 month cadence while
the galaxy cluster was visible on the sky. The data were taken
over 16 separate nights in 2012 and 2013, resulting in a to-
tal exposure time of 18 h and 22 min, and a median limiting
magnitude of m; = 23.6. Details of the observations are pre-
sented in Table 1. The observations were executed in blocks of
29 or 58 exposures made of six 20 s integrations. To allow us
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to perform accurate sky subtraction, the telescope was offset in
a semi-random manner between each exposure. We reduced the
data following the procedure presented in P16. A full description
can be found in that work and we only briefly describe the data
reduction process. The individual frames of each epoch were
dark subtracted, flat fielded and the pixels that were saturated
or affected by cosmic rays were masked. A sky-frame was con-
structed for each exposure using standard NIR imaging reduc-
tion techniques; the only exception was that we took advantage
of the fact that the same field was observed repeatedly and there-
fore built an object mask that was updated as more data became
available. A sky-subtraction and geometrical distortion correc-
tion was performed. Then the frames were geometrically aligned
and combined.

After the new image was subtracted from the reference im-
age, a candidate detection algorithm was run on the difference
image. In Appendix B, image (new and reference) and subtrac-
tion stamps are shown with zoomed-in on the multiply-imaged
galaxies. We performed a transient search on each image im-
mediately after it was obtained and reduced (see Sect. 3 of P16
for a full description of this process). Additionally, after the
survey was completed we repeated the search using the full,
combined data set. In this post-survey search, epochs that were
acquired less than 14 days apart were co-added to obtain bet-
ter image depth. After combining the images, we were left with
seven stacks in total (see Table 1). For the purposes of the tran-
sient search, we also separated each stack into two substacks,
where only half of the frames are combined.

We limited our search criteria to include only objects with
a S/N > 4 in the subtracted image. This limit applied to both
the stacks and substacks, where the object needed to be present
in both substack images with S/N > 4. There are total of
1753 resulting candidates that were inspected meticulously by
eye and ranked by members of our team independently accord-
ing to the procedure presented in P16. Upon completing this in-
spection, none of the candidates were classified as probable SNe.
Most of the candidates appear in only a single search epoch
and were discarded for various reasons, for example subtrac-
tion artifacts at the cores of bright galaxies, AGN sources and
cosmic rays. By requiring candidates to appear in at least two
consecutive epochs instead, the number of candidates reduces to
314 candidates.

3. Supernovae in the multiply-imaged galaxies
behind A370

In this section, we calculate the expected number of SNe in the
multiply-lensed galaxies in our HAWK-I survey. We only con-
sider the multiple image systems that have secured redshifts,
where at least one of the images in the system has a spectroscopic
redshift. We do not include those with only photometric redshifts,
which would introduce an additional source of error. There are
13 out of the total 22 systems that satisfy this criteria. These 13
systems are composed of 47 individual multiple images whose
properties are presented in Table 2 and shown in Fig. 1.
Following P16, we calculated the expected number of SNe in
each galaxy N;, by multiplying the rate R; and the control time
T;
N;=R; X T, (H
where i indicates the individual galaxies. The control time
above the detection threshold for a of type j, T}, is a function
of the light curve, absolute intrinsic SN brightness, detection



T. Petrushevska et al.: Searching for supernovae in the multiply-imaged galaxies behind the gravitational telescope A370

-1°33'40.0" =
> . -

34'00.0" =

Dec (J2000)

35'00.0"

@

LY
P> Q

e | s s CREDE |

L L
2h39m50.00s

A (J2000)

Fig. 1. Cropped J-band VLT/HAWK-I image overplotted with the positions of all the 22 background galaxies with 69 multiple images that were
presented in Lagattuta et al. (2017). The images that belong to the same system are shown with the same colour. There are 13 systems that have a
secured redshift, which means that is at least one image in the system with spectroscopic redshift. The predicted magnifications for these galaxies
from the lensing model are approximately ~1-4 magnitudes (see Table 2). As an example, a zoomed-in view of multiply-imaged galaxies 1.3 and
1.1 are shown, which are magnified by 2.81 + 0.08 and 2.80 + 0.07 mag, respectively.

