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Figure 2: The top left panel shows Icarus in 2014; we identified Icarus when it temporarily
brightened by a factor of ⇠ 4 in late April 2016 (Lev 2016A). The bottom left panel shows
the appearance of the counterimage dubbed Lev 2016B on October 30, 2016. The solid
red curve marks the location of the cluster’s critical curve from the CATS cluster model
(Jauzac et al., 2016), and the dashed lines show the approximate uncertainty in the critical
curve’s location. Extensive simulations show that the two images are mutual counterimages
(Kelly et al., 2018). Right panel shows that the large sizes of galaxies and star-forming
regions limit their total magnification. The compact sizes of stars enable them to fit easily
within the region adjacent to a cluster caustic where magnification is extreme.

1. SCIENCE CASE #1: ENABLING CLUSTER LENSING
CONSTRAINTS ON REIONIZATION

Current Questions: Near the critical curves of galaxy clusters, the James Webb Space Tele-
scope (JWST) should be sensitive to sources as faint as ⇠35 AB. With improved magnifi-
cation maps and estimates for the lensed volumes, it will be possible to determine whether
there was a su�cient density of low-luminosity galaxies at redshifts z & 6 to reionize the
universe (Robertson et al., 2013; Finkelstein et al., 2015). In areas of high amplification,
however, magnifications predicted by lens models of Hubble Frontier Field clusters show
disagreements of order the magnification itself [see Tab. A1 of Livermore et al. 2017],
a↵ecting inferred luminosities and volumes (e.g., Bouwens et al. 2017; Atek et al. 2018).

As plotted in Fig. 2, close to a galaxy-cluster critical curve for a fold caustic, the cluster
magnification µ is well approximated as µ / 1/✓ where ✓ is the o↵set from the critical curve
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Small Source Size —> Possibility of Extreme Magnification
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Fig. 1.—Illustration of the notation used in the text. A small portion of the 
image plane, and its counterpart in the source plane, are shown. The axes 
(£/, rjt) are the principal axes of the shear in the image plane, and the origin of 
the coordinates is on a point along the critical line. In the single screen approx- 
imation, the principal axes of the shear in the source plane have the same 
orientation, and the caustic is parallel to the axis rjs. The image of a star on the 
caustic is stretched along the axis, which forms an angle a with the critical 
line. 

source is stretched along the axis perpendicular to the caustic, 
£. Notice that the orientation of the (f, rj) axes depends on the 
position in the lens plane, (xj, yj). The critical line will in 
general subtend an angle a with the axis f. This is illustrated in 
Figure 1. 

We consider a point at a critical line, where px =0. The 
source coordinates around the corresponding point in the 
caustic can be expanded as (Blandford & Narayan 1986) 

is = 21 VPi I sin oc Ç/ + " ' > 
(4) 

>7s =/>2>7/+ 2&2C? + ••• • 

where | Vp 11 is the absolute value of the gradient of the eigen- 
value and b2 is a coefficient of the Taylor expansion. The 
magnification on a point source close to the caustic is simply 
the inverse of the Jacobian of the transformation from the 
image plane to the source plane, and can be calculated from 
equation (4) to be, to first order in C2 and r¡s (Chang & Refsdal 
1981 ; Chang 1984; Chang & Refsdal 1984), 

I sin a fs)1/2 - i|/2 ' ^ 

where a factor of 2 has been included to take into account the 
existence of two images. 

If a circular disc of a star of angular radius R with uniform 
surface brightness has its center at a distance / from the 
caustic, the total magnification is calculated integrating the 
magnification (5) over the area of the star. The result is 

(6) 

(yo < o), 

(y0 > 0), 
(7) 

The light curve (AR1/2)/A0 is shown in Figure 2, together 
with the light curve of a point source at the center of the stellar 
disc. The horizontal axis is í/tc, where t is the time since the 
center of the star crossed the caustic, and tc is the time it takes 
the star to move by a distance equal to its diameter in the 
direction perpendicular to the caustic, which we will calculate 
below. The magnification grows linearly in the beginning as 
the edge of the star starts to cross the caustic, and reaches a 
maximum of 24max = 1.4(A0/Ri/2) at / = 0.65R. Then, as the 
star continues to move, the magnification becomes asymp- 
totically equal to that of a point sources, and it decreases as 
r1/2. 

Let us evaluate the apparent magnitude of a star at 
maximum magnification for a typical case. The maximum 
magnification is 

= 1 4 JÍ2_ =14    
R1/2 * p2(21V/?! I sin a R/Ds)1/2 ’ (8) 

where Ds is the angular diameter distance from the observer to 
the source. The value of | V/? ! | is of the order of the inverse of 
the angular scale over which the parameter p^ varies by an 
amount of order unity. This scale is of order the critical radius 
of a singular isothermal sphere with the same velocity disper- 
sion as the cluster, <T||, 

ffíí Dis 
c* (9) 

where Dls and Ds are the angular diameter distances from the 
image plane to the source plane, and from the observer to the 

Fig. 2.—Magnification of a star with uniform surface brightness as a func- 
tion of the time since the center of the star crossed the caustic. Magnification of 
a point source at the center of the star is also shown. Characteristic time rev is 
given in eq. (12). In 50% of the cases this curve should occur in the reverse 
order in time. 
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What happens when a star crosses a caustic?
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Mid-to-Late B-type Star

• No change in SED

• Magnified by 
~2000x near peak

• Hotter than H-rich 
transients

• Light curve unlike 
stellar explosions

• Blue super (hyper?) 
giant similar to 
Refsdal progenitor
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Figure 2: The SEDs of LS1 measured in 2013–2015 (red) and of the rescaled, excess flux density
at LS1’s position close to its May 2016 peak (Lev 2016A; black) are consistent. Rescaling the
SED of the flux excess to match to that of the 2013–2015 source yields �2

⌫ = 1.5, indicating that
they are statistically consistent with each other despite a flux density di↵erence of a factor of ⇠ 4.
The SED shows a strong Balmer break consistent with the host-galaxy redshift of 1.49, and stellar
atmosphere models16 of a mid-to-late B-type star provide a reasonable fit. Black circles show the
expected flux density for each model.
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Figure 4: Highly magnified stellar images located near the MACS J1149 galaxy cluster’s CC. The
left panel shows LS1 in 2014; we detected LS1 when it temporarily brightened by a factor of ⇠ 4
in late-April 2016. The center panel shows the appearance of a new image dubbed Lev 2016B
on 30 October 2016. The red curve marks the location of the cluster’s CC from the CATS cluster
model7. The position is consistent with the possibility that it is a counterimage of LS1. The right
panel shows candidate named Lev 2017A with ⇠ 4� significance detected on 3 January 2017. If a
microlensing peak, Lev 2017A must correspond to a di↵erent star.

�7.50 > MV > �9.50 �7.50 > MV > �8.50
150 Best Matches (406 yr) 150 Best Matches (406 yr)

