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Abstract

We examine a caustic-straddling arc at z = 0.9397 in the field of the galaxy cluster MACS J0416.1-2403
(z = 0.397) using archival multiband Hubble Space Telescope images and show that its surface brightness exhibits
anomalies that can be explained by a single highly magnified star undergoing microlensing. First, we show that the
surface brightness pattern is not perfectly symmetric across the cluster critical curve, which is inconsistent with a
locally smooth lens model; the location of the candidate star exhibits the most significant asymmetry. Second, our
analysis indicates that the asymmetric feature has ~30% higher flux in the 2012 visits compared to the Frontier
Fields program visits in 2014. Moreover, the variable asymmetric feature shows an anomalous color between the
F814W and F105W filters in 2014. These anomalies are naturally explained by microlensing-induced variability of
a caustic-transiting blue supergiant in a star-forming region, with a mean magnification factor around p ~ 200. We
extend this study to a statistical analysis of the whole arc image and find tentative evidence of the increased
mismatch of the two images in the proximity of the critical line. Robust detection of one or multiple caustic-
transiting stars in this arc will enable detailed follow-up studies that can shed light on the small-scale structure of
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the dark matter inside the cluster halo.
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1. Introduction

Galaxy clusters are nature’s most powerful gravitational
lenses. Bright stars in the background that move across a
cluster lensing caustic reach huge magnification factors and can
be individually detectable by optical or infrared telescopes
(Miralda-Escude 1991). The most luminous of these stars are
typically part of star-forming galaxies straddling a caustic, with
transverse motions dominated by the bulk flow of the large-
scale structure. The first example of these caustic-transiting
stars was a highly magnified blue supergiant in a lensed spiral
galaxy at z ~ 1.5 behind the galaxy cluster MACS J1149.5
42223 (MACS J1149), which was discovered in 2016 May
during the Hubble Space Telescope (HST) Frontier Fields
program (FFP; Kelly et al. 2018). The second example has
recently been reported in the lensing cluster MACS J0416
(Chen et al. 2019). Two other possible candidates in the same
cluster were reported by Rodney et al. (2018). Future
observations of caustic transients promise to offer great insight
into massive stars in high-redshift galaxies (Kelly et al. 2018),
Population III stars in the early universe (Windhorst et al.
2018), or other cosmological sources (Diego 2019).

In the caustic vicinity, lensing of compact sources is highly
sensitive to small-scale granularity in the lens mass distribu-
tion. This offers new possibilities to explore small-scale
structures in the dark matter (DM) in cluster halos using
caustic-transiting stars, which are not generally detectable in
other observations.

Intracluster stars are inevitably present in lensing clusters, so
the impact of any DM substructure can only be demonstrated if
it is distinguished from the effects of microlensing by known
stars (Venumadhav et al. 2017; Diego et al. 2018; Oguri et al.
2018). Microlensing can make a highly magnified stars

intermittently detectable, as it occasionally boosts the magni-
fication factor above the value without microlensing at a given
source position. In the case of MACS J1149, microlensing has
yielded the best constraints on compact DM in the mass range
0.1-10 M, (Oguri et al. 2018). Future observations have the
potential to enable constraints across a wide mass range
(Venumadhav et al. 2017; Diego et al. 2018) that are more
stringent than those from Galactic and local group microlensing
surveys (Alcock et al. 2001; Tisserand et al. 2007; Griest et al.
2013; Niikura et al. 2019)

Close to the critical curve, the DM substructure in the cluster
halo can induce enhanced astrometric perturbations (Minor
et al. 2017) that render the surface brightness pattern
asymmetric across the critical curve (Dai et al. 2018). Detecting
multiple caustic-transiting stars in a lensed galaxy enables
astrometric asymmetry measurements that can probe the cluster
DM subhalo content in the mass range ~10°-10® M., (Dai et al.
2018).

To fully realize the scientific potential of caustic transients to
probe the nature of the DM, detecting many highly magnified
stars is necessary. In this study, we report on our search of
caustic-transiting stars in archival HST data. We find a
candidate in a lensed galaxy in the field of the FFP galaxy-
cluster MACS J0416.1-2403 (MACS J0416). We present
multiple pieces of evidence for the highly magnified star
interpretation: the asymmetry in the surface brightness across
the lensing critical curve (presented in Section 2), temporal flux
variability, and an anomalous color between filters at the same
position where flux asymmetry and variability are indicated by
the observations (Section 3). In Section 4 we introduce the
microlensing simulations, and in Section 5 we discuss the
properties of the source star. In Section 6 we explore an
additional approach to detect the surface brightness mismatch
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Figure 1. Combined false-color image using the F105W, F§814W, and F606W
filters showing the 12”7 x 12” region centered on the set of lensed images of
interest in MACS J0416.1-2403. The white line is the lensing critical curve for
a source redshift z = 0.94 (Caminha et al. 2017).

across the critical curve by a statistical analysis. Final remarks
will be given in Section 7.

