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MACS J1149+2223
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NASA/ESA/S. Rodeny et al.

caustic crossing
(highly magnified individual star)

gravitationally lensed supernova



Hubble tension
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• its potential solution includes 
exotic dark matter models 

   (e.g., interacting dark matter,  decaying dark matter, …)

MO Butsuri 78(2023)630
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Hubble constant with Refsdal
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Kelly, Rodney, Treu, MO+ Science 380(2023)abh1322



More and more lensed supernovae!
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Hubble Frontier Field Galaxy Cluster
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Chen, Kelly, MO+ Nature 611(2022)256

early supernova light 
curve reconstructed
with gravitational lens 

time delay



More and more lensed supernovae!
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Supernova H0pe (Type Ia, z=1.78)

NASA/ESA/J. Pierel et al.

NASA/ESA/B. Frye et al.

Supernova Requiem & Encore 
(Type Ia, z=1.95)

H0=75.7+8.1-5.5 km/s/Mpc
Pascale+ (incl. MO) ApJ 979(2025)13

H0=??? 
work in progress



Reappearance of Requiem
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NASA/ESA/J. Pierel et al.

3 supernova image observed in 
2016 Rodney+ Nature Astronomy 5(2021)1118

Requiem reappearance in 2026-2027
predicted by the latest mass models

<3% measurement of H0 

work in progress



Caustic crossing
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critical curve
(image plane)

caustic
(source plane)

image
(observed)

source
(not observed)

very high 
magnification
when source 

crosses caustic



Discovery of Icarus
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Kelly+ (incl. MO) Nature Astronomy 2(2018)334

N
A

SA
/ESA

/P. K
elly 

Johan Richard model• single star (blue supergiant) at z=1.5

maximum magnification
𝜇 ~ 4000 !

vicinity of
critical curve



Constraint on Primordial Black Holes
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• new analytic model assuming 
probability is proportional to 
number of independent 
micro-critical curves N★indep
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FIG. 1. The average (red solid line) and 1� standard devia-
tion (blue dashed lines) of the magnifications as a function of
the distance from the caustic. The vertical dotted line is the
position of the caustic. We set 0 = 0.7, ✏ = 10�5, ? = 0.004,
✓Ein = 1.0, �W = 0.05, and R? = 1500. The average mag-
nification and dispersion are calculated using Eqs. (56) and
(50). Here B and �B are obtained from Eq. (49) assuming
B = �B . The standard deviation is calculated by Eq. (48).

uniformly distributed randomly on the lens plane. There-
fore, the original Einstein radii of all microlenses are the
same, which is denoted by ✓Ein, and the number of mi-
crolenses, N tot

? , is proportional to the mass fraction of
the microlenses f?. The average magnification does not
depend on the mass fraction f? but on the total mass, as
is analytically shown by Dai and Pascale [14] (Eq. (49)),
and is expressed by

µav =
1

|(1� tot)2 � �2
tot|

=
1

|1� 2tot|
. (58)

To be precise, while the background convergence would
be B = tot � ? as we fix the total convergence, the
simulation conducted by Gerlumph [16] also supports
the above relation. Note that the average magnifica-
tion can be decomposed into the tangential magnification
µt,av and radial magnification µr,av, where they satisfy
µt,av = µav and µr,av = 1 since we adopt tot = �tot.

We study the parameter dependence of the high mag-
nification tail of the PDF on the average magnification
µav, which depends solely on the total convergence, and
the mass fraction of microlenses f?. For convenience, we
introduce the normalized magnification

r =
µtot

µav
(59)

and focus on the high magnification regime, r & 10.
Note that, since the average magnification is determined

by the distance from the macro-critical curve or caus-
tic, e.g., Eq. (35), our model allows us to study how the
high-magnification events appear near the macro-critical
curve, as discussed in Sec. V.
We find that the high magnification tail of the PDF

can well be modeled as

dP

d log10 r
/ N indep

?
p
µav r�2S(r; rmax), (60)

where the N indep
? denotes the independent number of

micro-critical curves, and the S(r; rmax) is the suppres-
sion function of the PDF above the maximum magni-
fication rmax due to the finite source size e↵ect. In
the case of point sources, S(r; rmax) = 1. The factor
p
µav expresses the expansion of the length of each criti-

cal curve (and caustic) under the smooth background as
shown in Sec. II B. The r�2 dependence appears from the
width around the critical curve where the magnification
takes between log10 r and log10 r + d log10 r, as shown in
Eq. (21). To summarize, the first three components on
the right-hand side, N indep

