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ABSTRACT

The flux ratios of gravitationally lensed quasars provide a powerful probe of the na-
ture of dark matter. Importantly, these ratios are sensitive to small-scale structure,
irrespective of the presence of baryons. This sensitivity may allow us to study the halo
mass function even below the scales where galaxies form observable stars. For accu-
rate measurements, it is essential that the quasar’s light is emitted from a physical
region of the quasar with an angular scale of milli-arcseconds or larger; this minimizes
microlensing effects by stars within the deflector. The warm dust region of quasars fits
this criterion, as it has parsec-size physical scales and dominates the spectral energy
distribution of quasars at wavelengths greater than 10pum. The JWST Mid-Infrared
Instrument (MIRI) is adept at detecting redshifted light in this wavelength range,
offering both the spatial resolution and sensitivity required for accurate gravitational
lensing flux ratio measurements. Here, we introduce our survey designed to measure
the warm dust flux ratios of 31 lensed quasars. We discuss the flux-ratio measurement
technique and present results for the first target, DES J0405-3308. We find that we
can measure the quasar warm dust flux ratios with 3% precision. Our simulations
suggest that this precision makes it feasible to detect the presence of 107 M, dark
matter halos at cosmological distances. Such halos are expected to be completely dark
in Cold Dark Matter models.

Key words: dark matter — gravitational lensing: strong — quasars: general —
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1 INTRODUCTION

Understanding the properties and behavior of dark matter
(DM) is essential to our understanding of structure forma-
tion and galaxy formation. Its existence is currently our
best model for the structure and evolution of the universe
from scales ranging from the cosmic microwave background
(Planck Collaboration,|[2020) to the rotation curves of spi-
ral galaxies and the dispersion support of spheroidal dwarf
galaxies (see, e.g. [Weinberg et al|[2015; [Bullock & Boylan-|
and references therein). In this theory, bary-
onic galaxies form within extended dark matter halos
|& Rees|1978} White & Frenk|1991)). Direct detection of these
dark halos would provide robust evidence for dark matter’s
existence. Moreover, the particle properties of dark matter,
such as its mass, formation mechanism, and possible self-
interactions, determine the abundance and internal struc-
ture of halos (see e.g. Buckley & Peter||2018, and references
therein). As dark matter continues to evade laboratory de-
tection and is not guaranteed to be detected directly through
non-gravitational interactions, observations of the properties
of dark matter halos provide a crucial way to test hypotheses
about its particle properties.

The ‘Cold’ dark matter scenario and cosmological the-
ory, ACDM, predicts the existence of dark halos down to
planet masses in many models. Detecting
these dark objects, below the expected scale of galaxy forma-
tion, would provide strong evidence in support of CDM and
rule out entire classes of theories in which these low-mass ob-
jects do not exist. For example, warm dark matter (WDM)
refers categorically to scenarios in which free-streaming sup-
presses the matter power spectrum below a characteristic
scale, suppressing the concentration of halos and precluding
their formation below a certain mass scale (Bode et al.[2001}
[Schneider et al.||2012} [Bose et al.|[2016} |[Ludlow et al.|2016]).
Self-interacting dark matter (SIDM) models introduce a self-
interaction cross section between dark matter particles small
enough to preserve the successes of CDM on large scales, but
large enough to drive heat conduction through dark matter
halos. This results in a dynamic evolution of halo density
profiles that begins with core formation and eventual core