As this work was being finished, a similar effort by Chen
et al. (2019) was posted in a preprint, in which they detect the
same highly magnified star. We comment in our discussion
section on the difference between our analysis and theirs, and
find that we agree on most of the conclusions. Remarkably, two
independent searches in the Frontier Field clusters have
identified the same candidate supermagnified star, even though
the specific microlensing variations we detected were on
different epochs. This strengthens our confidence on the reality
of this new caustic-transiting star.

2. Flux Asymmetry Across the Critical Line

In this section we adopt Hubble Legacy Archive products of
data obtained by the FFP (PI: Lotz, GO-13496) in 2014. Deep
images are available in three ACS filters (F435W, F606W, and
F814W) and four WCEF3 filters (F105W, F125W, F140W, and
F160W). The images of individual visits are already drizzled
and cleaned of defects such as cosmic-ray hits; however, they
are not aligned, and therefore we align them ourselves. We
focus this present study on a group of ~10 images that do not
appear highly elongated, probably because the source happens
to be intrinsically elongated in a direction almost parallel to the
caustic. Despite this, we refer to this arc structure as the “arc.”
A co-added false-color image, with this arc at the center, is
shown in Figure 1.

To investigate the asymmetry of the arc, we first subtract the
intracluster light ICL). We use the following smoothly varying
ICL model. We define a R = 6" annulus with 2” width that
surrounds the arc but does not contain any sources except the
ICL. Then, we fit a second-order, two-dimensional polynomial
to the fluxes in pixels on the annulus. Extrapolation of the best
fit to inside the annulus gives the ICL model for the arc. We
tested other ICL models, including an elliptical profile fit
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around the nearest BCG, a local gradient model, or no ICL
subtraction at all. We found that our results are not sensitive to
the choice of the ICL model, for the reason that the arc is
relatively compact and therefore any two pixels lying close to
the critical curve have similar ICL contributions.

We search the co-added images for any flux difference
between pairs of pixels that lie symmetrically across the critical
curve. As shown in Figure 2, the direction of arc elongation is
almost perpendicular to the critical curve. To highlight possible
flux asymmetries within this large arc structure, we define six
individual narrow slits labeled from A to F. In the subsequent
panels we show the one-dimensional distribution of the flux
along each slit, which is summed along the perpendicular
direction and is averaged over individual visits. The position of
the critical curve is indicated by the vertical dashes at position
0”. We show the F606W and F814W images, which have
higher resolutions than the IR images and higher signal-to-
noise ratios than the F435W image; we also show the F105W
image, for reasons to be discussed in Section 3.

For slits A and E, the flux is approximately symmetric about
the critical curve. The arc in slit F, however, exhibits asymmetry
close to the critical curve in F814W. The red curve with a finite
thickness corresponds to the 1o statistical uncertainty in the flux
averaged over individual visits, which are themselves shown as
gray lines. Given the mean flux and its dispersion, we estimate
the significance of the asymmetry in slit F to exceed 50. An
asymmetry of the same shape and at the same location is also
confirmed in F606W. In addition, we find flux asymmetries in
other slits but only in one filter— B and C in F814W and D in
F606W. These anomalies are not as strong as the one in slit F but
are still significant, and they imply fainter underlying structures
that are perhaps affected by microlensing.

Flux asymmetry in pixel pairs located symmetrically about
the critical curve can be caused by two images of a highly
magnified star or other high surface brightness features in the
lensed galaxy. If microlensing by cluster stars magnifies one
image of a lensed star more strongly than the other, temporal
variability is expected. But if asymmetric magnification is due
to lensing by larger mass structures such as DM subhalos, a
persistent pattern is expected when the variability timescale is
too long to be observed.