?
p
µav r�2, calculate the to-

tal area where the magnification is between log10 r and
log10 r + d log10 r, and the finite source size e↵ect is in-
corporated in S(r; rmax).
The independent micro-critical curve is a micro-critical

curve created by a microlens that has the nearest neigh-
bor distance to other microlenses larger than the size of
its micro-critical curve. The distribution of nearest inter-
microlens distances ✓nid of the randomly distributed mi-
crolenses on the lens plane follows a Rayleigh distribution
as shown in App. B

dQ

d✓nid
= 2n?⇡✓nide

�n?⇡✓
2
nid , (61)

where the number density of the microlenses n? is

n? =
f?tot

⇡✓2Ein

. (62)

The mean of the nearest inter-microlens distance is

✓̄nid =

Z 1

0
✓nid

dQ

d✓nid
d✓nid =

1

2
p
n?

. (63)

Since the typical size of each micro-critical curve is
p
µav✓Ein, we can calculate the probability of a micro-

critical curve to be independent as follows,

Q(✓nid >
p
µav✓Ein) =

Z 1

p
µav✓Ein

dQ

d✓nid
d✓nid

= exp(�f?totµav). (64)

Therefore, the number of the independent micro-critical
curve is

N indep
? = N tot

? Q(✓nid >
p
µav✓E)

/ f?tot exp(�f?totµav). (65)
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When the fraction of the microlenses is su�ciently small,
the nearest neighbor distance is almost always larger than
the size of each micro-critical curve, which results in
Q(✓nid >

p
µav✓Ein) ' 1 and N indep

? ' N tot
? . As the

fraction of the microlenses or the average magnification
becomes larger, the typical nearest inter-microlens dis-
tance becomes smaller than the typical size of each micro-
critical curve, and therefore the number of the indepen-
dent micro-critical curves becomes smaller than the total
number of the microlenses, N indep

? < N tot
? . We call the

former regime the “linear regime”, and the latter regime
the “nonlinear regime”. The boundary of the linear and
the nonlinear regimes can be defined by comparing the
mean of the nearest inter-microlens distance ✓̄nid given by
Eq. (63) and the typical size of each micro-critical curve
p
µav✓Ein, resulting

f?totµav ' 1. (66)

In the linear regime where f?totµav . 1, the number
of the independent micro-critical curves is proportional
to the fraction of the microlenses, N indep

? / f?, as can
be understood from Eq. (65). On the other hand, the
number of independent micro-critical curves is exponen-
tially suppressed in the nonlinear regime. Considering
the limit of f? ! 1, all matter components are included
in the microlenses, which in turn approaches the smooth
matter distribution. This is why the suppression occurs
in the nonlinear regime.

In Fig. 2, we plot the distribution of the nearest inter-
microlens distance (black solid line) and compare it with
the size of the micro-critical curve (vertical red solid line).
The microlenses whose distance to the nearest neigh-
bor is larger than the size of the micro-critical curves
(black dotted region) produce the independent micro-
critical curves. The vertical black dashed line is the
mean of the nearest inter-microlens distance. In this case,
only a small fraction of the microlenses are independent
since the mean of the nearest inter-microlens distance is
smaller than the size of the micro-critical curve, i.e., the
nonlinear regime.