efficiency, extinction by dust, and lensing magnification. The
probability distributions of the absolute intrinsic brightness for
the SN types are assumed to be Gaussian with values taken
from Richardson et al. (2014). We calculated the control time for
SNe Ia and CC separately. The control time depends on the prop-
erties of the light curves, therefore different subtypes of CC SNe
have different control times. The total CC control time was ob-
tained by weighting the contribution from the various CC sub-
types with their fractions from Li et al. (2011) and then summed.
We obtained the final number of SNe by summing over the indi-
vidual estimates from each multiple image in the system. Doing
this, we were able to determine the sensitivity of our survey to
SNe exploding in the galaxies with multiple images. For SNe Ia,
the survey was sensitive to 29 galaxy images originating from
9 unique systems (1, 2, 3, 4, 5, 6, 7, 9 and 21), with redshifts
ranging between 0.72 < z < 2.75. Considering CC SNe, for
example type IIP, which are the most common type of CC SNe
in the local universe, the survey was sensitive to 16 galaxy im-
ages coming from 5 unique systems (1, 2, 3, 5, and 21), with red-
shifts ranging between 0.72 < z < 1.95. SNe IIP are on aver-
age intrinsically fainter than SNe Ia, thus they are only visible
in the galaxies at lower redshift and with high magnification.
A few examples of simulated light curves that could have been
observed with the HAWK-I survey are shown in the top panel

of Fig. 2. The synthetic light curves in the observer filters for
redshift z were obtained by applying cross-filter k-corrections
(Kim et al. 1996). The mean absolute magnitudes were adopted
from Richardson et al. (2014). Furthermore, the lensing magni-
fication from the galaxy cluster is also taken into consideration.

To obtain the expected SN rate in each galaxy, R;, the re-
lationships between star formation rate (SFR) and SN rate was
used. We estimated the ongoing SFR for each galaxy with the
help of Fitting and Analysis of Spectral Templates (FAST)'. The
FAST code fits stellar populations models to broadband photom-
etry, providing the global properties of galaxies such as stellar
mass, age and SFR (described in the appendix of Kriek et al.
2009b). We chose FAST as it has been extensively and success-
fully used to study large sets of galaxies, even at high redshifts
(see e.g. Kriek et al. 2009a; Mukae et al. 2017; Morishita et al.
2017). We measured the photometry of our galaxy sample us-
ing archival observations from HST. Most of these were taken as
part of the HFF? project with the Advanced Camera for Surveys
(ACS) in three optical bands, F435W, F606W, and F814W and
with the Wide-Field Camera 3 (WFC3) in four NIR bands:

' http://w.astro.berkeley.edu/~mariska/FAST.html
2 https://archive.stsci.edu/prepds/frontier/abell370.
html
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Fig. 2. Top panels: simulated light curves of SNe Ia and IIP in F125W band for pairs of images of strongly lensed galaxies behind A370. The
redshift and magnifications of the galaxy images are shown. If a SN had exploded in galaxy image 3.3, another image would have been observed in
galaxy 3.1 with a time delay of ~660 days. Similarly, if it had exploded in 5.4, the SN would have reappeared in galaxy image 5.3 with a time delay
of ~130 days. Bottom panels: magnitude limit for the HAWK-I in J band and HFF observations in F105W, F125W, F140W and F160W bands of
A370 as presented in Tables 1 and A.2. Both panels: the dotted lines indicate the median magnitude limit for the HAWK-I and HFF/WFC3 surveys.

Table 1. A370 observations with VLT/HAWK-I in the J band.

Date Exp. time  Seeing my
(s) (arcsec) (mag)

2012-10-13 3480 0.67

2012-10-14 3480 0.45 used as ref.

2012-11-06 3480 0.44

2012-11-09 6960 0.40

2012-11-10 6960 0.39

2012-11-11 3480 0.56 23.46

2012-12-09 3480 0.57

2012-12-13 3480 0.50 23.40

2012-12-31 3480 0.40

2013-01-06 3480 0.69 23.83

2013-08-02 3480 0.76 23.16

2013-08-28 3480 0.37 24.04

2013-10-24 3480 0.57

2013-10-28 3480 0.56 23.77

2013-11-18 3480 0.67

2013-11-28 6960 0.52 23.59

Notes. The line indicates that those observations were combined for
a deeper image. @my;,, indicates 50 limiting depth for the combined
image.