F814W is the optimal filter to study these anomalies because
the combination of signal-to-noise and resolution is best in this
filter to probe compact sources near the critical curve. The same
flux asymmetry in slit F is visible in the simultaneously acquired
F606W images. This asymmetry is unlikely to be caused by a
random foreground object near the critical curve because
spectroscopic studies of the arc in slit F using the Very Large
Telescope array (VLT) and the The Multi Unit Spectroscopic
Explorer (MUSE) revealed no feature at a redshift different than
that of the arc, z = 0.94 (Caminha et al. 2017).

In Section 6 we explore a statistical method to evaluate flux
asymmetry across the critical curve, which is an alternative to
the above analysis using slits.

3. Detailed Analysis of Slit F
3.1. Temporal Variability

We examine temporal variability in the archival images in
wide IR filters (F105W, F125W, F140W, and F160W) between
the combined visits in 2012 (PI: Postman, GO-12459) and the
combined FFP visits in 2014 (PL: Lotz, GO-13496). We
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Figure 2. Top panels show 3”5 x 3”5 cutouts in the F606W, F814W, and F105W filters and six slits. Lower panels show brightness profiles along each slit. Gray
curves show individual visits (each combining four exposures) from 2014 that are part of the Frontier Fields Program (FFP). The two magenta curves on the rightmost
panels are for two visits in 2012 (see Section 3.1) with lower SNRs compared to the gray curves (1.5 and 1.3 ks of exposure, respectively; while the gray curves
correspond to 5.6 ks of exposure each). Red bands show the statistical uncertainty (1o) around the mean values. Vertical dashed lines mark the expected position of the
critical curve. The most significant asymmetries between the interior and exterior of the critical curve are found in slit F in F814W and F606W, and also in slit D in
F606W.
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Figure 3. Difference between the 2012 observations and stacked FFP observations from 2014 in F105W, F125W, F140W, and F160W. Background gray-scale image
shows stacked FFP visits in corresponding filters and color highlights the regions with residuals exceeding 30. The significance is estimated from the variance of the
residual map. Upper panels: comparison of 2012 stacked observations in four filters. Lower panels: we split F105W and F140W data into two separate visits.

calculate the difference between the two epochs and the
variance in the residual map, which we use to estimate the
significance of residuals at any position. The combined 2014
images are much deeper, so the error bar on the flux difference
is dominated by the 2012 measurements. The top panels of
Figure 3 show the significance of the residuals in all four filters.
We see significant residuals in F1I05W and F140W exactly at
the position in slit F where the most prominent flux asymmetry
has been found. The lower panels of Figure 3 show residuals
between each of the two individual visits in 2012 and the
combined 2014 FFP visits. In both F105W and F140W, each of
the 2012 visits shows a significant flux difference from the
combined FFP visits, disfavoring systematic error explanations.
Further evidence against cosmic-rays or other systematics is
shown in the left panels of Figure 4, where a square cutout of
the arc in the F105W image is shown from the stacked 2014
FFP images and from three separate exposures in the August

5th visit in 2012. The increased brightness in stack F relative to
the 2014 data is seen in all individual images.

We quantify the variability by applying aperture photometry
to individual exposures. The right panel of Figure 4 shows the
flux in F105W (normalized to the value in the stacked FFP
images) within a circular aperture twice the size of the point-
spread function (PSF) at multiple epochs. The fluxes in both
2012 visits are significantly higher than that of the averaged
2014 FFP visits. The significance is >40 and consistent with
what we found in the residual maps. Notably, no other region
in the cutout in the right panel of Figure 4 shows flux
variability at a similar level.

The higher flux in 2012 compared to the FFP values is also
seen in F140W, but is at a lower significance in F125W and
F160W, which were taken approximately at the same time as
F105W and F140W. We believe this is attributable to random
noise.
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Figure 4. Left panels, top row: 3”1 x 3”1 cutouts of stacked images taken in the 2014 FFP in F105W; image from the individual 1.5 ks visit on 08/05/2012;
subtraction of previous two images in units of rms noise. Bottom row: three 500 s exposures from that visit showing consistent brightness at the circled position of the
putative microlensed star—no evidence for a cosmic-ray hit. Right panel: flux variation within aperture in F105W filter. Flux is normalized to the stacked FFP images.
Uncertainty is estimated from variations in individual exposures. Flux in 2012 visits is ~30% higher than in 2014.

We do not see any detectable variability in the UV /optical
filters in the FFP images. The FFP had deep visits during 2014
January to February in F425W, F606W, and F814W from
which we detect flux asymmetry, and then another 2 ks
exposure in 2014 September, which is too shallow to be useful
for our purpose. There were also visits in 2012 (PI: Postman,
#12459), but three out of four visits happened to position this
arc in between the detectors, and the only one that did not miss
the arc had a 1 ks long exposure and is too shallow.