In the case of a point source where the suppression
factor is S(r; rmax) = 1, we can model the high magnifi-
cation tail of the PDF by combining all these results to
find

dP

d log10 r
/ f?tot exp(�f?totµav)

p
µavr

�2. (67)

By integrating PDF above a threshold magnification rth,
we can obtain

PPS(r > rth) =

Z 1

rth

dP

d log10 r
d log10 r

/ f?tot
p
µav exp(�f?totµav)

✓
1

rth

◆2

,(68)

where PS denotes the point source. It is found that, by
multiplying

p
µav in both sides, Eq. (68) can be expressed

FIG. 2. Distribution of the nearest inter-microlens distance
(black solid line) and the size of the micro-critical curve (ver-
tical red solid line). The mean of the nearest inter-microlens
distance is plotted by the vertical black dashed line. The dot-
ted region is where the microlenses are independent. Here we
set ✓Ein = 0.2, tot = 0.48, f? = 0.15.

as

Y / X exp(�X), (69)

where X = f?totµav and Y = PPS(r > rth)
p
µav. The

boundary of the linear and nonlinear regimes is X ' 1.
We find for the first time that, by considering this pa-
rameter combination, the dependence of the high magni-
fication PDF on f? and µav can be examined in a unified
manner covering both the linear and nonlinear regimes.
We leave the discussion on the suppression factor due to
the finite source size in Sec. IV.

IV. COMPARISON WITH SIMULATION

To test our model shown in Sec. III, we conduct de-
tailed ray-tracing simulations using our new code CC-
train, which adopts the same algorithm for solving the
lens equation as that used in Glafic [12]. We note that
CCtrain has also been used in Weisenbach et al. [3]
to study the magnification pattern near macro-critical
curves. In addition to the adaptive grid to e�ciently
solve the lens equation, CCtrain uses a hierarchical tree
algorithm to speed up the calculation of deflection angles
from a large number of microlenses [20]. Since magnifica-
tions are derived from the second derivatives of the lens
potential at each source position as µ = 1/{(1�)2��2

},
where  and � are the convergence and shear at the image
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3 Icarus-like
events

• constraints get much tighter 
with a few more Icarus-like 
events 

Kawai & MO PRD 110(2024)083514
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Figure 4. Radially averaged (comoving) density profiles for the

dark matter, gas, and stars for 3 haloes in our simulations under

di↵erent cosmologies are shown at z = 6. The thick solid lines are

dark matter density in the baryon full-physics run, and we also

show corresponding thin lines in the dark matter only runs, which

are similar and show that the baryons have not strongly modified

the dark matter potential wells for these low mass haloes in the

early universe. Thick grey lines show where soliton profiles of

various mass/size lie, which are just marginally resolved by our

simulations. The smallest, densest, most massive soliton profile

approximately matches the simulations.

0 50

Figure 5. Anatomy of a cosmic web dark matter filament. Three

upper panels show a density slice through a filament at z = 7.

CDM has subhaloes on all scales. “WDM” shows caustic struc-

tures. And BECDM has large-scale coherent interference patterns

due to converging flow towards the filament, and a coarse-graining

of caustics on the local de Broglie length scale. The forth sub-

panel shows the estimated sizes of BECDM interference patterns

(at z = 7) by taking �dB of the velocity dispersion of “WDM”,

which are in good agreement with the actual BECDM simulation.

Bottom panel shows redshift evolution of the interference pattern

in the BECDM filament (middle snapshot is the same as BECDM

case in panel above, just rotated).

c� 2019 RAS, MNRAS 000, 1–19

Critical curve and dark matter

13M
oc

z+
20

20

• CDM: many small clumps

• WDM: smooth, no clumps

• FDM: clumps due to quantum interference

CDM

WDM

 FDM    
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Critical curve and dark matter
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• CDM: many small clumps

• WDM: smooth, no clumps

• FDM: clumps due to quantum interference

CDM

WDM
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Astrometric Signals of Subhalos

direction of elongation

macro critical curve

perturber

LD, Venumadhav, Kaurov & Miralda-Escudé 18’

line of sight

to source star

impact parameter 
B ~ 50 kpc

lens cluster

scale radius  
Rs ~ 300 kpc

distortion of critical curve by small clumps 

Dai+2018



Critical curve and caustic crossings

15CDM WDM FDM

Icarus
-like
event

• can measure 
critical curve 
shape with 
many caustic 
crossings



Calculating critical curve fluctuations
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less subhalos

more subhalos

• derive an analytic formula that connects 
power spectrum of critical curve fluctuations 
with that of DM small-scale density fluctuations 