h�2i ⌃ Model PBH T IMF h�2i ⌃ Model PBH T IMF

Low Stellar-Mass Density

Best 356.0 L Fryer12 B Cha 416.3 L Fryer12 B Cha

366.5 L Woosley02 B Cha 462.1 L Spera15 S Cha

372.4 L Spera15 B Cha 464.0 L Woosley02 S Cha

383.6 L Woosley02 S Cha 488.9 L Spera15 3% S Cha

392.4 L Spera15 S Cha 516.5 L Woosley02 B Cha

403.0 L Fryer12 S Cha 534.0 L Spera15 B Cha

406.8 L Spera15 1% S Cha 560.6 L Fryer12 S Cha

Worst 462.4 L Spera15 3% S Cha 567.2 L Spera15 1% S Cha

High Stellar-Mass Density

Best 347.4 H Spera15 B Sal 412.1 H Spera15 B Sal

Worst 367.8 H Spera15 B Cha 508.3 H Spera15 B Cha

Table 1: Comparison between model light curves and observed 2004-2017 light curves for LS1
/ Lev 2016A and Lev 2016B. Measured h�2i statistics provide evidence about the binary fraction
and IMF of the stellar population responsible for the ICL, distinguish among stellar evolution and
supernova models21–23, and disfavor the possibility that 1–3% of dark matter consists of 30 M�
PBHs. To interpret di↵erences in h�2i values, we fit simulated light curves, and compute the di↵er-
ence �h�2i values between the h�2i values of the generative (“true”) model and of the best-fitting
model. For 68% of simulated light curves, �h�2i . 13, and for 95% of simulated light curves,
�h�2i . 25. These simulations assume that our estimates for the galaxy cluster’s magnification
and stellar-mass density are correct. The ⌃ column denotes whether light curves were computed
with a low (L) or high (H) stellar-mass density. The “Type” column specified whether the stars are
single (S), or have the mass-dependent binary fraction and mass ratios of stars determined at low
redshift (B)24. The “IMF” column specifies whether a Chabrier (“Cha”) or Salpeter (“Sal”) IMF
was used to assemble the ICL stellar population.
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Figure 1: Locations of lensing events coinciding with background spiral galaxy near the
MACS J1149 galaxy cluster’s CC. Left panel shows the positions of magnified images of stars
LS1 / Lev 2016A and Lev 2016B as well as candidate Lev 2017A close to (. 0.1300) the CC,
where magnification rises rapidly. Dashed line shows the location of the CC from the CATS cluster
model7. The Einstein Cross formed from yellow point sources consists of images of SN Refsdal1.
Right panel shows the field in 2011, and in May 2016 when LS1 exhibited a microlensing peak.
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Figure 4: Highly magnified stellar images located near the MACS J1149 galaxy cluster’s CC. The
left panel shows LS1 in 2014; we detected LS1 when it temporarily brightened by a factor of ⇠ 4
in late-April 2016. The center panel shows the appearance of a new image dubbed Lev 2016B
on 30 October 2016. The red curve marks the location of the cluster’s CC from the CATS cluster
model7. The position is consistent with the possibility that it is a counterimage of LS1. The right
panel shows candidate named Lev 2017A with ⇠ 4� significance detected on 3 January 2017. If a
microlensing peak, Lev 2017A must correspond to a di↵erent star.
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Table 1: Comparison between model light curves and observed 2004-2017 light curves for LS1
/ Lev 2016A and Lev 2016B. Measured h�2i statistics provide evidence about the binary fraction
and IMF of the stellar population responsible for the ICL, distinguish among stellar evolution and
supernova models21–23, and disfavor the possibility that 1–3% of dark matter consists of 30 M�
PBHs. To interpret di↵erences in h�2i values, we fit simulated light curves, and compute the di↵er-
ence �h�2i values between the h�2i values of the generative (“true”) model and of the best-fitting
model. For 68% of simulated light curves, �h�2i . 13, and for 95% of simulated light curves,
�h�2i . 25. These simulations assume that our estimates for the galaxy cluster’s magnification
and stellar-mass density are correct. The ⌃ column denotes whether light curves were computed
with a low (L) or high (H) stellar-mass density. The “Type” column specified whether the stars are
single (S), or have the mass-dependent binary fraction and mass ratios of stars determined at low
redshift (B)24. The “IMF” column specifies whether a Chabrier (“Cha”) or Salpeter (“Sal”) IMF
was used to assemble the ICL stellar population.
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Colors of LS1 / Lev 16A and Lev 16B are consistent with each other 
—> simulations show parity should yield differing behavior
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Extended Data Fig. 2: Distinct magnification patterns for respective counterimages Lev16B (upper
panel) and LS1/Lev16A (lower panel) of LS1 within the source-plane host galaxy at redshift z =

1.49 from a ray-tracing simulation. Extensive regions of low magnification (.100) for negative-
parity image Lev16A could explain why it is undetected in HST imaging acquired in all except a
single epoch acquired from 2004 through 2017. The map for positive-parity image LS1/Lev16A
lacks such regions of extensive low magnification, and it always detected in deep imaging. Plotted
angular scale is in the source plane, and one µarcsec in each panel corresponds to a physical
8.6 ⇥ 10�3 pc at redshift z = 1.49. If LS1 has an apparent transverse velocity of 1000 km s�1, it
would travel 1µarcsecond in 8.6 observer-frame years. These ray-tracing simulations are realistic
if Lev16B and LS1/Lev16A are mutual counterimages o↵set by 0.1300 on opposite sides of the
galaxy cluster’s critical curve in the image plane, and each of the counterimages has an average
magnification of 600. The galaxy-cluster caustic, which is o↵set by 2.1 pc from these maps, is
oriented parallel to the horizontal axes of each panel. The di↵erent patterns of magnification
correspond to the parity of the image; Lev16B has negative parity, while LS1/Lev16A has positive
parity. Here we have created a random realization of foreground intracluster stars and remnants
having a mass-density (1.9+0.6

�0.6 ⇥ 107 M� kpc�2) matching that we infer for a Salpeter IMF.
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Found even a third possible microlensing event
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Figure 4: Highly magnified stellar images located near the MACS J1149 galaxy cluster’s
CC. The left panel shows LS1 in 2014; we detected LS1 when it temporarily brightened by
a factor of ⇠ 4 in late-April 2016. The center panel shows the appearance of a new image
dubbed Lev 2016B on 30 October 2016. The red curve marks the location of the cluster’s
CC from the CATS cluster model Jauzac et al. (2016). The position is consistent with the
possibility that it is a counterimage of LS1. The right panel shows candidate named Lev
2017A with ⇠ 4� significance detected on 3 January 2017. If a microlensing peak, Lev
2017A must correspond to a di↵erent star.

2. PREVIOUS WORK

2.1 Massive Stellar Evolution

The fates of massive stars remain poorly understood owing to the complexity of massive
stellar evolution and the physics of supernova (SN) explosions. Indirect evidence suggests
that a fraction of massive stars may collapse directly to a black hole instead of exploding
successfully (e.g., Smartt et al. 2009; Gerke et al. 2015), due to (for example) failure of the
neutrino mechanism (e.g., Pejcha & Thompson 2015). LS1’s light curve provides sensitivity
to the distribution of remnant masses, and consequently to the outcomes of massive stellar
evolution.

2.2 Initial-Mass Function

Strong lensing and kinematic (e.g., Treu et al., 2010; Auger et al., 2010; Spiniello et al.,
2011; Cappellari et al., 2012), as well as spectroscopic (e.g., van Dokkum & Conroy, 2010;
Conroy & van Dokkum, 2012) analyses of early-type galaxies have found evidence that the
IMF of stars in early-type galaxies may be “bottom-heavy” – a larger fraction of stars have
subsolar masses than is observed in the Milky Way. The Salpeter IMF is bottom-heavy
compared to the Chabrier IMF. Spectroscopic evidence for a bottom-heavy IMF in the
inner regions of early-type galaxies comes from the strength of spectral features sensitive
to the surface gravity of stars with M . 0.3 M� van Dokkum & Conroy (2010); Conroy &
van Dokkum (2012). However, these two sets of diagnostics do not always show agreement
in the same galaxies, and the discrepancy is not yet understood (e.g., Newman et al., 2016).
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Icarus’ light curve matches simulation of microlensing
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Stars+Remnants+Dark Matter
The potential of a galaxy cluster acts to exaggerate the Einstein radii 
of objects in its intracluster medium by factors of up to ∼ 100 near its 
critical curves (Diego et al., 2018; Venumadhav et al., 2017) 

show the simulated source plane at !xed magni!cation but
varying !*. The magni!cation considered for this example is
moderate ("= 30), but it serves our purpose as it better shows
the structure of the caustics in the source plane. For larger
magni!cations the behavior would be qualitatively similar to
what is shown on the left block of Figure 7. Since we have the
sides with opposite parity projecting back into the same region
in the source plane, at a given pixel in the source plane one
would get a bundle of rays (from the inverse ray tracing
method) coming from the side with positive parity and a
different bundle coming from the side with negative parity. The
mapping between the image plane and the source plane around
a CC can be visualized as a sheet of paper being folded by its
middle point (CC). In the source plane, the fold represents the
caustic, with the two halves of the sheet forming two
overlapping planes. A source will project into these two
planes; when unfolded (i.e., the image plane), the sheet of
paper will show two images which are symmetric with respect
to the folding line.