As an aside, we point out the possible existence of another
microlensed source in the thin arc at zppe ~ 2.4 (Zitrin et al.
2013) located ~4” North of the z = 0.94 arc that we focus on
in this paper. We notice a compact feature which appears in
between the two brightest blobs, and does not to have a counter
image (see Figure 1). This can be explained either by assuming
this feature is directly located on top of the critical curve in
order to preserve symmetry, or assuming it is to the southeast
of the critical curve, in which case symmetry needs to be
broken by microlensing. The latter case is favored by the off-
center position of this feature relative to the two brightest blobs
in the arc. For the feature in the middle we find a 0 ~ 3
brightening event during an FFP visit on 2014 January 21 in
the F814W filter, with no evidence of cosmic-ray hits as judged
from individual exposures. We note that this may be similar in
some aspects to the fast point-like transients previously
identified in a different caustic-straddling arc at z =1 in
MACS J0416 (Rodney et al. 2018). While we cannot claim
definite evidence that this is a new microlensed object, the
presence of these anomalies indicates the potential for further
discoveries of microlensing in deeper images of these lensing
clusters.

3.2. Color Anomaly

The feature in slit F that exhibits both flux asymmetry in
F814W and temporal variability in F1I05W and F140W is also
anomalously blue compared to the rest of the arc. Figure 5
shows the F814W /F105W flux ratio after we subtract the ICL
as described in Section 2. We warn here that the FFP epochs
for F814W and F105W are separated by ~6 months, so the
anomalous color might be due to temporal variability over this
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T T T
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g o N}
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Figure 5. The ratio of flux in F814W to F105W filters after subtraction of the
intracluster light. Slit F shown (marked in Figure 2) has a very blue color
compared to all other regions in the arc. In Section 5 we discuss a possible
origin of the color.

time. However, a single visit in FIOSW (PI: Rodney, GO-
13386), shown as the red point in the right panel of Figure 4,
coincides with the FFP visits in F§14W and has the same flux
in slit F as the rest of F105W FFP data. Thus, we believe the
anomalous blue color in slit F we detect from stacked images is
caused by a real color variation and not temporal variabiltiy.
This favors microlensing of a luminous source star that is bluer
in color than the underlying mean stellar population of the
source star-forming galaxy.

4. Microlensing Simulations

We now present a microlensing simulation specific for the
variable object detected in slit F.

The microlensing behavior of highly magnified stars
depends on the local properties of the macro-lens model near
the smooth critical curve. Macro-lens models are available
from the Frontier Fields Lens Model project (Lotz et al. 2017).
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We adopt the model of Caminha et al. (2017), which includes
this arc as a constraint. At the location of the arc under our
investigation, and using the notation of Venumadhav et al.
(2017), the lensing convergence of the macro-lens model is
ko = 0.66. This is defined as the coarse-grained total (DM
plus baryonic) cluster surface mass density along the line
of sight divided by the critical surface density X =
(c*/47G)(Ds /Dy, Dys), where Dy, Dg, and D are the angular
diameter distances to the lens, to the source, and from the lens
to the source, respectively. The local gradient of the
magnification eigenvalue that cancels on the critical curve, d,
has a magnitude |d| ~ 7 arcmin~! and is nearly parallel to the
principal axis of arc elongation. These parameters can be
approximated as uniform throughout the arc. The fold model
(Schneider et al. 1992) predicts that the magnification of each
macro-image of a point source is u ~ 200 (60 mas/ O
where A is the distance from each image to the macro-critical
curve, and the fiducial value A = 60 mas corresponds to half
the separation between the pixel pairs in slit F showing flux
asymmetry, temporal variability, and color anomaly.

The macro-critical curve at the intersection with the arc is at
a projected distance ~25kpc from the BCG. The study of
Montes & Trujillo (2018) suggested that the local intracluster
stellar population has a metallicity [Fe/H] = 0.0 and an age
~2-3 Gyr, a result we confirm by modeling the surface
brightness measurements in the seven HST filters using the
stellar population synthesis code Flexible Stellar Population
Synthesis (FSPS; Conroy et al. 2009; Conroy & Gunn 2010).
The surface brightness is normalized to 22.9 mag arcsec > in
F125W, from which we infer that intracluster stars make a local
contribution to the lensing convergence of x, ~ 0.02.