F105W, F125W, F140W, and F160W. These imaging data rep-
resent one of the deepest, highest resolution data with average
limiting magnitude 27.4 in the optical bands and 26.8 in the NIR
bands. Photometric estimates in each band are obtained using
Source Extractor (SExtractor; Bertin & Arnouts 1996). The light
from the brightest cluster galaxies was subtracted away follow-
ing the procedure in L17, to obtain less contaminated photome-
try of the background sources. We note that this procedure tends
to increase the error on the final magnitude. The HST photome-
try for all systems is shown in Table A.3.

To obtain the intrinsic brightness of the galaxies, the
predicted magnification from the galaxy cluster must be taken in
to account. This means that our estimate of the brightness of the
galaxies depends on the assumed lensing model. In Table 2, we
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show the magnifications from the galaxy cluster which we com-
pute from the A370 lens model in L17. To obtain an estimate of
total magnification, we use the entire surface of a given galaxy,
instead of simply adopting the value measured at the object’s
centroid. Specifically, we calculate an individual magnification
for each pixel associated with the object in the HST data and then
take the median value of the entire map. To identify these pix-
els, we use the SExtractor segmentation map generated from our
photometry measurements. This process produces a more robust
magnification estimate compared to the centroid approach, as it
accounts for magnification gradients that naturally occur in ex-
tended sources. Additionally, we prefer a median estimator over
a simple mean, as it is less sensitive to extreme magnification
values that occur near the lensing critical curve. This is espe-
cially important in highly distorted arcs and merging pairs, such
as Systems 2 and 3. After applying these magnification correc-
tions to the galaxies’ observed magnitudes (Table A.3), we find
that the corrected intrinsic brightness of nearly all images of a
given lensed galaxy agree with each other within the flux errors,
as we would expect. The exceptions to this are merging pairs
of images which by definition only contain a fraction of the total
galaxy. This affects images in Systems 2 (2.2 through 2.5), 3 (3.1
and 3.2),5 (5.3 and 5.4), 7 (7.1 and 7.2), and 21 (21.1 and 21.2).

As the progenitors of CC SNe are short-lived stars, it is
expected that they trace ongoing SFR. Therefore, the CC SN
rate for each galaxy in units of yr™! can be estimated from the
relation:

Rcc = kg’ x SFR, 2)

where the SFR is given in in units Mo yr™!, and 3" is the scale
factor, given as the number of stars per unit mass that explode as
CC SNe. The scale factor depends on the initial mass function
(IMF) and the range of stellar masses that explode as CC SNe.
As in P16, we used a Salpeter (1955) IMF and My, = 8 M, and
M ax = 50 Mg, which results in scale factor of kgo =0.007 Mg’ .
The SN Ia rates were obtained from the Scannapieco & Bildsten
(2005) two-component model

R, =AXSFR +BX M,, 3)

where A and B are constants, determined from observations
for which we use literature values from Smith et al. (2012),
while the stellar mass M. of the individual galaxies was taken
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Table 2. Properties of the multiply-imaged galaxies behind A370.

Images® z At Amy Amy ree X 102 rp x 103 Detectable SN types

) (mag) (yr ™" Ian TP ML IIn Ib Ic faint’

