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ABSTRACT

We report the discovery of a transient seen in a strongly lensed arc at redshift zs = 1.2567 in Hubble Space
Telescope imaging of the Abell 370 galaxy cluster. The transient is detected at 29.51 ± 0.14 AB mag in a
WFC3/UVIS F200LP difference image made using observations from two different epochs, obtained in the
framework of the Flashlights program, and is also visible in the F350LP band (mF350LP ∼ 30.53 AB). The
transient is observed on the negative-parity side of the critical curve at a distance of ∼ 0.′′6 from it, greater
than previous examples of lensed stars. The large distance from the critical curve yields a significantly smaller
macro-magnification, but our simulations show that bright, O/B-type supergiants can reach sufficiently high
magnifications to be seen at the observed position and magnitude. In addition, the observed transient image is
a trailing image with an observer-frame time delay of ∼ +0.8 days from its expected counterpart, so that any
transient lasting for longer than that should have also been seen on the minima side and is thus excluded. This,
together with the blue color we measure for the transient (mF200LP − mF350LP ∼ [−0.7,−1] AB mag), rules out
most other transient candidates such as (kilo)novae, for example, and makes a lensed star the prime candidate.
Assuming the transient is indeed a lensed star as suggested, many more such events should be detected in the
near future in cluster surveys with the Hubble Space Telescope and James Webb Space Telescope.

Keywords: gravitational lensing: strong, micro — galaxies: clusters: general, individual: Abell 370

1. INTRODUCTION

Galaxy clusters are the most massive gravitationally bound
structures in the Universe with high central mass densities
that commonly generate strong gravitational lensing effects.
High magnification of distant sources due to strong lens-
ing has allowed the distant Universe to be probed, revealing
record breaking high-redshift galaxies (e.g., Coe et al. 2013;
Chan et al. 2017; Salmon et al. 2018; Yu-Yang Hsiao et al.
2022; Roberts-Borsani et al. 2022; Williams et al. 2022).
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ashishmeena766@gmail.com

The critical curves and caustics of a gravitational lens
are infinitely thin contours where the lens magnification di-
verges (for an infinitely small source) in the lens plane and
source plane, respectively. For a finite source size (and/or
outside the geometric optics assumptions), they effectively
trace very high magnification regions (e.g., Schneider et al.
1992; Narayan & Bartelmann 1996). Indeed, the magnifi-
cation factor for a given source depends on its position and
size. Generally, the closer it is to the caustic in the source
plane, and similarly, the smaller it is, the higher is the mag-
nification factor (µ ∝ D−1/2 or µ ∝ R−1/2, with D and R being
the source distance from the caustic and its size, respectively;
Venumadhav et al. 2017). For example, typical lensed galax-
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ies are magnified by factors of a few to a few dozen, even
if they lie on the caustic and form giant arcs in the image
plane, whereas – thanks to their small sizes – stellar sources
lying near the caustic can be extremely magnified by factors
of ∼ 105–107 (e.g., Miralda-Escude 1991).

The presence of microlenses (e.g., stars, stellar remnants,
and possible compact dark matter objects) in the cluster
lens leads to the formation of micro-critical curves on small
scales. The area covered by a micro-critical curve depends, in
addition to the microlens mass, on the macro-magnification
(i.e., magnification due to the cluster lens) at the microlens
position (e.g., Diego et al. 2018a; Oguri et al. 2018). Near
the macroc-ritical curves as the macro-magnification is very
high, the micro-critical curves merge with each other to form
a corrugated network (e.g., Venumadhav et al. 2017; Diego
2019). The width of this corrugated network of micro-critical
curves depends on the surface mass density of microlenses.
In the source plane, this corrugated network results in a net-
work of micro-caustics. A sufficiently magnified star in the
source plane that sweeps across this network of caustics, ow-
ing to the transverse motion between the lens, source, and
observer, would show fluctuations in brightness, and often
prominent peaks in its light curve. The observed width,
height and frequency of these peaks depend on the source
size, the transverse relative velocity between lens and source,
the microlens mass functions, and microlens surface density.