Microlensing by intracluster stars alters the smooth macro-
critical curve into a corrugated network of microcritical curves
(Venumadhav et al. 2017), with a half width x, /|d| ~ 170 mas.
We are interested in the hypothesis that the anomalies in slit F
are due to the pair of macro-images of an underlying highly
magnified star, each of which is Af ~ 60 mas from the macro-
critical curve. Applying the analytic results of Venumadhav
et al. (2017), we find that the tentative image pair, one interior,
and one exterior to the macro-critical curve have an expected
rate of microcaustic crossings of 1.0yr™' and 0.5yr '
respectively, times (v,/400 km s 1), where v, is the effective
relative transverse peculiar velocity (see Equation (12) of
Venumadhav et al. 2017) between the lens cluster and the
source galaxy. In the concordance cosmology, we calculate that
v, has a typical magnitude ~400kms~' owing to the large-
scale structure motions of the cluster and the source’s host
galaxy. This value can be corrected if we further account for
the motion of the solar system relative to the cosmic rest frame
as well as the motion of the source star relative to its host
galaxy. An additional contribution to be considered is the
random motions of the microlenses within the cluster, which
are typically of the order of the internal velocity dispersion of
the (dynamically relaxed) cluster; this is negligible compared to
the effective velocity of the image near the macro-critical curve
due to the extreme magnification. If there is an ongoing major
merger for which the BCG is falling toward another major mass
clump, then the value for v, may be substantially higher.

5> We found that other FEP lens models predict the magnification in the range

of 200-300 (60 mas/Af), and it is consistent with what Chen et al. (2019)
found in their Table 2.
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We simulate microlensing using a code of inverse ray-
tracing, adopting the strategy of adaptive refinement as
described in Dai et al. (2018). We randomly sample microlens
stars between 0.005 M., and 2 M, (the upper mass cutoff is
appropriate for the aged intracluster stellar population) from the
mass function of Mattsson (2010) and normalize the total mass
to K, = 0.02. We assume a source stellar radius R = 100 R,
which is generally unresolved in the microlensing light curves
except for the tip of the magnification peaks. In Figure 6, we
show sample light curves and the distribution of flux variability
between two epochs separated by 1, 6, and 60 months, based
on theoretical modeling of the target arc. We show results for
both macro-images, which have different microlensing statis-
tics. The results show that significant flux variability is unlikely
over one month of observing baseline. This is consistent with
the nondetection of variability between FFP visits, which
spanned one month in the case of MACS J0416. As the
observing baseline increases, the expected flux variations
between grow. In particular, the ~30% flux variation that we
measure between the two visits separated by about two years is
likely.

We conclude that the variability observations are consistent
with microlensing of a single, highly magnified star. This star is
expected to undergo many microcaustic crossings over many
years, as shown in Figure 6. The crossing rate depends on
several factors, including the exact separation between the two
macro-images and the mass function of intracluster stars.

5. Source Star

Explaining the anomalous asymmetry in slit F with
microlensing of a source star requires a flux difference between
the two macro-images of mggiqw =~ 29.5. By comparison,
a B-type supergiant with surface temperature 7. ~ 15,000 K
and radius R ~ 100R,, at z = 0.94 has mpggiqw = 29.2 -
2.5 log;((1+/200) (without dust attenuation), where p is the
magnification factor per macro-image. From microlensing
simulations, we find that the typical flux asymmetry between
the image pair due to uncorrelated microlensing is similar to the
mean flux. This suggests that an underlying blue supergiant
(similar to the star detected in MACS J1149 Kelly et al. 2018)
magnified by © ~ 200 near the caustic is a viable explanation
for the observed flux asymmetry.