CC SNe

1.2+ 1.1 0.80  2350(70) 1.78(0.05) 2.80(0.07) 0.06(0.03) 0.04(0.02) y 'y y y 'y Yy y
12+13 0.80  2400(70) .. 2.81(0.08) . Yy Yy Oy Oy yy oy
2.1+2.2 0.73 143 (17) 2.44(0.06) 2.11(0.05) 0.90(0.05) 0.540.04) y 'y y y 'y Yy y
21423 073 89(17) . 275(0.07) . Y Y Y Yy Yoy oy
2.1+24 073 92(17) 4.11(0.10) vy Oy Oy Oy vy .y
2.1+25 0.73 61(17) <o+ 4.23(0.10) ey Y y y 'y Yy y
33+3.1 1.95 660(60) 2.4000.07) 3.59(0.19) 0.31(0.13) 0.18(0.07) y 'y y y Yy Yy y
33432 195 910(100) . 3.69(0.18) . Yy Yy Yy vy oy y oy
43+ 4.1 127 800(90)  145(0.03) 1.62(0.05 0.640.19) 0360.11) y y y y y y y
43 +42 127 7080(70) - 1.740.05) . Yy Y Y Yy yoy oy
54+5.1 1.28 94(4) 4.21(0.13) 2.99(0.08) 0.12(0.02) 0.07(0.01) 'y y y y y 'y y
54452 128 104(8) 0 4.09(0.09) . Yy Yy Y Y Yy oy
54453 128 135(7) . 427(0.12) . ey Yy Yy vy oy y oy
63+6.1 1.06 8320(110) 1.41(0.03) 1.68(0.04) 3.1600.16) 2.06020) y y y y y y .y
63 +62 1.06  6720(100) o 171(0.04) . D
*14+7.1 275 36520(300) 1.29(0.04) 2.79(0.17) 4.70(1.5) 2.7(0.8) 'y y y y y 'y
74472 275 36560(300) ... 2.80(0.16) . Yy Oy Oy Oy ¥y
“74+73 275 34650(300) 1.14(0.04) Yy Y Y Vv Yy ¥
“74+%75 275 31040(300) . 1.57(0.04) . Yy Y Y Yy ¥y
9.3+9.1 1.52 10830(170) 1.52(0.03) 1.48(0.03) 0.11(0.03) 0.06(0.01) vy y y y y 'y y
93+92 1,52 15500(160) o 1.61(0.03) . e Yy Y VY Y Yy oy
*14.5 + 14.1 3.13  32930(170) 0.89(0.03) 2.37(0.06) 0.33(0.11) 0.19(0.06) vy y y Yy
*14.5 + 14.2 3.13  33010(190) <o+ 0.88(0.07) e ey y y y
£145+ 143 313 30320(180) 1.87(0.04) v y vy
*14.5 + ¥14.4  3.13 25800(170) .-+ 1.96(0.06) e ey y y y
€155+ 15.1 371 23090(150) 1.06(0.02) 0.97(0.02) 0.23(0.04) 0.130.02) vy oy
*15.5+15.2 3.71 18990(130) <o+ 1.34(0.04) ey y y
€155+153 371 22950(150) 1.97(0.06) y v oy
£15.5+ %154 371 4980(250) o 1.61(0.04) oy y
*16.3 + 16.1 3.77 13160(200) 1.50(0.03) 2.63(0.07) 0.07(0.04) 0.04(0.02) vy y y
*21.3 +21.1 1.26  12230(130) 1.27(0.03) 3.73(0.09) 0.24(0.13) 0.14(0.08) vy y y y y 'y y
$213+212 126 12300(130) ... 3.89(0.10) Ly Y Oy Oy Yy oy
*#22.3 +22.1 3.13  26940(210) 0.91(0.03) 2.25(0.06) 0.15(0.08) 0.08(0.05) 'y y y |y
$23 4222 313 2260(140) ©2.19(0.06) Ly vy oy

Notes. Time delays (Af) of the multiply-imaged galaxies as predicted

from the lensing model in L17 are listed in Col. 3. The time delays are

measured relative to the first image in Col. 1. The reference image in each case is that with the shortest path length between the galaxy and us.
The time delays are with respect to the reference image. The magnifications of the images in Col. 1 are given in magnitudes in Cols. 4 and 5,
and are computed using the lensing model in L17. Estimates of the core-collapse and SN Ia rates are given with 1o errors in Cols. 6 and 7,
respectively. Given that the SFR of the galaxy depends on the luminosity of the galaxy, it is dependent of the predicted magnification, thus the
lensing model. In Cols. 8—14, the detectability of a lensed SN for the different SN types assuming a 27.5 mag in F150W, e.g. in a survey using
1 h exposure of the JWST/NIRCam instrument. In order to be observable, the luminosity of both images must lie above the observation threshold.
@Images labeled with an asterisk (*) do not have spectroscopic redshifts. ’Population of intrinsically faint CC SNe (Mg > —15) which could

be contributing importantly in the CC SN rates. See e.g. Strolger et al.

from the FAST best fits. The total expected number of SNe
over all the systems are then simply summed. The result is
Nce = 0.07 £0.02 and Ny, = 0.02+0.01 for CC SNe and SNe Ia,
respectively, which is consistent with our observations.