In the past few years, several such lensed stars have been
detected. Kelly et al. (2018) reported the first-ever detec-
tion of a highly magnified star (a blue supergiant) in a spi-
ral galaxy at z = 1.49 in the field of the galaxy cluster
MACS1149, marking the beginning of an era of observing
stellar sources at high redshifts. The source star crossed a
micro-caustic, resulting in a peak in its light curve corre-
sponding to a magnification of ∼ 2000. In following years,
several other transient sources were detected (Rodney et al.
2018; Chen et al. 2019; Kaurov et al. 2019; Chen et al. 2022;
Diego et al. 2022a,b), all the way up to a source redshift
z ∼ 6.2 (Welch et al. 2022a,b)1. Many more such events are
expected in the upcoming years, especially with the greater
sensitivity of the James Webb Space Telescope (JWST). As
the frequency of microlensing peaks (and their amplitudes)
are sensitive to the microlens surface density and mass func-
tion, observing such caustic-crossing transients can allow us
to put strong constraints on the fraction of compact dark mat-
ter in the cluster field (e.g., Venumadhav et al. 2017; Diego
et al. 2018a; Oguri et al. 2018). In addition, observed peak

1 Strictly speaking, Earendel (Welch et al. 2022a), Godzilla (Diego et al.
2022a), and Quyllur (Diego et al. 2022b) were discovered based on the
presence of a single image at the expected position of the critical curve,
unlike previous examples or the current star candidate which were detected
as transient sources.

duration or alternatively magnification constraints also pro-
vide insight on the size of the source, adding valuable infor-
mation about its nature.

In this paper, we report another detection of a transient
in a strongly lensed arc at z = 1.2567 in the Abell 370
galaxy cluster field. The transient is detected in WFC3/UVIS
F200LP and F350LP images taken with the Hubble Space
Telescope (HST) in January 2021, through the Flashlights
program (PI Patrick L. Kelly; Kelly et al., in prep.). Unlike
other transients mentioned above, which are usually about
∼ 0.′′2− ∼ 0.′′3 from the critical curves, the distance of
the current transient from the inferred critical curve (pass-
ing through the lensed arc) is relatively large, & 0.′′6, result-
ing in a significantly lower background macro-magnification.
While here we do not have sufficient spectral coverage to per-
form a spectral energy distribution (SED) fit to independently
classify the source and derive its properties, we show that
the constraints from lensing together with the color informa-
tion are sufficient to rule out most other transient candidates,
identify the source as – most likely – a star, and thus gather
statistics about such events. In particular, if indeed this is a
lensed star as suggested, it implies that such events will be
seen in a substantial area around the critical curves, mean-
ing many more of these should be detected soon in dedicated
cluster surveys.

This paper is organized as follows. In Section 2 we de-
scribe the imaging data used to detect the transient. Details
regarding the lens mass models of the Abell 370 galaxy clus-
ter are presented in Section 3. The nature of the transient is
discussed in Section 4. Our conclusions are presented in Sec-
tion 5. Throughout this work, we use AB magnitudes (Oke &
Gunn 1983). The cosmological parameters used in this work
to calculate the various quantities are H0 = 70 km s−1Mpc−1,
ΩΛ = 0.7, and Ωm = 0.3.

2. DATA

Imaging of Abell 370 has been acquired under the Flash-
lights program, which targets all of the Hubble Frontier
Fields (HFF; Lotz et al. 2017) clusters with HST at sepa-
rate epochs. The aim of Flashlights is to build up a statistical
sample of microlensing events, observed in strongly lensed
merging images or arcs in galaxy clusters, to better under-
stand the intracluster medium properties and high-redshift
(z > 1) Universe. Flashlights is a two-epoch program (using
the ultrawide F200LP and F350LP long-pass WFC3/UVIS
filters), with each visit reaching a 5σ limiting mangitude
of ∼ 31 AB, ∼ 2 mag deeper than the existing HFF images.

The left panel in Figure 1 shows an RGB image of Abell
370 (made using HST ACS/WFC F435W, F606W, F814W
filters), highlighting and zooming-in on the strongly lensed
arc at z = 1.2567 (Lagattuta et al. 2017) in which the
transient was detected. The transient J2000 position (α, δ)
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Figure 1. Left panel shows the RGB image of the galaxy cluster Abell 370 created using ACS/WFC F435W, F606W, and F814W filters.
The red line represents the critical curve corresponding to the Glafic model for source at zs = 1.2567. The dashed white box represents the
underlying arc at zs = 1.2567 in which the transient was detected in the F200LP and F350LP filters. The zoomed-in version of the same white
box is shown in the inset panel on the lower-left side. The middle column panels represent the F200LP filter observations in Feb. 2020 and Jan.
2021 and the difference image from top to bottom, respectively. The rightmost column represents a stacked HFF image (made using F435W,
F606W, and F814W filters), F350LP filter observation in Jan. 2021, and the corresponding difference image. Since F350LP filter observations
were not available for Feb. 2020, the subtraction was done using the stacked HFF image which effectively spans a similar wavelength range.
In both the middle and right columns, the transient position is shown by the green arrows.