More generally, we study the type of star that is most likely
to produce the asymmetry and variability we observe. We use
FSPS to generate stellar evolution tracks including initial
stellar masses up to 120 M. In Figure 7, we calculate the
required minimal magnification factor per macro-image p for a
single star of each stellar type to reach m = 29 in F814W at
z = 0.94. The abundance of each type of star is shown in the
vertical axis. Assuming a metallicity log(Z/Z.) = —0.3 and
the three indicated stellar ages, which fit the spectral energy
distribution (SED) of the star-forming clump in slit F, we find
that only supergiants are sufficiently bright if © ~ 200. These
stars typically have T < 15,000 K, a stellar radius ~100 R,
and are only present if the stellar age is f,,c = 2—-10 Myr. At
this stage of stellar evolution, the stars move horizontally on
the Hertzsprung—Russell diagram with a roughly constant
bolometric luminosity, increasing stellar radius, and decreasing
Tt These conclusions remain largely valid for a range of
metallicities —1.5 < log(Z/Zz) < 0.0. At zero or extremely
low metallicity log(Z/Z:) < —4, massive stars are expected to
be substantially more compact during their supergiant phase
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two observing epochs separated by 1 month, 6 months, and 5 yr for the interior (upper) and exterior images (lower panel). These typical light curves suggest that
observations with a cadence from a few months to a few years will nearly always enable detection of flux variability.
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Figure 7. Minimum magnification factor (per macro-image) required for a star to
have an observed magnitude m = 29 (without dust attenuation) in F814W at
7, = 0.94. Each point represents a type of star drawn from a single metallicity
and age stellar population, with an abundance indicated by the vertical axis and
an effective surface temperature 7.¢ shown by the color code. We consider three
stellar ages f,g = 2, 5, 10 Myr, and assume a metallicity log(Z/Z.) = —0.3,
which best fits the spectral energy distribution of the star-forming complex in slit
F. A 5 Myr old stellar population contains hot main-sequence stars detectable at
u > 10°, and more luminous blue supergiants detectable at x> 10% Main-
sequence stars need to be fortuitously located much closer to microcaustics to
reach the threshold magnification factor.

(Windhorst et al. 2018); such a star with a smaller stellar radius
would not be bright enough to explain the observed flux
at u ~ 200.

Although red supergiants with T, < 6000 K may still be
sufficiently bright in F814W, Figure 7 shows that they are
significantly rarer than B-type supergiants with T ¢ =
10,000-15,000 K. We conclude that the most likely type of
star that can reach the observed magnitude when highly
magnified in a microlensing event is a blue supergiant. These
stars spend a large fraction of their lifetime burning hydrogen
on a shell around a helium core with a luminosity close to the
Eddington value.

According to Figure 7, typical hot main-sequence stars are
intrinsically fainter in F814W than supergiants. A main-
sequence star may still explain the flux asymmetry if during
the 2014 FFP visits the star temporarily acquired a microlen-
sing-induced magnification factor (per macro-image) that is
much larger than what the macro-lens model predicts,
1~ 200. However, we disfavor this possibility as it has a
low probability to occur at a randomly chosen epoch.

To reach a minimum magnification fi,;,, a source star needs
to be located within an area around microcaustics that is
o1 / ,urznm. The abundance of lower luminosity stars therefore
needs to be greater than that of higher luminosity ones by a
factor o< Mfmn to equally contribute to observed events at a fixed
flux. This implies that caustic-transiting stars are generally
dominated by the most luminous stars as long as the luminosity
function in a given band is dN/dL «x L™ “, with o < 3. These
most luminous stars are the most massive ones when they reach
luminosities close to Eddington, which occurs over a large
fraction of their lifetime when the hydrogen-burning shell is
operating. The stellar colors may vary depending on the
metallicity and evolutionary phase of the star, but the
maximum flux in the F814W HST band is reached for
temperatures of blue supergiants similar to what has been
derived for the two highly magnified stars discovered so far.
The bright end of the luminosity function measured from
nearby star-forming galaxies, o ~ 2.5, indeed falls into this
regime (Bresolin et al. 1998), while in regions of vigorous star
formation the slope is even shallower o < 2 (Malumuth &
Heap 1994). This predicts that the brightest highly magnified
stars should be supergiants.
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Whether a blue supergiant can precisely explain the observed
color anomaly between F814W and F105W is uncertain.
Extracting the star SED, taking into account the PSF, is
complicated due to blending of the highly magnified star with
light from any surrounding star-forming region, likely
associated with the star. We leave this for future analysis.

6. Statistical Analysis of Flux Asymmetry

Flux asymmetries in arcs caused by stellar microlensing or by
DM substructure should be more frequent closer to the critical
curve (see Section 4 and Dai et al. 2018). In Section 2, we
detected individual flux asymmetries in specific position pairs.
An alternative approach is to use the flux data for the whole arc
and statistically test the symmetry of the two-dimensional
surface brightness pattern, to check if asymmetry increases close
to the critical curve. This idea is along the lines of detecting
substructure in galaxy lenses from residuals in fitting a smooth
lens model to the observed surface brightness pattern (Hezaveh
et al. 2013; Asadi et al. 2017; Birrer et al. 2017). In the
subsections below we describe our method, and demonstrate
how it provides additional evidence for flux asymmetry.