3.1. Search for supernovae in the multiply-imaged galaxies
behind A370 in the HFF data

In addition to the HAWK-I data, we also looked for SNe in
the HFF imaging data. The majority of the A370 HFF data
were observed during 2015 and 2016, using both the HST/ACS
and HST/WFC3 cameras (Lotz etal. 2017). These data are
supplemented by additional, older archival images, as described
in L17. The observations are listed in Tables A.1 and A.2 along

(2015) for a discussion.

with their exposure times. While the HFF team already has per-
formed a live search for transients, these efforts have not resulted
in the discovery of any strongly lensed SN in the A370 data’.
However, they have reported the discovery of one SN Ia spec-
troscopically classified in one of the cluster member galaxies at
z = 0.375 (Graham et al. 2016).

In order to verify that there are no strongly lensed SNe
in the HST A370 data, we downloaded the public images and
recombined them to perform an independent transient search.
The images were reduced via the standard Pyraf/STSDAS
pipeline. Epochs that were closer than 14 days in time were
aligned and combined to obtain better image depths using

3 Steven Rodney, (priv. comm.).
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standard DrizzlePac* routines, supplemented by SCAMP (Bertin
2006) and SWarp (Bertin et al. 2002) to improve the astromet-
ric solution and image stacking process. The observations and
image depths are compared with those of the HAWK-I sur-
vey in Fig. 2 (see also Tables A.1 and A.2). After combin-
ing the data, we visually inspected the images for transients
and found none, thus confirming the result of the HFF team.
In Appendix B, we show examples of image stamps of the
HST data zoomed-in on the multiply-imaged galaxies together
with those of the HAWK-I data. To follow the HAWK-I anal-
ysis as closely as possible, we take the image depth of each
combined stack to be the 5o point-source limiting magnitude.
We calculate this value by averaging the flux in a series of
0.4” circular apertures placed in so-called blank areas of sky
throughout the field of view, normalised to the HFF magnitude
zero-points for each band. To be consistent from stack to stack,
we keep the locations of the apertures fixed. While we try to
include all apertures in every stack, there are a few instances
(due to differences in pointing solutions or the field-of-view size
between the ACS and WFC3) where some apertures fall ei-
ther completely or partially outside of the image exposure area.
In those cases, we simply remove the affected apertures from
the average and proceed to calculate the image depth exactly
as before.

Following the same procedure as for the HAWK-I survey,
we also calculate the expectation of observing a lensed SN in
the multiply-imaged galaxies behind A370 in the HFF data. As
previously, we focus on the galaxy systems that have secure red-
shifts. For SNe Ia and SNe IIP, the HFF A370 campaign was sen-
sitive to 27 galaxies originating from 8 unique systems (1, 2, 3, 4,
5, 6,9, and 21) with redshifts ranging between 0.72 < z < 1.95.
Thanks to the better depth, the volume where the HFF could de-
tect CC SNe is significantly larger. Few examples of simulated
light curves are shown in Fig. 2. The result is Ncc = 0.39 +0.09
and N, = 0.04 £ 0.01 for CC SNe and SNe Ia, respectively.
The improvement in the image depth does not improve greatly
the expected number of SNe Ia compared to the HAWK-I sur-
vey, mainly because both surveys were sensitive to similar num-
ber of galaxies. The HFF A370 observations were made over
two years in which the epochs in different bands are close in
time (see Fig. 2). Therefore, from this aspect the HFF survey
does not have significantly improved control time for SNe Ia,
thus the expected number of lensed SNe Ia remains largely
unchanged.