= (2hr39m52.1308s, −1◦35′05.′′755) in the world coordinate
system (WCS) is marked by the white-dashed circle in the
inset image. The middle column represents the HST visits on
2020 Feb. 27 and 2021 Jan. 22 (UT dates are used throughout
this paper), and their difference image in the WFC3-F200LP
filter, from top-to-bottom, respectively. Unfortunately, we
only have a WFC3-F350LP filter image corresponding to
the second-epoch observations. Hence, we made a stacked
image using earlier HFF observations in F435W, F606W,
and F814W (combined together, these filters cover a wave-
length range similar to that of the F350LP filter), and sub-
tracted it from the second-epoch WFC3-F350LP filter im-
age. The right column represents the HFF stacked image, the

WFC3-F350LP image taken on 2021 Jan. 22, and their dif-
ference image (i.e., the HFF stacked image subtracted from
the F350LP image) from top to bottom. The transient po-
sition is shown by the green arrows in both the middle and
right columns. The transient is visible in both the F200LP
and F350LP filter difference images.

We re-sampled the two-epoch HST imaging to a scale of
0.′′03 pixel−1 using AstroDrizzle after aligning the im-
ages using TweakReg (Fruchter et al. 2010). We then used
PythonPhot (Jones et al. 2015) to measure the photome-
try of the transient from the difference between the images
from the two epochs. The PythonPhot package provides
tools to fit a point-source flux density for the transient in the
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Figure 2. Top panel: critical curves passing through the relevant
lensed arc at zs = 1.2567 for different HFF-v4 mass models. The
red, green, blue, yellow, cyan, magenta, and orange lines repre-
sent the critical curves for Cats, Glafic, Keeton, LTM, Sharon,
Williams, and WSLAP+ group mass models. The transient position
in the F200LP filter during the second epoch is circled and pointed
by a green arrow. Bottom panel: one-dimensional (1D) light pro-
file along the arc. The black, blue, and orange curves represent the
F200W-Epoch1, F200W-Epoch2, and F350W-Epoch2 1D normal-
ized light profiles. The vertical black dashed line marks the ex-
pected position of the critical curve. The black dashed-dotted verti-
cal line represents the transient position along the arc. The distance
between the expected position of the critical curve and the transient
position is 0.′′64.

difference imaging based on the DAOPHOT algorithm (Stet-
son 1987). We obtain an apparent magnitude for the tran-
sient of 29.51 ± 0.14 AB from the F200LP difference image
and ∼ 30.53 AB from the F350LP-HFF difference image (see
Section 4.3 for more details). Based on the photometry mea-
sured using the HFF images (Lotz et al. 2017), the intra-
cluster light (ICL) surface mass density near the position of
the arc is 4.37+0.76

−1.62 M� pc−2. The total stellar mass and star
formation of the arc (without magnification correction) are
1.28 × 108 M� and 0.24 M� yr−1, respectively (Shipley et al.
2018)2.

3. LENS MODELS OF ABELL 370

Under the Hubble Frontier Fields initiative3 (e.g., Lotz
et al. 2017), various groups modeled Abell 370 using dif-
ferent reconstruction methods (e.g., Meneghetti et al. 2017).
The critical curves near the underlying arc (z = 1.2567; La-
gattuta et al. 2017) for seven different lens models are shown
in Figure 2. The red, green, blue, yellow, cyan, magenta, and
orange colors represent the critical curves corresponding to
CATS (e.g., Richard et al. 2014), Glafic (e.g., Oguri 2010;
Kawamata et al. 2018), Keeton (e.g., McCully et al. 2014),
LTM (e.g., Zitrin et al. 2009) Sharon (e.g., Johnson et al.
2014), Williams (e.g., Sebesta et al. 2019), and WSLAP+
(e.g., Diego et al. 2018b) best-fit mass models. The light-
green arrow and dashed circle highlight the transient posi-
tion. The background is the F200LP observation during the
second epoch.