Throughout this section we model only the arc structure
containing slits A through E. We exclude slit F from considera-
tion, because it contains the clearly detected individual asymmetry
discussed above and is at a large separation from the rest of the
arc, which complicates our lens model fitting procedure.

6.1. Fitting the Lens Model

We start by fitting the second-order fold model (e.g.,
Schneider et al. 1992) to the F8§14W image. We do not attempt
to use other filters for fitting for the reasons described in
Section 2. The fitting procedure minimizes the mismatch
between the original image and the image flipped about the
critical curve. There are multiple approaches to this optim-
ization problem.

We decided to fit only data within a 0”5 vicinity of the
expected position of the critical curve in the lens model we use.
Including the entire arc substantially worsens the fit near the
critical curve, because the departure from a simple fold model
increases as data from more distant pixels is included. We are
also interested in regions close to the critical curve, where
effects of microlensing and subhalo lensing are enhanced. The
result of this fit is shown in Figure 8 and in the second and third
columns of Figure 9. The image in F606W is transformed using
the parameters we derive from the F814W image.

The residual map derived using the second-order fold model is
shown in the third column of Figure 9. The map shows systematic
deviations indicating that even the best-fit model cannot describe
the local lens model. Thus, we explore the possibility of adjusting
the lens model using non-rigid image registration, a method that
finds a continuous transformation from one image to another one
that is similar. In our case, we transform between the original and
“flipped” images of the arc in F814W. We adopt the method of
generic diffeomorphic groupwise registration (GDGRegistration)
as implementated in the Python package pirt.® We apply the
same transformation to F606W. Non-rigid image registration
has some disadvantages for our problem: it is not parameter
free, and the solution may not be unique. The transformation
generated by the algorithm may also have rotation, i.e., it may

6 https:/ /pypi.org/project/pirt/
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Figure 8. Combined false-color cutout (3”5 x 3”5) using F105W, F814W, and
F606W showing the arc (left) and its flipped image using the second-order best-
fit model (right) as described in Section 6.1. The blue feature in the right bottom
corner was not used in the fit, so its position shifts significantly. By visually
comparing these two images one can asses the asymmetry of the images.

not be derived from the gradient of a scalar lensing potential
(which may occur in real situations involving multiple lens
planes), but they are constrained to conserve surface brightness
and not to create new caustics. The main parameters controlling
how the fitting procedure is done are the smallest allowed scale
of deformation and its maximum amplitude. When extreme
values for these parameters are taken, the algorithm can
effectively erase any feature by collapsing the region into a
point. We tune these parameters to obtain the expected noise
level in the residual map (> /DOF ~ 1) fit over the whole arc.
The result of this fitting procedure is shown in the last two
columns of Figure 9.

6.2. Results

In Figure 10 we show the standard deviation of flux residuals
on the two sides of the critical line evaluated from the rightmost
column in Figure 9, along 0706 wide vertical strips. An
increased dispersion within 0”2 is seen in both F606W and
F814W filters. This may be interpreted as the asymmetry
caused by several microlensed stars that cannot be individually
detected, but we cannot robustly detect the effect without
additional data and careful analysis. Several caveats limit our
ability to properly estimate the significance of the peak in
dispersion close to the critical line, including the complexity
and large number of free parameters of our analysis.

In the future, many microlensed stars and star-forming
structures can be analyzed in this way, evaluating the required
lensing perturbers to explain the degree of asymmetry in deeper
and higher-resolution images produced by the next generation
observatories.

7. Discussion

We have searched for transients in a caustic-straddling lensed
arc in the cluster lensing systtm MACS J0416. Detecting
individual highly magnified stars is promising in this arc thanks
to the relatively low arc redshift, z ~ 0.94, and the existence of
star-forming complexes hosting highly luminous stars. The large
angular size of the arc, ~4” x 4”, is advantageous for applying
astrometric methods to probe small-scale lensing perturbations
from DM substructure to the critical curve (Dai et al. 2018).