We can extend this estimate to the remaining HFF clus-
ters, Abell 2744, MACSJ0416.1-2403, MACSJ0717.5+3745,
MACSJ1149.5+2223, and Abell S1063. In the field of view
of each of these galaxy clusters there are between 9 and 51
unique systems with 30 to 165 multiple images (Zitrin et al.
2011; Jauzac et al. 2015; Karman et al. 2015; Limousin et al.
2016; Mahler et al. 2018). For the purpose of making a rough
estimate of the expectations of the entire HFF survey for lensed
SNe, we can assume that the other five galaxy clusters are repre-
sented by A370 properties. That means that the total number of
expected lensed SNe was ~2.6, in agreement with the observa-
tion of SN Refsdal, once the statistical uncertainty is taken into
account.

4. Expectations for the future

Several space-based telescopes are being planned such as the
Wide-Field Infrared Survey Telescope (WFIRST; Spergel et al.

4 http://drizzlepac.stsci.edu/

A103, page 6 of 21

F115W F150W F150W
20 [N 133 31 T |
2201 2.1 ;.2\__ . + /— 1 i
2l [T (3 N R e
261 7=0.73 '\ z=195 | z=1.28 |
20} 5 1 _
O 3.3 3.2
22 |+ 2.1 23 T b /\N
: 5.2
2al /\b N 5.4 |

2 N.

g 26| z=0.73 | z=1.95 z=1.28
20T~ 1 4.1 43 7T 1
24 | /\-__ T N 154 -
261k z=0.73 1 z=1.27 i z=1.28 i
- ' /\ o 200 800 0 70 140

o~ _
2L 2.1 /\2—5— SNla — SN2p
sl [T | — sNia  — SsnN2p
261 z=0.73
0 70 140 days

Fig. 3. Examples of simulated light curves of SNe Ia and IIP for pairs of
images of strongly lensed galaxies behind A370 (see Table 2). The first
four images are in F115W band, while the rest is in F150W, similar to the
filter bands planned for the JWST/NIRCam instrument. If a SN explodes
in one of the galaxies, the explosion should appear in the corresponding
images, thus allowing for scheduling observations accordingly.

2015) and James Webb Space Telescope (JWST; Gardner et al.
2006). With a 6.5 m aperture and an extensive infrared fil-
ter set, JWST, scheduled for launch in spring 2020, will have
unprecedented resolution and sensitivity. Since the NIRCam
instrument aboard the JWST will be aimed, among others, at dis-
covering SNe from the earliest stages of the universe (with the
help of gravitational telescopes), it is interesting to study what
the prospects will be for multiply-imaged SNe. The WFIRST
Wide-field instrument (WFI) will also have similar NIR fil-
ters, though at rather different effective wavelengths>. We fo-
cus on two JWST/NIRCam filters, F115W and F150W. For
comparison, the effective wavelength of the JWST/NIRCam
F115W lies between the WFIRST/WFI Y106 and J129,
while the JWST/NIRCam F150W is similar to WFIRST/WFI
H158 filter.

First, we simulate the expected brightness of SNe explod-
ing in multiply-imaged galaxies behind A370. In Fig. 3 we
show examples of synthetic light curves of SNe Type Ia and
IIP in two bands (F115W and F150W). From the figure, we
see that typical SNe of both types should be easily detected, as
the JWST/NIRCam instrument is expected to reach a depth of
27.5 mag (50) in both F115W and F150W, in just 1 h of expo-
sure time (Beichman et al. 2012).

Next, we simulate a feasible monitoring survey targeting
A370 using the NIRCam F115W and FI150W filters. We re-
peat the simulation for a survey targeting another galaxy clus-
ter, A1689, which was the subject of our work in P16. As in
the previous section, we only consider the systems with se-
cure redshifts. As more data are being collected, new multiple

> https://wfirst.ipac.caltech.edu/sims/Param_db.html
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Table 3. Expectations for lensed SNe in the multiply-imaged galaxies
behind A1689 and A370 observed with JWST/NIRCam-like filters in
one year.