The arc is a typical example of a source lying on a fold
caustic in the source plane, giving rise to two merging images
(with mirror symmetry) along with a third image on the other
side of the cluster. From the top panel in Figure 2, we can see
that the position of the critical curve near this arc is not well
constrained, as the scatter in the critical curves corresponding
to different mass models is quite large (& 0.′′5). However, fo-
cusing on the apparent center of the arc and the critical curves
corresponding to the Glafic, Keeton, and Williams mass
models which pass very near to this apparent center, we can
bring down the uncertainty in the critical curve position to
∼ 0.′′2. Since these three models agree best with the apparent
symmetry of the arc, we only consider them. The transient
appears on the inner side (i.e., negative parity side) of the crit-
ical curve and the distance between the transient position and
the critical curve for Glafic, Keeton, and Williams mod-
els is ∼ 0.′′67, ∼ 0.′′48, and ∼ 0.′′67, respectively. In compar-
ison with the distance of the highly magnified stars detected
in earlier works (0.′′2–0.′′3; e.g., Kelly et al. 2018; Chen et al.

2 The values of stellar mass and star formation in the arc are taken
from the HFFDeepSpace website: http://cosmos.phy.tufts.edu/~danilo/

HFF/HFFexplorer.html
3 https://archive.stsci.edu/prepds/frontier/

http://cosmos.phy.tufts.edu/~danilo/HFF/HFFexplorer.html
http://cosmos.phy.tufts.edu/~danilo/HFF/HFFexplorer.html
https://archive.stsci.edu/prepds/frontier/
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Figure 3. Photometry at the transient position in the archival HST images of Abell 370 with an aperture size of 0.′′2. The error bars are for
flux values only. We stress that this plot is based on earlier HFF observations and can only be used to infer the (lack of) variability at the HFF
detection level. We cannot use it to rule out a fainter variable source at the Flashlights detection level.

2019; Welch et al. 2022a), the distance of the present tran-
sient from the critical curve is significantly large. The macro-
magnification (|µ|) values corresponding to these three mass
models at the transient position are ∼ 45, ∼ 65, and ∼ 35,
respectively. The observed time delay between the transient
and its expected counterpart on the arc (on the other side of
the critical curve), which is not observed, is around ∼ 0.8
days, ∼ 0.3 days, and ∼ 1 days (and around 30 years with
respect to the global minimum image on the other side of the
cluster) according to the Glafic, Keeton, and Williams
mass models.

To further decrease the uncertainty in the critical curve po-
sition, we plot the 1D light profile along the arc in the bottom
panel in the F200W observation in Feb. 2020 (black curve),
the F200W observation in Jan. 2021 (blue curve), and the
F350W observation in Jan. 2021 (orange curve). The peak in
the light profile (black dashed curve) denotes the expected
position of the critical curve along the arc. The transient
position in the light profile is shown by the black dashed-
dotted curve. The distance to the transient from the critical
curve is 0.′′64, which agrees very well with the Glafic and
Williams models. Assuming that the critical curve corre-
sponding to Glafic passes through the center of the arc, to
improve the macro-magnification estimate we determine the
macro-magnification at a distance of 0.′′67 from the critical
curve for other lens models resulting in a value |µ| ∼ [40, 50],
which is very close to the Glafic mass model value. Hence,
in the following sections, we use parameter values corre-

sponding to the Glafic mass model for various estimations,
including the macromodel magnification.

4. NATURE OF THE TRANSIENT

From Figure 1, we can see that the transient was visible in
both F200LP and F350LP in the second epoch, but not in the
first epoch (where for F350LP as mentioned we used a post-
processed combined HFF image instead of the first epoch).
In addition, as the source lies near (and inside) a fold caustic,
it will lead to formation of two images (one inside and one
outside of the critical curve) with a time delay . 0.8 days
following the Glafic model, with the detected image being
the trailing image (arriving last). As we do not detect any
image that could be a counter image on the other side of the
critical curve in the difference images, we can eliminate any
transient lasting more that ∼ 0.8 days in the observer frame
(and ∼ 0.35 days in the source rest frame) as the possible
source candidate. The above information does not allow us
to determine the exact nature of the transient, but we can still
substantially narrow down the list of viable source candidates
as discussed in the following subsections.