• formula validated with simple simulations

DM small-scale density fluctuations

critical curve fluctuations

ϵ ∼
1

θEin
Pδθx

(k) =
3

2ϵ2
Pδκ(k)



P(k) of CDM and WDM
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• can be calculated with halo-model approach 

P(k) = ∫ dM
dn
dM

ũ(k)
2

subhalo 
mass function

Fourier transform 
of NFW profile

Hezaveh+ JCAP 11(2016)048



P(k) of FDM?
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• wave effect below de Broglie wavelength

λdB =
h

mv
= 180 pc ( m

10−22 eV )
−1

( v
1000 km/s )

−1

• dark matter halo consists of quantum clumps with their size ∼ λdB

Schive+ Nature Physics 10(2014)496



Analytic model of P(k) in FDM
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that are typically larger than the transit radius, unless the FDM
mass is too small (see also the captions to Figures 2 and 3), we
can compare our model with strong lens observations, as we
attempt in Section 3. We also note that our model is likely to be
invalid around and beyond the virial radius, as we do not
include the dark matter distribution outside the virial radius.

The normalized mass profile function ( )r ru � a is assumed
to be a spherical Gaussian function whose radial variance
equals half of the de Broglie wavelength. These assumptions of
sphericity and the Gaussian radial mass profile are consistent
with the findings in Dalal et al. (2021), in which the FDM halo
structure derived using the method proposed in Widrow &
Kaiser (1993) is found to be well described by a superposition
of randomly distributed spherical Gaussian clumps. The
Fourier transform of this function in the projected field is

( )i iu u
k

exp
8

. 27k k
c
2 2M

� � �⎜ ⎟⎛⎝ ⎞⎠
In order to calculate the de Broglie wavelength

λc= 2πÿ/mv, we set v as

( )v
GM
R

3
2

, 28tot

vir
�

where G is the gravitational constant, Mtot is the total mass that
is the sum of the halo mass Mh and the stellar mass Ms, and Rvir

is the virial radius of the halo. Note that v is assumed to be
constant within each halo throughout the paper. An additional
parameter for calculating λc is FDM mass m. Finally, the
position x in the projected field is needed to calculate the power
spectrum.

To sum up, four parameters are required to calculate the
subgalactic matter power spectrum in FDM halos: the total halo
mass Mh, the stellar-to-halo mass ratio Ms/Mh, the FDM mass
m, and the position x. By substituting the normalized mass
profile function in Equation (27), Equation (26) becomes
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( )P k
x

x x r x
k4

3
exp

4
. 29h

h b

2
c
3

h

c
2 2QM M

�
4

4 � 4
�⎜ ⎟⎜ ⎟⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠

With this model, we show the parameter dependence,
especially that of the total halo mass Mh and the FDM mass m.
Figure 2 shows the total halo mass dependence. It is found

that the power spectrum damps at larger wavenumbers with
larger total halo masses. In addition, the amplitude of the
plateau region is smaller with larger total halo masses. The
former can be understood as follows. From Equation (29), we
can find that the spectrum damps at around k∼ 1/λc. From
Equation (28), we have approximately v Mh

1 3r , since we can
approximate Mtot∝Mh and R Mvir h

1 3r . The de Broglie
wavelength scales as Mc h

1 3M r � . Therefore, the damping
scale is different for different total halo masses, even if the
FDM mass m is fixed. The latter result can be understood as
follows. In the plateau region, ( ) ( )P k r x Mc