Filter ~ Nepochs N Ne Zmax Nig
(yr)
A370
FIISW 4 0.11+004 002+001 3.77 47
F115W 12 0401 006+003 377 47
FISOW 4 03+0.1 0.02+001 377 47
FISOW 12 09+05 006+003 377 47
A1689
F1I5W 4 07+03 0.13+006 3.05 66
F115W 12 1.0+£0.5 0.17+0.08 3.05 66
FISOW 4 1.0£05 0.14+007 3.05 66
FIS0W 12 14+06 0.17+0.08 3.05 66

Notes. The depth of the survey in both filters is assumed to be 27.5 mag,
which is the limiting 50 depth for a 1 h exposure (Beichman et al.
2012). The separation between two epochs is set to 30 days. The er-
rors in the N¢c and Ny, originate from the propagated uncertainty in the
SFR. @The number of expected SNein the background galaxies with
resolved multiple images and secure redshifts (see Table 2). ” The max-
imum redshift of the expected SNe. “Number of galaxies that can host
observable SNe.

image systems might be detected. Therefore, the predictions pre-
sented below are to be considered as lower limits. There are 69
images originating from 19 unique galaxies that fulfill this cri-
teria behind A1689 (see Table 3 in Riehm et al. 2011) and 47
images from 13 unique galaxies behind A370 (Table 2). To cal-
culate the expectations of the galaxies behind A1689, we used
the SN rates presented in Riehm et al. (2011). We set the du-
ration of the survey to be one year and assume either 4 or
12 visits to each cluster per year. Using the procedure high-
lighted in the previous section, we then calculate the total ex-
pected number of SNe seen in both clusters over the dura-
tion of the monitoring campaign. These results are shown in
Table 3.

We can now compare the gravitational telescope properties of
A370 with those of A1689, which could be useful when deciding
which clusters will be targeted with JWST for a dedicated multi-
year search with its relatively small field of view of 2.2" x 2.2,
Based on our analysis, we expect that the observable number of
SNe exploding in the multiply-imaged galaxies behind A370 will
be lower, compared to A1689 (see Table 3). There are several fac-
tors that influence this outcome. One of these is the number and the
redshift of the multiply-imaged galaxies. A370 has fewer observ-
able multiple-image galaxies, 47 compared to 66 of A1689. An-
other important factor is the magnification from the galaxy cluster
lens. The median magnification at the positions of the multiply-
lensed galaxies, are ~2.0 mag, while for A1689 is almost one mag-
nitude greater, ~2.9. This is also the reason why our NIR survey of
A370 was less sensitive compared to that of A1689in P16, i.e. the
A1689 survey was sensitive to SNe exploding in galaxies at higher
redshifts, compared to the survey targeting A370 (see also Fig. 8
in P16). This study is useful to optimise the search strategy, dedi-
cating more epochs to one cluster or observing more clusters with
fewer epochs. The results in Table 3 convey that the most profitable
strategy is to target more clusters that have many multiply-imaged
galaxies such as A1689 and A370, rather than focussing more time
on a single galaxy cluster.

5. Summary and conclusions

In this work, we have used the galaxy cluster A370 as a gravita-
tional telescope to search for lensed SNe. Recently, a study im-
proved the lensing model of A370 and secured redshifts of even
more multiply-imaged galaxies that lie behind the cluster (L17).
During 2012-2013, we obtained 16 epochs of ground-based NIR
data of A370 with the aim of searching for SNe in these resolved
multiply-imaged galaxies. This search did not yield in SN dis-
coveries, while the number of expected SN in these galaxies was
~0.1, summed for CC SNe and SNe Ia.