4.1. Variable Source

To quantify the level of variability at the transient posi-
tion, we perform a likelihood ratio test in all bands shown
in Figure 3 (for more details, see Zhou et al., in prep.). If
the source is not variable, then the corresponding light curve
in different filters will only show random fluctuations around
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Table 1. Likelihood ratio test in different filters to estimates
the variability in the light curve. Here we have assumed
that the mean flux density of the light curve in a given fil-
ter remains constant over the years as the null hypothesis.
The alternative hypothesis is that the mean changes with
time. The first column shows the name of the HST filter
and second column gives the corresponding degrees of free-
dom (i.e., the number of time segments into which the light
curves is divided). The third column represents the χ2 value
from the likelihood ratio test, and the fourth column is the
corresponding p-value.

Filter Name Degrees of Freedom χ2 p-value

F435W 2 0.85 0.65336
F606W 2 1.61 0.44669
F814W 3 0.73 0.86501
F105W 3 0.85 0.83765
F125W 2 0.08 0.95985
F140W 4 0.46 0.97734
F160W 5 3.00 0.69995

a mean value, within the uncertainties. Hence, we assume
that each observation is a random variable following a nor-
mal distribution around a mean value as our null hypothesis.
Alternatively, if the source is indeed variable, then different
data points at different times in the light curve will follow
a normal distribution but around different mean values. We
compare these two hypotheses using the likelihood ratio test
and estimate the χ2 value based on that. We show the results
in Table 1. The first column represents the different filters,
and the second column shows the number of degrees of free-
dom (DoF). In our case, the DoF essentially represent the
number of segments into which the light curve was divided
for the second hypothesis assuming that the corresponding
mean value changes over time. The third and fourth columns
represent the corresponding χ2 value and the p-value (i.e.,
significance level). A p-value < 0.05 implies that we can
rule out the null hypothesis with a confidence level of 95%.
From Table 1, we can see that for each filter the p-value is sig-
nificantly larger than 0.05, meaning that the null hypothesis
is preferable and cannot be ruled out at the 95% confidence
level. Hence, for earlier HFF observations, we can exclude
the possibility of any previous variability at the transient po-
sition.

We note that the above analysis only implies that we do not
find any evidence in favor of variability at the HFF survey
detection level (depth of an individual observation ∼ 26.3–
27 AB; depth of the coadded images in the different filters
∼ 28–29 AB; Lotz et al. 2017). We cannot dismiss a vari-
able source at the Flashlights survey detection limit, which

is ∼ 2 mag deeper than the coadded depth of the HFF.
However, as mentioned above, the rest-frame timescale for
the transient to fade below the Flashlights detection level is
∼ 0.35 days i.e., ∼ 0.8/(1 + zs) days (otherwise we would
have also detected the counterimage), putting a strong up-
per bound on the outburst duration. As discussed by Rod-
ney et al. (2018), a typical luminous blue variable (LBV)
source may take several years to rise by ∼ 2 mag. How-
ever, rapid outbursts in LBV sources were also observed,
with rest-frame timescales of the order of days for the source
to become fainter by a factor of ∼ 100 (see Figure 5 of Rod-
ney et al. 2018). One example of such a short outburst is
discussed by Pastorello et al. (2010), where the peak lumi-
nosity was followed by a steep decline (∼ 3 mag decrease
in ∼ 2 days). Hence, a rapid LBV outburst which happened
in the source plane might in principle explain the observed
transient, but the scarcity of such known examples makes the
LBV origin very unlikely. In addition, as we have observa-
tions at two epochs separated by a year, any LBV in the lens
plane with a an observed duration of less than a year is thus
also a valid candidate, in principle.

4.2. Kilonova or Nova

As the transient was detected at an apparent AB mag-
nitude of 29.51±0.14 in F200LP, assuming that the tran-
sient lies in the source plane the corresponding (magnifi-
cation corrected) luminosity in F200LP is expected to be
∼ 1.1×1040 erg s−1 and the absolute AB magnitude is −11.07
(without K-correction). On the other hand, if we assume that
the transient lies in the lens plane, then its F200LP luminos-
ity and absolute AB magnitude are ∼ 2.7 × 1040 erg s−1 and
−12.01 (without K-correction), respectively.