To better illustrate the differences between the sides with
positive and negative parities, we show the source plane for
each of the two planes within it, described at the end of the
previous paragraph, and also compute the statistics of each
plane separately. This makes sense when comparing with
observations, since the statistics of the observed lensed
image depends on the parity, as we show later, and has
been demonstrated in earlier work (e.g., Schechter &
Wambsganss 2002). The top row shows the plane with positive
parity while the bottom row shows the plane with negative

parity, where the characteristic microsaddle points with low
magni!cation can be appreciated clearly. The two columns
with !*/!= 0.05 and !*/!= 0.15 in the left block contain a
stellar component consistent with the upper limit in K18 (that
is, with 19Me pc!2 or !*/!= 0.012 and a Salpeter spectrum
in the low-mass regime) plus microlenses with 30Me,
mimicking a monochromatic population of PBHs. As men-
tioned above, the value 19Me pc!2 is motivated by the
updated estimate in K18. This is almost three times more mass
than the value of !o= 7 Me pc!2 used in the rest of this work,
but the careful reader will notice that !*/! is instead a factor of
four larger than the value of 3% corresponding to !o. This is
due to the fact that for this set of high-resolution simulations
with 19Me pc!2, the value of ! considered is 0.66 instead of
the value from the model in D16 (!= 0.9) used in the rest of
this work. !" 0.66 is the value required by " once "t is !xed
to 1.5 and "r!?!1 as described above. The left panel with
!*/!= 0.004 has approximately four times fewer microlenses
than the model with !*/!= 0.012 and no PBHs (of 30Me).
The last column with !*/!= 0.37 represents a population of
PBHs but with a power-law spectrum (for the mass function)
similar to that used to simulate the stellar component from
the ICL.
On the right side of Figure 7 we show similar plots, but this

time the surface mass density of microlenses is !xed (to a value
consistent with the upper limit on !* in Kelly et al. 2018;
!*/!= 0.012 and no PBHs) and we vary the magni!cation.
The case with "= 30 can be compared directly with the cases
presented in the left block.

Figure 7. Zoom-in of the source plane at high resolution. The left block (with eight panels) shows a small region in the source plane at constant magni!cation from the
macromodel and varying surface mass density of microlenses. The upper row shows the plane with positive parity and the bottom row shows the corresponding plane
with negative parity. Both planes overlap in the source plane but are displayed separately here for clarity. The right block with eight panels shows the source plane at
constant surface mass density of microlenses and varying magni!cation from the macromodel. The upper and bottom rows correspond to the planes with positive and
negative parity, respectively. Note how the source plane has been compressed in the y direction by factors ranging from 8 at "!=!30 to 32 at "!=!2400. At very high
magni!cation, both planes with negative and positive parity resemble each other. A source at z!=!1.5 traveling at 1000 km s!1 with respect to the caustics would move
#1 "as every 10 years.
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Microlenses near caustics 13
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Fig. 9.— Disruption of the CC as a function of microlens surface mass density. Each panel shows the CC region when a population of
microlenses with ⌃ = f⌃o is present. The case f = 1 corresponds to the model of Spera (2015) at the position of Icarus. The yellow lines
show the approximation in Eq. 15. The last panel at bottom does not show the yellow line since it extends beyond the boundaries of the
plot. The total surface mass density (i.e., smooth plus microlens) is the same in all panels.

few tens of solar masses), the separation between micro-
images can reach a few milliarcseconds, opening the door
to future high-resolution observations of the individual
micro-images.
This change in the magnification is also evident in

Fig. 5, where we display a small region around the main
CC in the case of the smooth lens compared with the
magnification pattern when microlenses are added (diag-
onal band). The figure also shows a lensed background
object (with ⇠ 0.01 pc radius), or train of micro-images,
at the moment of maximum magnification. The lensed
image breaks up into multiple smaller components. For
smaller background sources (such as a large star), the
lensed image would break up into even more smaller
pieces.
When f is su�ciently small, the e↵ect of the mi-

crolenses is small and the magnification behaves like in
the smooth lens model case, except when we approach
the CC. At short distances from the CC, even small mi-
crolenses can have a significant impact on the magnifi-
cation pattern. As f grows, the range at which the CC
gets disrupted grows as well. For values of f ⇡ 0.001
the disruption is still significant up to scales of a few
milliarcsec. In this situation, if macro-images are be-
ing formed on both sides of the main CC at a distance
of a few milliarcsec, a telescope like the Hubble Space
Telescope (HST) observing the unresolved macro-images
would start to see not only a change in flux over time but
also a change in the observed position of the peak, since
the observed images would appear to be jumping back
and forth between the two sides with opposite parity. For
values of f ⇡ 1 it is impossible to determine the exact
location of the main CC and the magnification pattern is
completely disrupted over a scale of hundreds of milliarc-
seconds. If f � 1 the disruption can extend to scales of

Fig. 10.— Median of the magnification (of micro-images in the
lens plane) as a function of distance from the main CC (nega-
tive distances mean they are measured toward the left of the CC
and positive toward the right). The black line corresponds to the
smooth model (no microlenses) and the red line is for the case when
microlenses are added (with ⌃ ⇡ 7M� pc�2).

an arcsec and these types of microlensing events would
be much more common. The fact that no similar mi-
crolens event has ever been reported before Icarus/Iapyx
is a simple indirect indication that the optical depth of
microlenses cannot be much higher than that from the
stellar component (with  ⇡ 10�3–10�2).

5. LIGHT CURVES

The results presented in the previous section show ex-
amples of the magnification pattern near the main CC
and in a narrow region of the source plane when mi-
crolenses are present. However, observations can only
sample the magnification in the source plane (unless
micro-images are resolved). Through observations we

Diego+18
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FIG. 7: Constraints on the mass (M) and abundance (fp) of
compact dark matter. Shaded regions show excluded regions
from caustic crossing studied in this paper, microlensing ob-
servations of M31 with Subaru/Hyper Suprime-Cam (HSC)
[11], EROS/MACHO microlensing [6, 9], ultra-faint dwarf
galaxies (UFDs) [42], and Planck cosmic microwave back-
ground observations (Planck) [43]. For UFDs and Planck,
conservative limits are shown by solid lines, whereas more
stringent limits are shown by dashed lines.

dark matter becomes much smaller than the source size.
In this case, any lensing e!ects by compact dark matter
is smeared out due to the finite source size e!ect, and as
a result it does not cause any saturation. We can write
this condition as

!E!
µt

! "R. (74)

Given the allowed range of the source radius R and µt <
100, this condition reduces to

M ! 1.5" 10!5M". (75)

From this argument, we can derive constraints on the
mass M and abundance fp of compact dark matter. Fig-
ure 7 shows the rough excluded region in the M -fp plane
from the observation of MACS J1149 LS1. As discussed
in [1], the very high abundance of # 30 M" black holes
[29], which is motivated by recent observations of gravita-
tional waves [44], is excluded, although more careful com-
parisons with simulated microlensing light curves should
be made in order to place more robust constraints.
We expect that we can place tighter constraints on

compact dark matter from long monitoring observations
of giant arcs and careful analysis of observed light curves.
This is because point mass lens with di!erent masses have
quite di!erent characteristics of light curves such as time
scales and peak magnifications. Therefore, observations
or absence of light curve peaks with di!erent time scales
may be used to place constraints on the abundance of
compact dark matter with di!erent masses, although we
have to take account of the uncertainty in the velocity for

the robust interpretation. As discussed in [26], another
clue may be obtained by detailed observations of light
curves before and after the peak. As mentioned above,
in order to obtain robust constraints on compact dark
matter from observations, it is also important to conduct
ray-tracing simulations that include both ICL stars and
compact dark matter, as was partly done in [26]. Ray-
tracing simulations are helpful to better understand what
kind light curves such compound lens system predict.

VII. SUMMARY AND DISCUSSIONS

In this paper, we have adopted a simple analytical lens
model that consists of a point mass lens and a constant
convergence and shear field, which is used to study lens-
ing properties of a point mass lens embedded in high
magnification regions due to the cluster potential. This
model has been used to derive characteristic scales of
caustic crossing events in giant arcs, such as the time
scale of light curves and maximum magnifications, as a
function of the mass of the point mass lens and the ra-
dius of the source star. We have tuned model parame-
ters to the MACS J1149 LS1 event to constrain lens and
source properties of this event. We have also computed
expected event rates, and derived additional constraints
on the lens and source properties of MACS J1149 LS1.
Our results that are summarized in Figures 3 and 4

indicate that MACS J1149 LS1 is fully consistent with
microlensing by ICL stars. The allowed ranges of the
lens mass and source radius are 0.1 M" ! M ! 4 "
103M" and 40 R" ! R ! 260 R", respectively. The
most plausible radius of the source star is R $ 180 R"

(luminosity L $ 6 " 105 L"), which is consistent with
a blue supergiant. In this case, the source star should
have been magnified by a factor of $ 4300 at the peak.
Our results suggest that the allowed ranges of the lens
mass and source radius are relative narrow, which limit
the possibility of explaining MACS J1149 LS1 by exotic
dark matter models.
We have discussed the possibility of constraining com-

pact dark matter in the presence of ICL stars. Using
the saturation argument, we have shown that compact
dark matter models with high fractional matter densi-
ties (fp " 0.1) for a wide mass range of 10!5M" !
M ! 102M" are inconsistent with the observation of
MACS J1149 LS1 because such models predict too low
magnifications at the position of MACS J1149 LS1. We
note that this constraint from the saturation condition
should be applicable to the total compact dark matter
fraction for models with extended mass functions [45].
We expect that we can place tighter constraints on the
abundance and mass of compact dark matter by careful
analysis of observed light curves as well as more observa-
tions of caustic crossing events.
In this paper, we have assumed a single star as a source.