3
h h

4 3Mr r � , if
we approximate rh(x)∝ Rvir.
These results can also be understood qualitatively, as

follows. The variance in real space is obtained by

( ) ( )' 'd k P k
r N

1
, 302 2 c

h
¨T

M
_ _ _E ⎜ ⎟⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠

where N∼ rh/λc is the number of clumps along the line of
sight. From Equation (30), the fluctuation along the line of
sight can be approximated as ( )' N1 , which is consistent
with the naive picture that ( )' 1 fluctuations of individual
clumps are averaged out by N clumps along the line of sight.
As the total halo mass becomes larger, the virial radius also
becomes larger, and the number of quantum clumps along the
line of sight increases. The large number of clumps along the
line of sight results in the smaller amplitude of the power
spectrum due to averaging.
Figure 3 shows the FDM mass dependence. It is found that

the power spectrum damps at larger wavenumbers, and the
amplitude in the plateau region is smaller with larger FDM
masses. Since the FDM mass and the de Broglie wavelength
are related to each other by λc∝m−1, the power spectrum in
the plateau region is proportional to P(k)∝m−3, and the
damping scale is k∝m. These results can be understood in the
same way as discussed above. As the FDM mass becomes
larger, the de Broglie wavelength becomes smaller, leading to a
larger number of clumps along the line of sight, and the lower

Figure 2. Halo mass dependence of the subgalactic matter power spectrum.
The two parameters Ms/Mh and m are fixed as Ms/Mh = 0.01 and
m = 10−22eV, respectively. The position x is set to one hundredth of the
virial radius of each halo, which is roughly the Einstein radius that we focus on
in Section 3. For each case, we confirm that the radius x is larger than the
transition radius of the soliton core (Schive et al. 2014b).

Figure 3. FDM mass dependence of the subgalactic matter power spectrum.
The other three parameters are fixed as Mh = 1013 h−1 Me, Ms/Mh = 0.01, and
x being one hundredth of the virial radius of the halo, x ∼ 4.4 h−1 kpc. We note
that x is larger than the transition radii of the soliton cores (Schive et al. 2014b),
which are 0.014, 0.14, and 1.4 h−1 kpc for FDM masses of 10−21, 10−22, and
10−23 eV, respectively.
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Here we add a subscript f on P(k), since we are only
considering the FDM component. Assuming spherically
symmetric halos and matter profile functions of each clump,
Equation (16) can be further simplified as
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While the clumps in FDM simulations appear to be
nonspherical (e.g., Schive et al. 2014a), we assume them to
be spherical for simplicity. The validity of this assumption in
our model is discussed in Section 2.3.

Here, we show that the effective halo size rh(x) contains the
information for the density dispersion along the line of sight.
We can rewrite Equation (19) as
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where ( )xhS represents the average halo density along the line
of sight and s2(x) represents the density dispersion, which are
given by

( ) ( ) ( )x
Z

dz r
1

, 21
Z

h h¨S Sw

( ) ( ) ( ) ( )s x
Z

dz r
Z

dz r
1 1

. 22
Z Z

2
h
2

h

2

¨ ¨S Sw � ⎛⎝ ⎞⎠
Figure 1 shows an example of rh(x), assuming an NFW

profile as the halo density profile. It is seen that rh(x)
monotonically increases around the central region, while it
monotonically decreases in the outer region. This behavior can
be understood with Equation (20). Around the central region,
s(x) determines the increase/decrease of rh(x), since the density

dispersion along the line of sight is large. In the outer region,
the halo size along the line of sight Z determines the shape of
rh(x).

2.2. Including Baryon

In Section 2.1, we describe the subgalactic matter power
spectrum of FDM-only halos. Since most of the halos contain
baryon, however, we also need to consider a baryon profile. We
assume that baryon is smoothly distributed with a smooth
density profile function ρb(r). The total density ρ(r) is

( ) ( ) ( ) ( )r r r . 23f bS S S� �

The total projected density Σ(x) is

( ) ( ) ( ) ( )x x x , 24f b4 � 4 � 4

where Σb(x) is defined as

( ) ( ) ( )x dz r . 25
Z

b b¨ S4 w

Since we assume that the baryon component does not contain
any randomness, the ensemble averaging of the baryon
functions does not change their functional form. We repeat
the calculation from Section 2.1 in order to obtain the
subgalactic matter power spectrum with baryon,
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( ) ( )

( ) ( )P k
x

x x
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Equation (26) indicates that the power spectrum with baryon is
smaller than that without baryon, because the additional
contribution of the smooth baryon component smears out the
density fluctuations due to FDM.