A kilonova is the result of a merger of two neutron stars
with a peak luminosity of ∼ 1040–1041 erg s−1, thereby satis-
fying the above luminosity requirement. For a kilonova, the
rest-frame timescale is about one week for its brightness to
decline by 2 mag (e.g., Tanaka 2016; Kawaguchi et al. 2020).
As the observed transient is the trailing image with an ob-
served time delay of ∼ 0.8 days, we can rule out a kilonova
from the possible list of candidates in the source galaxy; oth-
erwise, we should have observed the counterpart on the min-
ima side of the critical curve. However, we cannot rule out
a kilonova in the lens plane, as the two observations are sep-
arated by ∼ 1 yr, although the scarcity of such events again
makes chance alignment with the arc very unlikely.

Another possible candidate is a nova, a sudden outburst re-
sulting from mass transfer from a star to a white dwarf in a bi-
nary system (e.g., Anupama & Pavana 2020; Chomiuk et al.
2021). At peak, the luminosity is ∼ 1038–1040 erg s−1, with
the rest-frame characteristic timescale to decline by 2 mag
being 10–100 days. The typical time between two consec-
utive outbursts in such novae can be 10–100 yr. Again,
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from the time-delay constraint, we can rule out a nova last-
ing longer than the observed duration of 0.8 days. In addi-
tion, from the maximum magnitude vs. rate of decline rela-
tion (MMRD; della Valle & Livio 1995) for classical novae
(see also Figure 5 of Rodney et al. 2018), the maximum al-
lowed absolute AB magnitude for a nova with a duration of
∼ 0.35 days is ∼ −11. The estimated absolute AB magnitude
for the transient in F200LP is −11.07 ( ∼ −12 if k-corrected)
or −12.01 if the transient lies in the source or lens plane,
respectively, implying that if the transient were a nova, the
corresponding peak luminosity nearly equals (or is greater
than) the peak luminosity allowed from the MMRD relation.
Hence, considering both the allowed duration of the tran-
sient and its luminosity, it is very unlikely to be a nova in the
source plane. For a nova in the lens plane, an absolute AB
magnitude value of −12 makes it a very luminous nova (and a
very short one) according to the MMRD relation, again mak-
ing it a very unlikely.

In addition to the above arguments, note that the color of
the transient estimated using the F200W and F350W filters
(i.e., MF200W–MF350W; see Table 2) discussed in Section 4.3
is very blue for kilo(nova) sources (e.g., Tylenda & Kamiński
2016; Skopal 2019; Gillanders et al. 2022). Hence, consid-
ering the time-delay constraint and the color of the transient,
we can rule out the kilo(nova) from the list of transient can-
didates.

4.3. Highly Magnified Star

The most interesting candidate for the transient is the
microlensing of an O/B-type star. An O-type main-
sequence star with radius ∼ 12 R� and temperature T ∼

45, 000 K needs a magnification factor ∼ 650 to be visi-
ble at 29.5 AB mag at the transient position. On the other
hand, a blue supergiant (B-type) star like Rigel with radius
∼ 79 R� and temperature T ∼ 12, 000 K needs a magnifica-
tion of ∼ 1700 to be visible at 29.5 AB4. An example of a
light curve for a star of 80 R� with a typical microlens den-
sity of 5 M� pc−2 is shown in Figure 4 using the convergence
(κ = 0.702) and shear (γ = 0.333) value at the transient posi-
tion from the Glafic mass model. We used a Salpeter mass
function in the range [0.08, 1.5] M� to generate the microlens
population. The light curve is simulated using the adaptive
boundary method (ABM; Meena et al. 2022), which is de-
signed to produce accurate high-resolution ray-tracing light
curves of small sources in an efficient way. The abscissa rep-

4 Here, SEDs and corresponding temperatures for O- and B-type stars are
taken from Castelli & Kurucz (2003). Also, see Tables 1 and 2 of Meena
et al. (2022) for an estimate of the magnification needed to see different
types of stars in various HST and JWST filters.

Figure 4. An example of a microlensing light curve at the transient
position. The convergence and shear values were taken from the
Galfic model. The microlens density is assumed to be 5 M� pc−2

with microlens masses in the mass range [0.08, 1.5] M�, a Salpeter
mass function, and a source radius of 80 R�. The abscissa represents
the observation time and the left-hand-side ordinate represents the
logarithmic value of the magnification factor, Log10(|µ|). The right-
hand-side ordinate shows the magnitude difference with respect to
the unlensed case. The blue and red lines represent the magnifica-
tion needed for O- and B-type stars with a respective temperature
of 12,000 K and 45,000 K, and with a respective radius 79 R� and
12 R�, to reach an apparent AB magnitude of 29.5.