As discussed in [1], there is a possibility that the source
is in fact a binary star, based on multiple peaks in the

Constraints on Abundance of Primordial Black Holes from 
Icarus

Oguri+18
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Extended Data Fig. 2: Dependence of the probability of observing highly magnified stellar images
on the stellar luminosity function of the underlying arc. Panel shows probabilities of (a) bright
microlensing events (F125W < 26 mag; solid green and dotted pink), (b) a persistently bright
magnified star (F125W < 27 mag) similar to that observed at LS1’s position in 2004–2017 (dashed
brown), and (c) a persistently bright magnified star (F125W < 27 mag) within 0.06 pc (dot-dash
purple). Probabilities are small given the index of stellar luminosity function measured for nearby
galaxies (↵ = �2.53 ± 0.08; vertical blue)19, but become significantly larger for shallower power-
law indices, such as that for the 30 Doradus star-forming region in the LMC (vertical orange;
approximate). Here we have assumed N = 50 visits by HST, the number of separate observations
of MACS J1149 taken through 13 April 2017 after binning data by 10 days. The lower stellar
luminosity limit used for these simulations is 10 L�.
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For bottom-heavy IMF, much higher 
frequency of microlensing peaks

Chabrier — Milky-Way like Salpeter — “bottom heavy”

LS1 light curve probes the stars making up the intracluster 
medium, which may have been stripped from cluster members



Outcomes of massive stellar evolution

• Intracluster stellar 
population formed at 
high redshift

• Remnant population 
(NS + BH) mass 
function

• Mass loss rate

• Which SN explosions 
are successful? 
Neutrino mechanism

ing helium core and an essentially stationary red giant
envelope would halt the rotation of the former in far less
than a helium-burning lifetime. The iron cores of mas-
sive stars, for them, collapsed without rotation, and pul-
sars acquired whatever spin they have from asymmetries
in the explosion mechanism. The magnetic torque is pro-
portional to the product of the radial component of the
field Br and the poloidal component B! . The latter can
become quite large owing to differential winding, but
will still reach a maximum given by instabilities and re-
connection. The radial field, on the other hand, is given

almost entirely by instabilities. Spruit and Phinney took
Br"B! .

More recent work by Spruit (1999, 2002), which uses a
physical model to estimate Br , suggests an important
but diminished role for magnetic torques. Using Spruit’s
new prescription, Heger, Woosley, and Spruit (2002)
find angular momenta in their presupernova models
corresponding to pulsar rotation rates that, though rapid
("10 ms), are well below breakup. Clearly this is
an area of rapid development and current great uncer-
tainty. Unfortunately it is difficult to say today whether

FIG. 16. Initial-final mass function of nonrotating stars of solar composition, similar to Fig. 12. Mass loss reduces the mass of the
envelope (blue curve) until, for a mass above "33M! the helium core is uncovered before the star reaches core collapse. At this
point the star becomes a Wolf-Rayet star and the strong Wolf-Rayet mass loss sets in. We give two scenarios for the uncertain
strength of the Wolf-Rayet-mass-loss rate: The short-dashed red and blue lines are for a high mass-loss rate. Here a ‘‘window’’ of
initial masses may exist around 50M! , where neutron stars are still formed (bound by higher- and lower-mass stars that make
black holes). For a low Wolf-Rayet mass-loss rate (long-dashed red and blue lines) the final mass at core collapse is higher and the
‘‘neutron star window’’ may not exist. Then only black boles are formed above "21M!. ‘‘RSG,’’ ‘‘WE,’’ ‘‘WC,’’ and ‘‘WO’’
indicate the type of the last mass-loss phase and also the (spectral) type of the star when it explodes. The heavy-element
production (green and green cross hatched) is given only for the low-mass-loss case [Color].

1043Woosley, Heger, and Weaver: Evolution and explosion of massive stars
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Extended Data Fig. 10: Di↵erences among the mass distributions of surviving stars and stellar
remnants (i.e., white dwarf stars, neutron stars, and BHs) for the Woosley02, Fryer12, and Spera15
stellar evolution models. Left panel plots the mass distributions assuming no stars have compan-
ions, and right panel shows mass functions assuming the mass-dependent binary fractions and mass
ratios measured in the nearby universe24.
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Evidence for Theories of the 
Stellar Initial-Final Mass Function

LS1 light curve probes the stars making up the intracluster 
medium, which may have been stripped from cluster members

�7.50 > MV > �9.50 �7.50 > MV > �8.50
150 Best Matches (406 yr) 150 Best Matches (406 yr)

h�2i ⌃ Model PBH T IMF h�2i ⌃ Model PBH T IMF

Low Stellar-Mass Density

Best 356.0 L Fryer12 B Cha 416.3 L Fryer12 B Cha

366.5 L Woosley02 B Cha 462.1 L Spera15 S Cha

372.4 L Spera15 B Cha 464.0 L Woosley02 S Cha

383.6 L Woosley02 S Cha 488.9 L Spera15 3% S Cha

392.4 L Spera15 S Cha 516.5 L Woosley02 B Cha

403.0 L Fryer12 S Cha 534.0 L Spera15 B Cha

406.8 L Spera15 1% S Cha 560.6 L Fryer12 S Cha

Worst 462.4 L Spera15 3% S Cha 567.2 L Spera15 1% S Cha

High Stellar-Mass Density

Best 347.4 H Spera15 B Sal 412.1 H Spera15 B Sal

Worst 367.8 H Spera15 B Cha 508.3 H Spera15 B Cha

Table 1: Comparison between model light curves and observed 2004-2017 light curves
for LS1 / Lev 2016A and Lev 2016B. h�2i is the average of the �

2 values of the 150
best-fitting intervals in each model’s simulated light curve. Models where the star is
more luminous (�7.50 < MV < �9.50) in the left column provide a better fit
to the data than those where the star is fainter (�7.50 < MV < �8.50) in the
right column. To interpret di↵erences in h�2i values, we fit simulated light curves, and
computed the di↵erence �h�2i values between the h�2i values of the generative (“true”)
model and of the best-fitting model. For 68% of simulated light curves, �h�2i . 13, and
for 95% of simulated light curves, �h�2i . 25. The simulations assume that our estimates
for the galaxy cluster’s magnification and stellar-mass density are correct. Measured h�2i
statistics favor a significant binary fraction and a “bottom-heavy” IMF for the
stellar population responsible for the ICL. The h�2i values distinguish among
stellar evolution and supernova models (Woosley et al., 2002; Fryer et al.,
2012; Spera et al., 2015), and disfavor the possibility that 1–3% of dark matter
consists of 30M� PBHs. The ⌃ column denotes whether light curves were computed
with a low (L) or high (H) stellar-mass density. The “Type” column specified whether the
stars are single (S), or have the mass-dependent binary fraction and mass ratios of stars
determined at low redshift (B) Duchêne & Kraus (2013). The “IMF” column specifies
whether a Chabrier (“Cha”) or Salpeter (“Sal”) IMF was used to assemble the ICL stellar
population.
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Figure 1: The detection of HFF14Spo-NW and HFF14Spo-SE in HST imaging from the Hubble
Frontier Fields. The central panel shows the full field of the MACSJ0416 cluster, in a combined
image using optical and infrared bands from HST. Two boxes within the main panel demarcate the
regions where the HFF14Spo host-galaxy images appear. These regions are shown as two inset
panels on the left, highlighting the three images of the host galaxy (labeled 11.1, 11.2, and 11.3),
which are caused by the gravitational lensing of the cluster. Two columns on the right side show
the discovery of the two transient events in optical and infrared light, respectively. In these final
two columns the top row is a template image, the center row shows the epoch when each transient
appeared, and the bottom row is the difference image.
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Spock Events in MACS J0416
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Figure 4: Light curves for the two transient events, HFF14Spo-NW on the left and HFF14Spo-SE
on the right. Measured fluxes in micro-Janskys are plotted against rest-frame time at z = 1.0054,
relative to the time of the peak observed flux for each event. The corresponding Modified Julian
Date (MJD) in the observer frame is marked on the top axis for each panel. As indicated in the
legend, optical observations using the HST ACS-WFC detector are plotted as circles, while infrared
measurements from the WFC3-IR detector are plotted as squares.