2.3. Parameter Dependence

We calculate the power spectrum using Equation (26) with
specific functions. The halo and baryon profiles are set to the
NFW and Hernquist profiles, respectively. Although the NFW
profile has two parameters, the total halo mass and concentra-
tion parameters, it is known that there is a scaling relation
between them (e.g., Ishiyama et al. 2021). Assuming that
relation, we need only one parameter, the total halo mass
denoted by Mh. The calculations are conducted using the
python module COLOSSUS (Diemer 2018). The Hernquist
profile has two parameters, the total stellar mass and
characteristic radius. The empirical relation between them is
known by fitting a sample of 50,000 early-type galaxies (Hyde
& Bernardi 2009). We thus use the single parameter Ms to
determine the Hernquist profile. Note that we use the stellar-to-
halo mass ratio Ms/Mh as a parameter instead of the stellar
mass Ms. For sufficiently high-mass halos with masses larger
than about 1011Me, the stellar-to-halo mass ratio in the FDM
model is expected to be the same as the ratio in the CDM model
(Cristofari & Ostriker 2019), and is known to be around
10−3–10−1 (Wechsler & Tinker 2018) in this halo mass range.
As mentioned in Section 2.1, the soliton core is ignored in

our model. Therefore, our model is not valid around the central
region of FDM halos. According to Schive et al. (2014a), the
transition radius between the soliton core and NFW profile is
around 3rc, where rc is the core radius that is known to scale
with the FDM mass as well as the total halo mass (Schive et al.
2014b). Since we focus on Einstein radii in strong lens systems

Figure 1. The effective halo size rh(x) as a function of radius x in the projected
density field. We use the NFW profile as the halo profile. The total halo mass is
set to Mh = 1013 h−1 Me, and we use the relation between the concentration
parameter and the total mass of Ishiyama et al. (2021). The integration along
the line of sight is limited to the virial radius, about 438 h−1 kpc.
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• derive P(k) assuming superposition of Gaussian clumps



Progress with JWST

20

N
A

SA
 N

A
SA

 

• more caustic crossings needed to study DM
• JWST is the solution



>40 caustic crossings in Dragon Arc
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Figure 1. Upper panel : A false-color image of the entire “Dragon” arc behind the Abell 370 cluster (Soucail et al. 1987a),
using JWST filters F090W, F150W, and F200W. North is up, East to the left, and a reference angular scale of 100 is shown by
the solid horizontal bar at the bottom right corner The dashed white rectangle shows the region of interest further analyzed in
Figure 2. Lower panels: F200W zoom in on a part of the Dragon in the 2022 image (left panel) and in the e↵ective F200W in
2023 (right panel). The e↵ective F200W image in 2023 was made using F182M and F210M images (see §3.1). Examples of the
apparently bright microlensing events are indicated, where dashed half-crosses show bright sources seen only in 2022 data and
solid half-crosses show sources only in 2023. Many additional microlensing events exist, but are only visible in the di↵erential
image in Figure 2. Horizontal bars in the lower right corners show 100 scales.

image (2022). We use �obs = 2µm images to iden-
tify transients instead of the repeated F410M filter be-
cause the 2µm data are deeper by ⇠ 1mag and higher
spatial resolution. To make the 2023 epoch F182M +
F210M image (i.e., ’e↵ective’ F200W image), we first
performed point spread function (PSF) homogenization
for the F182M and F200W images to match their PSFs
to that of F210M. The PSF for each image was made
using WebbPSF (Perrin et al. 2014) applying the wave-
front measurements for the closest date of each observa-
tion. Convolution kernels were produced using pypher

(Boucaud et al. 2016) by applying a regularization fac-
tor of 0.0001. The kernels were convolved using the
convolve2d function of the scipy.signal submodule
(Virtanen et al. 2020). Using the PSF-homogenized
F182M and F210M images, we created an e↵ective
F200W image by linearly interpolating fluxes at the
pivot wavelength of each filter. The di↵erential image
was then created by subtracting the e↵ective F200W

image (2023) from the PSF-homogenized F200W image
(2022).
Finally, we subtracted the global background of the

di↵erential image. This is to remove any large-scale
background in the di↵erential image, mostly because of
the slight di↵erence in background (sky and intracluster
light) subtraction during the production of mosaicked
images. As a result, a clean di↵erential image was cre-
ated with the pixel distribution of ⇠ 0.0± 0.8 nJy. The
di↵erential image clearly shows significant positive and
negative peaks across the Dragon arc, indicating a large
number of transient events observed over the two epochs
(Figure 2).