The main finding of this paper is asymmetric structures in the
arc seen in multiple slits along the critical curve in F606W and
F814W filters, and temporal flux variability in slit F in F1I05W
between the 2012 visits and the 2014 FFP visits. We believe
that these observations require variability of a highly magnified
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Figure 9. First column: image cutouts of 1”78 x 26 showing the arc in F606W and F814W, rotated to have the critical curve (which is not a perfect straight line)
largely aligned with the vertical axis. Second and third columns: flipped left image of the arc following the second-order best-fit fold model as described in Section 6.1,
and its mismatch (or “residual”) with the original right image measured in units of the noise. Fourth and fifth columns: images adjusted with the non-rigid
transformation discussed in Section 6.1, and corresponding residuals. Residuals are decreased by the adjustment. The color scales used for the third and fifth columns

are the same.

16
—— F606W
o —— F814W
£
= 1.4
©
=
S
@ 1.2
£
2
o
® 1.0 4—! ] N [ E— |_|._. [
8 L1 [
3
E 0.8 .
[a]
(%}
0.6 . . . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Distance from the critical curve [arcsec]

Figure 10. Standard deviation of residuals in the F§14W and F606W images of
the arc, excluding slit F, as a function of distance from the critical curve, using
the lens model described in Section 6. The standard deviation is calculated in
~0”06 wide strips parallel to the critical curve using the residuals in the
rightmost column in Figure 9. The peak in the standard deviation within ~072
may be caused by differential microlensing of stars or star-forming regions that
are not individually detectable.

star induced by microlensing at least in slit F. Additional
microlensed stars may be present in other parts of the arc.
Our microlensing simulations show that images of highly
magnified stars inevitably vary in flux over time baselines of
years, due to the “floor” in light curves jumping between
microlensing peaks (see Figure 6). The brief microlensing peaks
should also be detectable even though they are infrequent.
Multiband NIRCam images (0.8-5.0 pm) of MACS J0416 will
be obtained with the scheduled James Webb Space Telescope
(JWST) GTO program (PLI: Windhorst, #1 176).” The cluster will
be visited at three epochs in Cycle 1 separated by ~few days,

7 https:/ /jwst.stsci.edu/observing-programs /program-information?id=1176

180 days, and 360 days. We suggest that flux variability can be
verified at the various spots of surface brightness asymmetry
through a comparison between various JWST visits and the
existing HST visits. At infrared wavelengths A 2 1.6 um,
JWST may also uncover highly magnified red supergiants that
are not as bright in HST filters.

The methods we have adopted are applicable to the search of
caustic transients in other caustic-straddling arcs. The chance of
detecting microlensing flux asymmetry and temporal variability
depends on data quality, observing cadence, as well as lens and
source properties in individual systems, but in general
microlensed stars can be identified with deep observations at
a few epochs without requiring detailed monitoring. To gather
useful information about the macro-lens model, arc stellar
population, and the intracluster stellar population, follow-up
imaging and spectroscopic studies of caustic-straddling arcs
and their vicinity are highly desirable.

As mentioned in the introduction, toward the completion of this
work a preprint Chen et al. (2019) appeared in which the authors
analyzed HST images of MACS J0416 and concluded that a blue
supergiant was detected exactly at the location of the flux
asymmetry in our slit F. The detection is strongly supported by a
bright microlensing event (reached mpgi4w = 26.4) in the light
curve that took place in 2014 September shortly after the FFP
visits we use. In this work, we have done analysis independently
of their work, and have detected a brightening event during the
2012 visits compared to the 2014 FFP visits, which corresponds
to flux change at a much weaker level. We examined the extra
visits that were used by Chen et al. (2019) but are not used here,
and confirmed the brightening event in slit F. In addition, we
looked into the more recent F6O6W and F814W visits in 2019 (PL:
Steinhardt GO-15117) and did not detect any variability compared
to the 2014 FFP visits.

Our study suggests that the source star probably had a
magnitude around mggiaw =~ 29 at the 2014 FFP epochs


https://jwst.stsci.edu/observing-programs/program-information?id=1176

THE ASTROPHYSICAL JOURNAL, 880:58 (10pp), 2019 July 20

around the floor of its microlensing light curve. The flux
change discussed in this paper likely reflects jumps in the
“floor” magnitude across microlensing peaks, which we predict
to be inevitable when comparing flux measurements separated
by years, while the event discussed in Chen et al. (2019) is
most likely caused by the same star undergoing a microlensing
peak resembling those in Figure 6. Thus, we find the
magnification of p ~ 200, while Chen et al. (2019) report
1~ 3300 for a R = 100R, star. Our conclusions about the
nature of the caustic anomaly and the property of the magnified
star are consistent with those of Chen et al. (2019).
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