(the region of theoretically infinite magnification) for sources at z = 1. The lensing configuration
consistently adopted for this cluster assumes that the arc comprises two mirror images of the host
galaxy (labeled 11.1 and 11.2 in Figure 1)6, 9–16. This implies that a single critical curve passes
roughly midway between the two HFF14Spo locations. The location of the critical curve varies
significantly among the models (Figure 3), and is sensitive to many parameters that are poorly con-
strained. We find that it is possible to make reasonable adjustments to the lens model parameters
so that the critical curve does not bisect the HFF14Spo host arc, but instead intersects both of the
HFF14Spo locations (see Supplementary Note 2). Such lensing configurations can qualitatively
reproduce the observed morphology of the HFF14Spo host galaxy, but they are disfavored by a
purely quantitative assessment of the positional strong-lensing constraints.
Ruling Out Common Astrophysical Transients. There are several categories of astrophysical
transients that can be rejected based solely on characteristics of the HFF14Spo-NW and HFF14Spo-
SE light curves, shown in Figure 4. Neither of the HFF14Spo events is periodic, as expected for
stellar pulsations such as Cepheids, RR Lyrae, or Mira variables. Stellar flares can produce rapid
optical transient phenomena, but the total energy released by even the most extreme stellar flare17

falls far short of the observed energy release from the HFF14Spo transients. We can also rule out
active galactic nuclei (AGN), which are disfavored by the quiescence of the HFF14Spo sources
between the two observed episodes and the absence of any of the broad emission lines that are of-
ten observed in AGN. Additionally, no x-ray emitting point source was detected in 7 epochs from
2009 to 2014, including Chandra X-ray Space Telescope imaging that was coeval with the peak of
infrared emission from HFF14Spo-SE.
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Figure 3: Locations of the lensing critical curves relative to the positions of the two HFF14Spo
sources. Panel (a) shows the HST Frontier Fields composite near-infrared image of the full
MACS0416 field. The magnification map for a source at z = 1 is overlaid with orange and
black contours6. The white box marks the region that is shown in panel (b) with a closer view of
the HFF14Spo host galaxy. Panel (c) shows a trace of the lensing critical curve from the GRALE
model, and panels (d)-(i) show magnification maps for the six other primary models, all for a
source at the HFF14Spo redshift. The magnification maps are plotted with log scaling, such that
white is µ = 1 and black is µ = 103. Panels j-m show the same magnification maps, extracted
from the lens model variations (see Methods).
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Warhol:  An Newly 
Discovered Highly
Magnified Star

Wenlei Chen, P. Kelly, .. (2019)
  &
Kaurov et al. (2019)

Redshift z=0.94

several weeks, their interpretation was not immediately apparent.
The detection of the lensed star in MACS J1149 magni!ed by
>2000 at peak brightness prompted the interpretation of the two
MACS0416 events as likely microlensing events (Rodney et al.
2018).

We are conducting a systematic search for transients in the
full set of archival HST imaging data of HFF galaxy-cluster
!elds (Lotz et al. 2017). Microlensing "uctuations present in
the light curve of a highly magni!ed star can place unique
constraints on the initial mass function and the initial–!nal
mass function of intracluster stars, and on the abundance of
primordial black holes (Dai et al. 2018; Diego et al. 2018;
Kelly et al. 2018; Oguri et al. 2018). A sample of multiple,
highly magni!ed stars can mitigate the effect of uncertainties in
cluster models and improve the strength of constraints on the
abundance of primordial black holes. Furthermore, observa-
tions of such stars offer the opportunity to study directly the
luminous stellar population at high redshifts, which may differ
from that in the nearby universe (e.g., Steidel et al. 2014;
Sanders et al. 2016).

As shown in Figure 1, we have now identi!ed, in archival
HST imaging taken in 2014 September, a third highly magni!ed
star at z!=!0.94 in the MACS0416 !eld in a lensed galaxy
different from that where the Spocks were discovered. We have
named this transient “Warhol” given its “!fteen minutes of
fame.” Figure 2 shows that the transient is within a small fraction
of an arcsecond from the location of the MACS0416 cluster’s
critical curve according to published models. At these small
separations from the critical curve, microlensing of bright stars in
a background arc by objects in the foreground cluster including
stars or remnants is not only possible, but in fact inevitable.

In Section 2, we describe the imaging data in this paper.
Section 3 provides the details of the methods we use to analyze
the HST imaging. In Section 4, the results of our analysis are
presented, and our conclusions are given in Section 5.
All magnitudes are in the AB system (Oke & Gunn 1983),
and we use a standard set of cosmological parameters
(!m!=!0.3, !"!=!0.7, H0!=!70 km s!1 Mpc!1).

2. Data

Imaging of the MACS0416 galaxy-cluster !eld with the
ACS and WFC3 cameras has been acquired as part of the
Cluster Lensing and Supernova survey with Hubble (CLASH;
GO-12459; Postman et al. 2012), the Grism Lens-Ampli!ed
Survey from Space (PI: T. Treu; GO-13459; Schmidt et al.
2014; Treu et al. 2015), the HFF (GO-13496; Lotz et al. 2017),
the FrontierSN follow-up program (PI: S. Rodney; GO-13386),
and the Final UV Frontier project (PI: B. Siana; GO-14209).
Earlier imaging of the MACS0416 !eld, not analyzed in this
paper, was acquired with the WFPC2 (PI: H. Ebeling; GO-
11103). The microlensing peak we report here occurred in the
target-of-opportunity imaging follow-up of the Spock events
(Rodney et al. 2018) acquired by the FrontierSN program.

3. Methods

3.1. Image Processing and Coaddition

We aligned all imaging with TweakReg, and then
resampled images to a scale of 0 03 pixel!1 using Astro-
Drizzle (Fruchter et al. 2010).

Figure 1. Left panel shows the location of the newly discovered extremely magni!ed star in an arc at z!=!0.94 found in archival HST imaging of the MACS0416
galaxy cluster, and the positions of the two stellar microlensing events previously identi!ed by Rodney et al. (2018) in a different strongly lensed galaxy at z!=!1.01.
The timescales of all three events were several weeks. Right panel shows an example deep template WFC3-IR F160W image of the !eld (top), image of the newly
identi!ed event near peak in 2014 September (middle), and the difference image (bottom).
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archival HST imaging during the HFF project, as the true peak
of this microlensing event may have occurred during gaps of
HST visits, as shown in Figure 3. Photometry is measured using
a 0 2 aperture (detailed values are listed in Table 1). The light
curve may also exhibit slow changes over a period of years, as
shown in the bottom panel of Figure 3, consistent with the level
of microlensing expected from stars responsible for the
intracluster light of the cluster.

A microlensing peak should have a duration roughly R/v,
where R is the size of the lensed source and v is the transverse
velocity of the lensing system. Given the !1000 km s"1

expected relative transverse velocity between the galaxy cluster
and background source (Watson et al. 2013), the several-week
timescale of the microlensing peaks implies that the lensed
sources can only extend for at most several tens of astronomical
units. Consequently, the lensed systems must be stellar systems
(e.g., single star or binary system) instead of a star cluster.

4.3. A Pair of Images

Amagni!ed source close to a fold caustic of a foreground
galaxy-cluster lens should appear as a pair of images on

opposite sides of the critical curve. In the absence of
microlensing, which can alter the total magni!cation of each
image, the counterimages should have equal brightness.
Warhol’s location, marked by the green circle labeled “A” in
Figure 4, corresponds to a peak along the underlying arc in
coadditions of HFF F606W and F814W imaging acquired
before the microlensing event. To examine whether a counter-
image of the underlying source may exist along the arc, we
measured the "ux inside of a 0 05 diameter aperture as we
moved it along the arc. Figure 5 shows a second peak labeled
“B” (much fainter than the peak A) along the underlying arc.
To assess the statistical signi!cance of image B, we !t

simultaneously the F606W and F814W coadded images of the
arc in a 1 2!!!0 6 region using the GALFIT package (Peng
et al. 2002). Although GALFIT was written for analysis of
galaxy surface-brightness distributions, it has a "exible set of
pro!les that includes the King (1962), Sérsic (1963), and
Moffat (1969) functions. We assume that the underlying arc
consists of an unresolved stellar population and therefore can
be modeled by a smoothly varying function. Furthermore, the
arc’s surface-brightness distribution should be symmetric on
opposite sides of the critical curve. Consequently, the center of

Figure 3. Photometry of the newly identi!ed microlensing event identi!ed in archival images of the MACS0416 HFF galaxy-cluster !eld. The upper panel shows the
multiband optical and near-infrared light curve close to peak brightness in 2014 September, and shows that its timescale is on the order of several weeks, similar to
those of the microlensing events reported by Kelly et al. (2018) in MACS1149 and Rodney et al. (2018) in MACS0416. A several-week duration is also consistent
with the expected transverse velocities of galaxy clusters (Venumadhav et al. 2017; Diego et al. 2018; Kelly et al. 2018; Oguri et al. 2018). The lower panel plots all
existing HST observations of the MACS0416 galaxy-cluster !eld.
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predicted magni!cation ! due to the galaxy-cluster lens at
Warhol’s position is listed in Table 3. In general, the locations
of galaxy-cluster critical curves are constrained by current
models to within a tenth of an arcsecond in the best cases.
Given Warhol’s proximity to the critical curve, the uncertainty
in the critical curve’s location results in a large magni!cation
uncertainty at its position.