Figure 5. F200LP and F350LP filter throughput curves along with
four different stellar SEDs. The blue and orange curves represent
the throughput corresponding to F200LP and F350LP, respectively.
The maroon, green, cyan, and black color curves show the observed
SEDs of stars at the redshift of the arc (z = 1.2567) with temper-
atures values 9500 K, 12,000 K, 30,000 K, and 45,000 K, respec-
tively.

resents the time in years whereas the left-side ordinate rep-
resents Log10(|µ|). The right-side ordinate shows the gain in
apparent magnitude (∆mAB) compared to the unlensed case,
−2.5 Log10(|µ|). From Figure 4, we note that a stellar source
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Table 2. Apparent magnitudes of different types of stars in F200LP and F350LP. Column 1 represents
the spectral type of the star whereas Columns 2 and 3 show the corresponding temperature and radius,
respectively. Columns 4 and 5 represent the apparent magnitude in F200LP and F350LP assuming that
the star is at zs = 1.2567. Column 6 is the magnitude difference between F200LP and F350LP. Column 7
represents the magnification needed for the star to be visible at an AB magnitude of 29.5 in F200LP. The
final Column 8 represents one example star of the spectral class. For these stars the SEDs were take from
Castelli & Kurucz (2003).

Spectral type Temperature Radius m200 m350 ∆m µ200 Comments

(1) (2) (3) (4) (5) (6) (7) (8)

A0V 9500 K 3 R� 46.10 45.61 0.49 4.3 × 106 Vega; main sequence
B8V 12,000 K 79 R� 37.61 37.24 0.37 1.7 × 103 Rigel; blue supergiant
B0V 30,000 K 6.5 R� 38.92 39.10 -0.18 5.9 × 103 τ Scorpii; main sequence
O3V 45,000 K 12 R� 36.50 36.82 -0.32 6.3 × 102 Main sequence

with radius 80 R� can lead to peaks with |µ| > 3000 in the
light curve, implying that O/B-type stars are valid source can-
didates for the present transient. As the transient appears on
the saddle side of the critical curve, we also note the regions
with significant de-magnification (near ∼ 15 yr and ∼ 45 yr in
the light curve). Typically, peaks appearing before and after
these demagnified regions are stronger in order to conserve
the total flux over long time periods (Diego et al. 2018a). As
the peak magnification is inversely proportional to the square
root of the source radius (i.e., µ ∝ 1/

√
R), we can easily es-

timate the peak magnification for a source with radius R by
multiplying the peak values by (80 R�/R)1/2.

As the F200LP and F350LP filters cover different wave-
length ranges, the apparent magnitude of the transient in
these filters can offer useful information to constrain the
SED of the transient. For F200LP, we subtract the first
epoch image from the second epoch image, and measure a
29.51±0.14 AB from the difference image. However, for the
underlying transient, we do not have an F350LP observation
in the first epoch. Hence, keeping in mind that we do not
observe any variability at the transient position in HFF ob-
servations, we make a stacked image using F435W, F606W,
and F814W HFF observations to compare the apparent mag-
nitude of the transient in F200LP and F350LP. This effec-
tively creates a very broad-band filter, roughly as wide as
the F350LP band. However, as the wavelength sensitivity of
the HFF stacked image (i.e., its effective filter response) dif-
fers from that of the F350LP filter, subtracting the stacked
image from the latter may leave a significant residuals de-
pending on the colors of the object in question. To remove
these residuals, we subtract the stacked image multiplied by a
constant factor defined such that the root-mean square (rms)
at the arc position is minimum outside the 0.′′15 radius cir-
cle situated on the transient. We find that this procedure
works very well, owing to the relatively uniform color across

the arc, with the residual rms of the same order of that ob-
tained in the F200LP subtraction. We measure ∼ 30.53 AB
from the F350LP-HFF difference image, so that the transient
apparent mF200LP − mF350LP color is quite blue, in the range
∈ [−0.7,−1.0] AB mag.

In Figure 5, we plot the SEDs of four different types of
stars along with the F200LP and F350LP filter throughputs.
The corresponding magnitudes in these two filters and their
differences are shown in Table 2. We notice that a blue
supergiant like Rigel has a positive (i.e., redder) color, im-
plying that it will be brighter in F350LP than in F200LP.
On the other hand, τ Scorpii (a massive OB star) and O3V
main-sequence stars show negative colors, consistent with
the above subtracted images. This behavior can be under-
stood from Figure 5, where the SED for a 12,000 K star
shows a sharp decline near 2500 Å, leading to less flux in
F200LP. Hence, a massive O-type star is more preferred than
a blue supergiant as a candidate.