We used multi-band HST photometry to infer the expectation
of SN rates in the multiply-imaged galaxies. From the lensing
model in L17, we computed the magnifications and time delays
of the arrival of the images of these systems. This will be very
useful for future work using new generation telescopes, such as
space-based JWST and WFIRST. We simulated the light curves
of SNe Ia and IIP that could explode in the multiply-imaged
galaxies behind A370, and concluded that they will be detectable
by the JWST/NIRCam in F115W and FI50W. We also simu-
lated possible JWST surveys to obtain the expected number of
SNe that have multiple images behind both A1689 and A370,
and concluded that A1689 offers better prospects. We also found
that the strategy to spread the time over several clusters is more
productive than investing more epochs targeting single galaxy
cluster.
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Appendix A: ACS/HST and WFC3/HST data of Table A.2. Photometry from the Wide-Field Camera 3 (WFC3) in four
A370 NIR bands: F105W, F125W, F140W, and F160W.
Table A.1. Photometry from the ACS data in two optical bands, F435W Date Exp. time m?
and F814W. im
F105W
Date Exp. time Ma 2014-10-27 356 ref
F435W 2014-10-29 812
2015-12-19 5140 rof 2014-12-10 356 25.64
2015-12-20 5140 2014-12-12 812
2015-12-21 5140 2016-07-27 5612 28.01
2015-12-24 5140 2016-07-28 5612
2015-12-26 5140 2016-07-29 5612
2015-12-26 5140 2016-08-02 5612
2015-12-27 5140 2016-08-03 5612
2015-12-29 5140 2016-08-04 5612
2016-01-02 5140 2016-08-05 5612
2016-02-17 5140 27.15 2016-08-07 5612
F814W 2016-08-21 5612 27.553
009-07-16 3820 = 2016-09-03 5612 27.17
2010-12-20 4720 2731 2016-09-04 2612
2010-12-20 4880 2016-09-06 5512
2015-12-19 5080 27.98 F125W
2015-12-20 5080 2016-07-29 5512 ref
2015-12-21 5080 2016-08-02 5512
2015-12-22 5146 2016-08-05 5512
2015-12-24 5146 2016-09-08 5412 27.33
2015-12-24 5080 2016-09-11 5412
2015-12-26 5080 2016-09-11 5412
2015-12-26 5080 F140W
AP S 2009-09-28 4235 ref
2015-12-29 5080 2014-10-27 812 25.70
2016-01-02 5080 2014-10-29 762
2016-01-03 5146 27.43 2014-12-10 812 25.37
2016-01-10 5146 2014-12-12 762
2016-01-11 5146 2015-07-19 5512 27.04
2016-01-13 4981 2016-07-28 5512
2016-01-17 4981 2016-07-30 5512
2016-01-18 5146 27.39 2016-09-09 5412 27.11
2016-01-20 5146 2016-09-10 5412
2016-01-23 4981 F160W
2016-01-28 5146 2010-12-19 2412 ref
2016-02-17 5146 27.00 2016-02-08 2412 26.06
2016-02-17 5080 2016-02-14 2412
Notes. There are observations with the F606W band, which are com- 2016-02-22 2412
bined into only one epoch, so they were not considered when calcu- 2016-07-27 5512 27.11
lating the expectations. The line indicates that those observations were 2016-07-28 5512
combined for a deeper image depth. 2016-07-29 5512
2016-08-02 5512
2016-08-03 5512
2016-08-04 5512
2016-08-05 5512
2016-08-07 5512
2016-08-21 5512 26.74
2016-09-03 5512
2016-09-04 5512
2016-09-06 5512 26.23

Notes. The line indicates that those observations were combined for a
deeper image depth.
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Appendix B: HAWKI-J subtractions and WFC3/HST data of A370

NEW HAWK-I | REF HAWK-1 ]

WFC3 F125W

Galaxy image 1.1

WFC3 F125W

Galaxy image 1.2

REF HAWK-1 ] WFC3 F125W

Galaxy image 1.3

SUB WFC3 F125W

Galaxy image 2.1

Fig. B.1. Examples of HAWK-I data used for the transient search together with the HST/WFC3 data. The first three columns show 8 x 8” image
(new and reference) and subtraction stamps from the J-band HAWK-I data. The forth column is the HST/WFC3 image in F125W band. The
location of the multiply-imaged galaxies are indicated by the red markers.
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Galaxy image 2.3
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Galaxy image 2.4
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Galaxy image 2.5
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Galaxy image 3.1
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Galaxy image 3.2
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WFC3 F125W
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SUB WFC3 F125W

Galaxy image 4.1

REF HAWK-I SUB WFC3 F125W

Galaxy image 4.2

NEW HAWK-I | REF HAWK-1 ] WFC3 F125W

Galaxy image 4.3

Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.

A103, page 20 of 21


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731552&pdf_id=12

T. Petrushevska et al.: Searching for supernovae in the multiply-imaged galaxies behind the gravitational telescope A370

NEW HAWK-1 | REF HAWK-1 ]

WFC3 F125W

Galaxy image 22.1

NEW HAWK-I | REF HAWK-I SUB WFC3 F125W

Galaxy image 22.2

WFC3 F125W

Galaxy image 22.3

Fig. B.1. continued.
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