We compute the offsets between models’ predictions for
the location of the critical curve and the midpoint of the line
between counterimages A and B ("c), as listed in Table 3.
The offsets show that a majority of published lensing models
place the critical curve within 0 3 of the midpoint. The Brada!
(v3) and CATS (v4)models locate the critical curve at the greatest
offset (>0 5) from the midpoint. The Zitrin-nfw (v3) model’s
predicted critical curve yields the smallest offset (0 02).

4.6. Fitting the Star’s SED

After correcting for extinction expected for the Galactic
foreground (AV!=!0.112 mag; Schla"y & Finkbeiner 2011), we

!t the SED of the microlensing peak. ACS-WFC F606W and
F814W, as well as WFC-IR F125W and F160W, imaging was
acquired during a !rst epoch on 2014 September 15–16; the
optical and IR integrations were interspersed with each other in
time. As shown in Figure 3, the transient was still detected
during a second imaging epoch on 2014 September 22.
We simultaneously !t a Castelli & Kurucz (2004) stellar

atmosphere model and a host-galaxy extinction curve to the
measured SED of the Warhol microlensing event. We assume that
the source did not vary signi!cantly while the optical and IR
images were acquired during the !rst epoch. We include as a !t
parameter the change in the magni!cation (relative normalization
of the SED) between the !rst and second epochs. Given the
Patrício et al. (2018) measured abundance of 12 + log(O/H)!=
8.72!±!0.6 dex, we use stellar models that have a solar abundance.
Figure 7 shows the best !ts to the measured photometry

when we allow the temperature of the stellar photosphere to
vary as a free parameter. For a Milky Way (R(V )!=!3.1;
Cardelli et al. 1989) extinction law, we !nd a best-!tting
temperature of 22,500 K, consistent with an early B-type star.
Instead, adopting the extinction law for the Small Magellanic
Cloud (SMC; R(V )!=!2.73; Gordon et al. 2003) yields
23,700 K. We expect that microlensing may only potentially
be chromatic when a microcaustic is close to the limb of the
star, but this should occur over a very short timescale, smaller
than the !2 days during which observations near peak were
acquired. While the surface gravity of early-type blue super-
giants has values of xglog 2–2.8 (e.g., Urbaneja et al. 2005;
Przybilla et al. 2010), the Castelli & Kurucz (2004) models
have .glog 3 for photospheric temperatures exceeding
20,000 K, and this limitation may have some effect on the
value of the inferred photospheric temperature.
The low to moderate best-!tting host-galaxy dust extinction

is consistent with the AV!=!0.15!±!0.20 mag extinction
inferred by Patrício et al. (2018) from an analysis of nebular
emission lines from the lensed galaxy.

Figure 5. ACS-WFC F606W and ACS-WFC F814W imaging of the underlying arc detected by the HFF project before 2014 September 15–16. Bottom two panels
show "ux densities along the arc with a 0 05 diameter aperture. Vertical green and cyan lines show the positions A and B (respectively) in Figure 4. The horizontal
bars show the FWHM of averaged PSFs in the ACS-WFC F606W and ACS-WFC F814W bands.

Table 2
Comparison between GALFIT Models Including Underlying Arc and One or
Two Stellar Images Fit Simultaneously to F606W and F814W Coadded Images

Two-peak Model Single-peak Model

Pro!le !AICa #2
$ Pro!le !AIC DO

2

Moffat 0 1.073 King 20.78 1.087
King 2.77 1.075 Moffat 23.91 1.089
Sérsic 4.82 1.076 Sérsic 28.48 1.092

Note. Models in the left column include point source at positions A and B, and
those in the right column include only a source at position A. The differences
between the Akaike information criterion (AIC) imply that the single-image
models have “no empirical support” (Burnham et al. 2011) compared to those
that include a pair of images.
a
!AIC!=!AIC!"!AICmin.
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from their SEDs and are always detected in HST imaging, while the Spocks were only
visible during microlensing peaks. Tab. 1 lists the apparent magnitudes of the five stellar
microlensing events detected.

Name Redshift Peak AB Magnitude Reference
Icarus 1.49 F125W ⇡ 25.5 Kelly et al. 2018
Iapyx 1.49 F125W ⇡ 25.5 Kelly et al. 2018
Spock SE 1.04 F125W ⇡ 27.6 Rodney et al. 2018
Spock NW 1.04 F814W ⇡ 26.6 Rodney et al. 2018
Warhol 0.94 F125W ⇡ 26.3 Chen et al. 2019; Kaurov et al. 2019

Table 1: Images of highly magnified stars detected by HST through their microlensing peaks.

Figure 3: The number of bright microlensing events that have been detected exceeds that
expected from our simulations. To date, microlensing peaks have been detected for five separate
images of highly magnified stars. An even more significant detection of the excess with the SNAP
program would clearly favor models where the mass density of microlenses needs to be higher in
order to match the observations. A possible candidate for this additional, and not luminous,
population of microlenses are PBHs with 10�3 M� < M < 102 M�. The “Stars + Remnants” and
“Flatter IMF” models have Salpeter power-law indices of �1.35 and �1.00, respectively.

We have performed simulations of the population of microlensing events expected from
the existing set of HST observations of galaxy-cluster fields searched for bright transients
when the data were acquired, which consist of approximately 250 visits distributed across 25
clusters. In Fig. 3, we compare the second and fourth brightest observed microlensing peaks
to the expected distributions from our simulations. There appear to be significantly
(p ⇡ 0.2%) more and brighter microlensing events observed than expected from
the simulation given reasonable assumptions about the stellar populations at
z = 1–2 and an absence of primordial black holes (PBHs). As shown in Fig. 3, among
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Figure 6. Example of a microlensing peak event for a highly magnified supergiant star of RS = 100R�, and
macro lensing parameters measured for MACS J1149 LS1. For axion cosmology, we set M0 = 10�10M�/h.

We set ↵̃ = ⇡/2 and |d̃| = 3/2? /✓?, with ? = 0.005 and ✓? computed for a micro-lens massM? = 0.3M�. Top
four rows: Dominant micro-image pair in the image plane (in proper length units) and magnification pattern
including its sign, with (right column) and without (left column) small-scale surface density fluctuations
due to axion minihalos. Coordinates x1 and x2 (shown on drastically di↵erent scales!) are parallel and
perpendicular, respectively, to the degeneracy direction of the local micro-fold model. Each row corresponds
to a numbered epoch. Color scales for magnification are shown to the right of the bottom panel. Bottom
row: Total flux magnification versus the source one-dimensional position y1 (in proper units) in the source
plane, and the variability timescale converted from an e↵ective source velocity vt, with (black curve) and
without (grey curve) surface density fluctuations due to minihalos. The coordinate y1 measures the position
perpendicular to the micro-caustic. Only contributions from the two dominant micro-images are included.
The four numbered epochs examined in the top rows are marked by magenta lines.
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Axion Minihalos & Highly Magnified Stars 25

Figure 7. Perturbed light curves (colored curves) compared to smooth light curve (dashed black curve)
around the time of a microlensing peak event. Each panel shows four random realizations of convergence
fluctuations (one color for each). (a) Default case as in Figure 6. (b) A more compact source star with
RS = 30R�. (c) Power spectrum P enhanced by a factor of four. (d) d̃ = |d̃| decreased by a factor of two.

The perturbed light curve varies depending on a number of factors, as we show in Figure 7. Firstly,
the length of the elongated micro-image scales with the source size, which smooths out irregulari-
ties below certain scales. For a smaller source star, therefore, irregularities are present on shorter
timescales.
Secondly, larger convergence fluctuations will result in larger magnitude irregularities. This can be

the case if more minihalos survive dynamic disruption and are bound to intermediate sized subhalos,
since the amount of minihalos contributing to surface density clumpiness will then be more than
what Eq. (14) predicts.
Moreover, susceptibility to lensing perturbations depends on the d̃ vector of the micro-fold model.