3.2. Transient Detection

We used DAOFIND (Stetson 1987) incorporated in
the photutils.detection submodule and SExtractor

(Bertin & Arnouts 1996) to detect microlensing tran-
sients from the di↵erential image. These two source-

• Dragon Arc at z=0.725 behind Abell 
370 

• >40 lensed stars discovered from 
2 epoch JWST obs. of Dragon
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Figure 1. Upper panel : A false-color image of the entire “Dragon” arc behind the Abell 370 cluster (Soucail et al. 1987a),
using JWST filters F090W, F150W, and F200W. North is up, East to the left, and a reference angular scale of 100 is shown by
the solid horizontal bar at the bottom right corner The dashed white rectangle shows the region of interest further analyzed in
Figure 2. Lower panels: F200W zoom in on a part of the Dragon in the 2022 image (left panel) and in the e↵ective F200W in
2023 (right panel). The e↵ective F200W image in 2023 was made using F182M and F210M images (see §3.1). Examples of the
apparently bright microlensing events are indicated, where dashed half-crosses show bright sources seen only in 2022 data and
solid half-crosses show sources only in 2023. Many additional microlensing events exist, but are only visible in the di↵erential
image in Figure 2. Horizontal bars in the lower right corners show 100 scales.

image (2022). We use �obs = 2µm images to iden-
tify transients instead of the repeated F410M filter be-
cause the 2µm data are deeper by ⇠ 1mag and higher
spatial resolution. To make the 2023 epoch F182M +
F210M image (i.e., ’e↵ective’ F200W image), we first
performed point spread function (PSF) homogenization
for the F182M and F200W images to match their PSFs
to that of F210M. The PSF for each image was made
using WebbPSF (Perrin et al. 2014) applying the wave-
front measurements for the closest date of each observa-
tion. Convolution kernels were produced using pypher

(Boucaud et al. 2016) by applying a regularization fac-
tor of 0.0001. The kernels were convolved using the
convolve2d function of the scipy.signal submodule
(Virtanen et al. 2020). Using the PSF-homogenized
F182M and F210M images, we created an e↵ective
F200W image by linearly interpolating fluxes at the
pivot wavelength of each filter. The di↵erential image
was then created by subtracting the e↵ective F200W

image (2023) from the PSF-homogenized F200W image
(2022).
Finally, we subtracted the global background of the

di↵erential image. This is to remove any large-scale
background in the di↵erential image, mostly because of
the slight di↵erence in background (sky and intracluster
light) subtraction during the production of mosaicked
images. As a result, a clean di↵erential image was cre-
ated with the pixel distribution of ⇠ 0.0± 0.8 nJy. The
di↵erential image clearly shows significant positive and
negative peaks across the Dragon arc, indicating a large
number of transient events observed over the two epochs
(Figure 2).

3.2. Transient Detection

We used DAOFIND (Stetson 1987) incorporated in
the photutils.detection submodule and SExtractor

(Bertin & Arnouts 1996) to detect microlensing tran-
sients from the di↵erential image. These two source-

• Dragon Arc at z=0.725 behind Abell 
370 

• >40 lensed stars discovered from 
2 epoch JWST obs. of Dragon

JWST proposal accepted
(cycle 4, 5, 6)

>200 caustic crossings 
to come!
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• exciting discoveries and science from time-domain observations 
of centers of massive clusters of galaxies

• discoveries of gravitationally lensed supernovae leading to 
competitive constraints on H0 from time delays

• statistical studies of caustic crossings revealing small-scale dark 
matter distribution

• cluster centers are promising targets for future CMOS 
observations!