Figure 4 shows that even the typical microlens population
made of ordinary-mass stars in the range [0.08, 1.5] M� is ca-
pable of giving rise to peaks that are bright enough to make
O/B-type stars observable at the transient position. How-
ever, the frequency of these peaks is low (∼ 1 per 10 yr,
per source star; this is roughly also the rate in which we ex-
pect to see caustic crossings at the transient position). The
frequency of these can be increased by increasing the mi-
crolens surface mass density5, but this will decrease the max-
imum peak magnification. The frequency of these peaks
can also be increased in the presence of massive microlenses
(i.e., intermediate-mass black holes) or subhalos (in the mass
range [106–108] M�) near the transient position (e.g., Diego

5 although beyond some threshold higher microlens density will cause the
light curve to saturate, when at each point several caustics will intersect the
star.
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et al. 2018a, Williams et al., in prep.). Introducing mi-
crolenses near the subhalo critical curve will lead to the
formation of micro-critical curves with peak values higher
than the no-subhalo case. A microlensing event far from the
macro-critical curve (∼ 1′′) might thus give us a strong indi-
cation for subhalo lensing.

5. CONCLUSIONS

We report the discovery of a transient in a strongly lensed
arc (z = 1.2567) in the Abell 370 galaxy cluster, ob-
served as part of our Flashlights program. The transient
was detected in the difference image made using the ultra-
wide HST F200LP filter with an apparent AB magnitude of
29.51 ± 0.14, and is also observed at ∼ 30.53 in the F350LP
filter. Compared to previously observed caustic transients,
it lies at a larger distance (& 0.′′6) from the critical curve
passing through the arc, with a modest background macro-
magnification |µ| ∼ 45, which we find is sufficient for bright
supergiants to be observed during caustic transits.

We have performed a χ2 analysis using earlier HFF ob-
servations to detect any variability at the transient position.
We do not find any evidence of variability in the HFF obser-
vations at the transient position, implying that the transient
is not a variable LBV source, at least at the HFF detection
level. This by itself however does not rule out a fainter, vari-
able source at the deeper Flashlights level. However, the es-
timated observed time delay between the transient and its ex-
pected counterpart, which should have appeared ∼ 0.8 days
earlier, puts an upper limit of ∼ 0.35 days on the rest-frame
duration, making a variable source – such as a nova or kilo-
nova – in the source plane, unlikely. We note however that
cannot entirely rule out an LBV as the source of the tran-
sient considering the wide range of features in observed LBV
sources.

The prime source candidate for the transient is a lensed
star. We show that at the transient position microlens distri-
bution with a typical stellar density of 5 M� pc−2 (estimated
at the arc position using earlier HFF observations) and mi-
crolens masses in the mass range [0.08, 1.5] M� with Salpeter
mass function can lead to microlensing peaks with sufficient
magnification to detect O/B-type stars in the source. In addi-
tion, the absence of a counterimage can be easily explained
if we observed a star while it was crossing a micro-caustic.
Assuming that the transient is a microlensed star, to further

gain insight into the nature of the star we use the F200LP -
F350LP color. The difference estimate suggests that an O-
type star is more preferable than a blue supergiant to explain
the observed transient.

If future observations rule out the variable-source hypoth-
esis, then this transient source will be the first example of a
lensed star detected with a clear offset from the critical curve
location, by about 2–3 kpc at the distance of Abell 370. As
shown above, such offsets are not implausible with a suffi-
cient density of microlensing stars within the cluster, consis-
tent with the observed level of the cluster ICL at the transient
location. However, because the predicted rate of offset mi-
crolensing we find is relatively low, this event may hint at the
presence of significant substructure of the dark matter which
dominates over the ICL in terms of projected mass density at
the transient location. An investigation of substructure from
cold-dark-matter subhalos or the pervasive interference from
wave dark matter on the de Broglie scale affecting lensing
(e.g., Chan et al. 2020) would be warranted with further ex-
amples of such large-offset stellar transients identified by our
Flashlights program, providing the potential to directly con-
strain the nature of dark matter in the near future.
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