Although in Figure 6 we have set |d̃| = 
3/2

? /✓?, actually |d̃| varies among micro-caustic crossing
events. At a fixed distance from the micro-caustic, a smaller |d̃| corresponds to a larger magnification
of the two micro-images. This means that the flux is more prone to surface density perturbations
and is subject to larger irregularities.
If the typical convergence fluctuation � greatly exceeds the inverse magnification factor, even

a micro-image can be strongly perturbed and break into yet smaller images. For example, this is
likely the case for the scenario with M0 = 10�6

M�/h shown in the left panel of Figure 4. The
underlying physical principle is analogous to the disruption of macro-images into micro-images due
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Use Pairs of Images to Constrain Location of the 
Critical Curve

“Astrometric distortions” carry imprint of poorly understood dark 
matter halo mass function (Dai+18). Could also identify ultra-light 

bosons as DM.
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Figure 7. Simulated maps of the magnification factor (coded in gray scale) in a 1�� �1�� region in the image plane, centered on the critical
curve segment crossing the giant arc in Abell 370 shown in the zoomed-in panel of Fig. 3. The x1 axis is along the direction of arc elongation
(similar but not identical to the orientation of panels in Fig. 3). Image pair locations of magnified stars brighter than mAB = 31 in the
JWST f150w2 filter are shown as blue dots and red triangles, with the midpoints marked as magenta crosses. From left to right, the same
realization for source stars and subhalos is shown for three values of the minimum subhalo mass, as indicated. The yellow square in the
first panel indicates the � 32 mas pixel size of JWST’s NIRCam in the short-wavelength camera, and the di�raction spread at � = 1.5 µm
is shown as the green disk. From left to right, the astrometric precision required to detect the e�ect of subhalos at a significance S = 2
after fitting the midpoints to a straight line (and a circle) is �� = 59 mas (64 mas), 82 mas (66 mas), 85 mas (64 mas), respectively.

�� has a median at ⇠ 30–100 mas, with a non-negligible

tail at hundreds of milli-arcseconds. Larger values of

�� are required when subhalos smaller than 10
8 M� are

added, but this saturates for mmin � 10
6 M�. Theoret-

ically speaking, too many low-mass subhalos can limit

the maximum magnification factor and therefore sup-

press the overall number of detectable bright images.

Our simulation results show this e↵ect when the mini-

mum subhalo mass is decreased from 10
8 M� to 10

6 M�,

but we find no evidence that this trend continues to

m � 10
6 M�. We therefore conclude that the astromet-

ric test with magnified stars is most sensitive to subhalos

in the mass range 10
6 M� � m � 10

8 M�. More than

six orders of magnitude below the mass scale of the host

halo, these are beyond the reach of the state-of-the-art

N-body simulations of halo formation. Since star for-

mation should be quenched due to the hot intracluster

environment (Taranu et al. 2014), we expect these sub-

halos to be non-luminous systems. Constraints on their

abundance should be of great interest as a probe to the

dark matter.

The left panel of Fig. 8 shows that allowing the smooth

critical curve to have a small curvature (radius of curva-

ture > 0.3��
) can reduce but not fully eliminate the as-

trometric residuals. As demonstrated by Fig. 7, pertur-

bations by subhalos shift the midpoints of image pairs

incoherently, in a way that cannot be described by a

slight curvature of the critical curve.

The middle panel of Fig. 8 shows that detecting more

caustic crossing stars enhances the astrometric sensitiv-

ity to subhalo lensing, because an increased number of

tracer stars allows for a denser sampling of the critical

curve across the width of the giant arc.

In the right panel of Fig. 8, we vary the normalization

Aacc of the subhalo mass function to assess the sensitivity

of the subhalo perturbations to their abundance. We find

that if the subhalo surface number density is reduced by

a factor of four compared to our fiducial model, there

is still a large probability that the lensing imprints of

subhalos can be revealed along the giant arc with an

astrometric precision of � 30 mas.

Despite the large uncertainty in the subhalo abundance

after an extrapolation down to m � 10
4
–10

8 M�, the re-

sults suggest that the phenomenon we study here should

be observationally detectable in standard CDM. These

observations can constrain several properties of the sub-

halos like concentration and tidal radius, which will need

more detailed studies.

4. DISCUSSION AND CONCLUSIONS

We have proposed a novel method to probe the subhalo

contents of cluster dark matter halos in an unprecedented

regime, down to a subhalo-to-host mass ratio ⇠ 10
�7

–

10
�9

, which has not been directly probed in state-of-the-

art N-body simulations (Diemand et al. 2008). Prob-

ing this wide dynamic range tests structure formation

on sub-galactic scales and explores modifications of dark

matter from the CDM paradigm.

The proposed method uses astrometry of highly mag-

nified image pairs of stars in caustic-straddling giant arcs

to seek subhalo-induced departures from the symmetric

positions expected in a smooth fold. These astrometric

perturbations are strongly amplified when subhalos lie

close in projection to a critical curve. The identification

of image pairs of source stars is aided by their property

of aligning along a unique direction of elongation. Mi-

crolensing by intracluster stars is not expected to appre-

ciably shift image positions but causes flux variability.

This information can help identify image pairs, but one

must properly account for the additional flux fluctuation

due to microlensing of unresolved stars within a single

pixel (see e.g. Tuntsov et al. 2004).

Cluster member galaxies in subhalos with mass m �
10

10 M� can also cause curvature on the critical curve.

However, distortions from these subhalos should be co-

herent over patches around the critical curve as large
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Figure 5: Left panel shows the e↵ect of dark-matter subhalos with 10
8 < m/M� < 10

9
, expected

for ⇤CDM cosmology, to distort the otherwise straight critical curve (Dai et al., 2018). Colored

points show mutual counterimages of lensed stars; the proposed observations should detect at

least ⇠5 pairs of stellar images within ⇠5 giant arcs [see Fig. 3] as well as detect clumps in the

galaxy. Right panel shows a simulation that demonstrates that, if dark matter consists of

ultralight bosons, magnification adjacent to the critical curve will become corrugated. The pairs

of highly magnified stellar images and structures revealed by the proposed ultradeep imaging will

therefore appear irregularly.

Simulation of Frequency of Highly Magnified Stars and Microlensing Events

To estimate the expected rate of events, we use HFF galaxy-cluster models (e.g., Sharon &
Johnson, 2015) to determine the lensed volume at each magnification and redshift. We next
use the Madau & Dickinson (2014) comoving star-formation density to estimate the average
SFR at each redshift in the lensed volume. For di↵erent values of the power-law index of the
Salpeter (1955) stellar IMF, we use the Padova isochrones to determine the number of stars
of each age and initial mass present in the lensed volume. A Monte Carlo simulation is then
used to compute the numbers of stars of each initial mass and age using Poisson statistics.

Name Redshift Peak AB Magnitude Reference
Icarus 1.49 F125W ⇡ 25.5 Kelly et al. 2018
Iapyx 1.49 F125W ⇡ 25.5 Kelly et al. 2018
Spock SE 1.04 F125W ⇡ 27.6 Rodney et al. 2018
Spock NW 1.04 F814W ⇡ 26.6 Rodney et al. 2018
New Event #1 1.04 F200LP/F350LP GO-15936 public imaging
New Event #2 1.25 F200LP/F350LP GO-15936 public imaging
Warhol 0.94 F125W ⇡ 26.3 Chen et al. 2019; Kaurov et al. 2019

Table 1: Images of highly magnified stars detected by HST through their microlensing peaks.
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“Subhalos of masses in the range of 106–108 M⊙ with the abundance predicted in 
the cold dark matter theory should typically imprint astrometric distortions at 
the level of 20–80 mas.”

Famous arc in Abell 370 (Dai+18)
Distortion due to subhalo



Near the critical curve (of a fold caustic), the average magnification 
    goes as,

    where    is the separation of the star from the critical curve in the
source plane.  In consequence, the area with magnification exceeding
    is

R

µ̄

µ̄ / 1/
p
R

A(> µ) / 1/µ2
µ

So, more or less, improving sensitivity by factor of say five, 
would yield ~25x more highly magnified stars.

How Can We Find More 
Magnified Stars?



Flashlights Multi-Year Program with the 
Hubble Space Telescope

Scientific Justification

Extreme gravitational-lensing magnification (up to several thousand) of individual high-
redshift stars by a foreground galaxy cluster, a newly discovered phenomenon (Kelly et al.,
2018; Rodney et al., 2018; Chen et al., 2019; Kaurov et al., 2019), has the ability to address
three major outstanding questions. (a) What is dark matter? Despite decades of searches,
the constituents of dark matter remain unidentified. (b) How was the universe reionized?
The magnifying power of galaxy-cluster lenses holds great potential for studying faint, high-
redshift galaxies, but uncertainties in magnification maps limit our ability to exploit it (e.g.,
Bouwens et al. 2017). (c) How do stellar populations at z = 1–2 di↵er from those in the
nearby universe? We have only been able to study the composite spectral energy distributions
(SEDs) of their luminous stars.

To address the major questions outlined above, we propose ultra-deep Hubble Space Tele-

scope (HST) observations of the six Hubble Frontier Field (HFF; Lotz et al. 2017) clusters.
These targets – Abell 2744, MACSJ0416.1-2403, MACSJ0717.5+3745, MACSJ1149.5+2223,
Abell S1063, and Abell 370 – are among the most powerful gravitational lensing clusters and
have multiband UV-through-IR HST imaging observations as part of the 840-orbit HFF
program with a 5� limiting magnitude of ⇠ 29 AB. We have simulated a two-epoch HST

program of unfiltered WFC3 UVIS and ACS WFC observations [see Fig. 1] of galaxy clus-
ters with a single-visit 5� limiting magnitude of 31AB, two magnitudes deeper than
existing HFF imaging, and we expect to find large samples of both microlensing events

Figure 1: The proposed survey will observe each of six HFF galaxy clusters at two epochs.
During each 16-orbit visit, imaging will alternate between orbits with integrations in ACS WFC
CLEAR and WFC3 F200LP, and will reach ⇠1.5 magnitudes deeper at each epoch than coadded
HFF observations. The full throughputs of ACS WFC CLEAR and WFC3 F200LP as well as the
SEDs of two stars at z = 1 are plotted here; the di↵erences between the two cameras’ responses
will provide constraints on the SED (including reddening) of each star.

1

Should detect many highly magnified stars to 
look-back times of ~10 Gyrs 

The deepest observations ever taken of 
galaxy-cluster fields by a significant factor 
(~5) — strategy is to take very deep 
observation in as short a period as possible 

A total of 192 HST orbits — 
a “Large” program 



Flashlights Multi-Year Program with the 
Hubble Space Telescope

Scientific Justification

Extreme gravitational-lensing magnification (up to several thousand) of individual high-
redshift stars by a foreground galaxy cluster, a newly discovered phenomenon (Kelly et al.,
2018; Rodney et al., 2018; Chen et al., 2019; Kaurov et al., 2019), has the ability to address
three major outstanding questions. (a) What is dark matter? Despite decades of searches,
the constituents of dark matter remain unidentified. (b) How was the universe reionized?
The magnifying power of galaxy-cluster lenses holds great potential for studying faint, high-
redshift galaxies, but uncertainties in magnification maps limit our ability to exploit it (e.g.,
Bouwens et al. 2017). (c) How do stellar populations at z = 1–2 di↵er from those in the
nearby universe? We have only been able to study the composite spectral energy distributions
(SEDs) of their luminous stars.

To address the major questions outlined above, we propose ultra-deep Hubble Space Tele-

scope (HST) observations of the six Hubble Frontier Field (HFF; Lotz et al. 2017) clusters.
These targets – Abell 2744, MACSJ0416.1-2403, MACSJ0717.5+3745, MACSJ1149.5+2223,
Abell S1063, and Abell 370 – are among the most powerful gravitational lensing clusters and
have multiband UV-through-IR HST imaging observations as part of the 840-orbit HFF
program with a 5� limiting magnitude of ⇠ 29 AB. We have simulated a two-epoch HST

program of unfiltered WFC3 UVIS and ACS WFC observations [see Fig. 1] of galaxy clus-
ters with a single-visit 5� limiting magnitude of 31AB, two magnitudes deeper than
existing HFF imaging, and we expect to find large samples of both microlensing events

Figure 1: The proposed survey will observe each of six HFF galaxy clusters at two epochs.
During each 16-orbit visit, imaging will alternate between orbits with integrations in ACS WFC
CLEAR and WFC3 F200LP, and will reach ⇠1.5 magnitudes deeper at each epoch than coadded
HFF observations. The full throughputs of ACS WFC CLEAR and WFC3 F200LP as well as the
SEDs of two stars at z = 1 are plotted here; the di↵erences between the two cameras’ responses
will provide constraints on the SED (including reddening) of each star.

1

~5-sigma limiting magnitude of ~31 AB from 
long-pass filters 

Expect dozens of microlensing events to three-
sigma with dependence on abundance of 
primoridal black holes at 1-2% level 

Identify pairs of highly magnified stars 
to constrain critical curve locations 

Identify the signature of ultra-light 
dark matter 

UV sensitivity to hot, OB stars 



4 Simulation of Frequency of Highly Magnified Stars and Microlensing Events

To estimate the expected rate of events, we use HFF galaxy-cluster models (e.g., Sharon &
Johnson, 2015) to determine the lensed volume at each magnification and redshift. We next
use the Madau & Dickinson (2014) comoving star-formation density to estimate the average
SFR at each redshift in the lensed volume. For di↵erent values of the power-law index of the
Salpeter (1955) stellar IMF, we use the Padova isochrones to determine the number of stars
of each age and initial mass present in the lensed volume. A Monte Carlo simulation is then
used to compute the numbers of stars of each initial mass and age using Poisson statistics.

We next use Eq. 1 of Kelly et al. (2018) to compute the fraction of the source plane
where the magnification exceeds µ. Detectable microlensing events will only occur within a
small region adjacent to the critical curve [see Extended Data Fig. 6 of Kelly et al. (2018)].
We use the stellar mass density distributions for HFF clusters from Morishita et al. (2017).

We use the Strolger et al. (2015) probability distribution for the dust extinction P (AV ) /
exp(��vAV ) with A� = 0.187mag. The Strolger et al. (2015) measurement of the core-
collapse SN rate after correction using this exponential prior agrees with the Madau &
Dickinson (2014) UV-corrected measurement of the comoving SFR density.

Our proposed survey consists of two visits to each cluster consisting of 16 contiguous
orbits (or as close as possible) alternating between orbits with ACSWFC CLEAR and WFC3
UVIS F200LP integrations. As shown in Fig. 7, the number of events is not a strong function
of A� over its likely range of values based on simulation and observation. The two visits to

Figure 7: Dependence of the total number of expected microlensing events brighter than ACS
WFC 31 mag AB (5� detection significance) on the average stellar IMF at fixed SFR (left) and
extinction distribution of massive lensed stars (right). We will be able to constrain

independent of microlensing events the dust extinction and stellar population for each

lensed galaxy through SED modeling from the multi-wavelength HFF observations.

The Strolger et al. (2015) core-collapse supernova rate measurement to z = 2.5 agrees with the
Madau & Dickinson (2014) UV corrected rate measurement of the comoving SFR density.
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James Webb Space Telescope (JWST)

6.5 m

0.6-28 μm

Launch in October — fingers

crossed!

Sensitivity to red 
supergiants


Complements HST’s

blue sensitivity

Figure 2: Simulated measurements of the SEDs of individual stars at z = 1–3 through eight filters

F090W, F115W, F150W, F200W, F277W, F332W2, F356W, and F444W during microlensing

events. We expect to measure the SEDs of 35 such stars with ⇠>5� significance in each band. As

shown above, we will be able to measure the stellar temperature, as well as the extinction law

given broad wavelength coverage.

2 The Galaxy Luminosity Function During Reionization

A key objective of JWST is to answer the question of how the universe became reionized
at z > 6 (e.g., Robertson et al. 2013; Castellano et al. 2016). A main observable required
to study the history of reionization is the rest-frame UV galaxy luminosity function, which
constrains the total SFR at any given redshift.

The total UV emissivity of galaxies at z ⇠> 6 is uncertain by a factor of 2–10, given
current weak constraints on the faint-end (UV ⇠> �15mag) slope and the location of the
UV cuto↵ (e.g., Bouwens et al., 2017). If there is a turnover at the faint end of the galaxy
luminosity function, as favored by Atek et al. (2018), there may not be su�cient UV lu-
minosity to drive reionization. Near the critical curves of the HFF clusters, the proposed
observations should be sensitive to sources as faint as ⇠35AB, making it possible to measure
the properties of the low-luminosity galaxies not accessible without magnification.

3



Pop III stars 
+ BH accretion 
disks 

Pop III may contribute 
significantly to near-IR 
EBL 

Monitor 3-30 clusters for 
a decade to 29 AB to 
detect caustic crossing 
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Caustic-Crossing Events + Highly 
Magnified Stars

• A handful of events have been discovered using HST 
• Deeper observations with HST + JWST should yield 

much larger samples of dozens + begin to realize 
promise 
• Nature of dark matter — PBH’s, axions, subhalos 
• Properties of intracluster stars — IMF, massive 

stellar evolution 
• Properties of high-redshift stars — IMF, stellar 

luminosity function 