collapse (Spergel & Steinhardt||[2000; Balberg et al.||2002;
Kaplinghat et al.| [2016; [Yang et al.|[2023allb; [Zeng et al.
2022). Models in which an extremely light boson with a
mass ~ 10722eV comprises all or part of the dark matter,
usually referred to as "ultra-light dark matter" (ULDM) or
fuzzy dark matter, predict suppression of small-scale struc-
ture similar to WDM, and manifest quantum-mechanical in-
terference effects on galactic scales due to the kpc-scale de
Broglie wavelength of the particles (Schive et al.|2014; Mocz
et al][2017; [Chan et al][2020}; [Laroche et al][2022} [Powell
et al. [2023]). More generally, any theory that modifies the
linear matter power spectrum on scales k > 5 Mpc™! im-
pacts the abundance and internal structure of dark matter
halos. This includes certain models of inflation, primordial
non-Gaussianity, late-decaying DM particles, or a non-zero
running spectral index in slow-roll inflation (Zentner & Bul-
Tock] 2002} [Stafford et al][2020} |Gilman et al|[2022} [Ando
et al2022} [Marfa Ezquiaga et al.|[2022}; [Esteban et al.|2023)).
Primordial black holes (PBH) are another potential DM can-
didate that primarily affect the internal structure of subha-

los (Afshordi et al[2003; |Ricotti et al.[2008; |Carr et al.|[2016}
|Carr & Kiihnel/2020; Dike et al.|2023)

Galaxy-scale strong gravitational lensing can reveal
dark matter structure through its gravitational effects on
sub-galactic scales, and thus provide insight into its proper-
ties (see|Vegetti et al|(2023) for a comprehensive review). In
a galaxy-scale strong gravitational lens, multiple images of
a background source appear due to the deflection of light by
a foreground galaxy and its surrounding dark matter halo.
An extended background source, such as a galaxy, will ap-
pear warped and distorted by strong lensing, and will often
partially encircle the foreground deflector. A more compact
source, such as a quasar, typically appears two or four times
from the perspective of the observerﬂ The first derivative of
the gravitational potential determines the relative positions
of the lensed images, while the second derivative of the po-
tential determines their magnifications. Thus, the positions
and magnifications of lensed images constrain the mass dis-
tribution of the deflector across a range of scales, spanning
the size of the Einstein radius (typically ~ 1 arcsec) down
to the milli-arcsecond scales probed by the image magnifi-
cations. These data are therefore sensitive to the abundance
and internal structure of dark matter halos several orders
of magnitude less massive than the main deflector and its
host halo. The sensitivity of strong lensing observables to
both the abundance and internal structure of halos has led
to constraints on warm dark matter (Vegetti et al.|[2018
[Hsueh et al|[2020} [Gilman et al.|[2020a} Zelko et al.|[2022),
fuzzy dark matter (Laroche et al.|[2022; [Powell et al.|[2023),
self-interacting dark matter (Minor et al.[2021};|Gilman et al.
2021} [2023)), primordial density fluctuations (Gilman et al.
2022)), and primordial black holes (Dike et al.[|2023)).

The state of the field has evolved considerably since
|& Schneider| (1998)) and Dalal & Kochanek| (2002) showed
that low-mass dark matter halos could explain the relative
magnifications (or flux ratios) of quadruply imaged radio-
loud quasars. In the ensuing decades, the sample of known
galaxy-scale strong lenses has grown by an order of magni-
tude, both through the discovery of new systems and the
use of radio-quiet quasars observed at optical and infrared
wavelengths. The modeling frameworks used to analyze and
interpret data from strong lens systems now include more
accurate models for the population of dark matter halos
perturbing the lenses, including dark halos along the line
of sight (Xu et al.|2012 [Despali et al|[2018} |Gilman et al.|
[2019,/2020b; [Sengiil et al.|2022), correlated structure around
the host halo (Gilman et al[2019), and the tidal evolution of
dark subhalos. The calibration of the substructure models
implemented in lensing analyses come from the predictions
of numerical simulations of structure formation in early-type
galaxies (Fiacconi et al2016; Nadler et al.|2023) and semi-
analytic models, including galacticus (Benson|[2012)) and
SatGen (Jiang et al|[2021). Advances in the modeling of
strong lens systems have been enabled by software pack-

ages such as lensmodelﬁ lenstronomyEl Birrer & Amar51

[2018; Birrer et al||2021), GLEE (Suyu & Halkola [2010),

1 If the source is a quasar surrounded by a galaxy, both extended
arcs and multiple images of the quasar appear.

2 https://www.physics.rutgers.edu/ ~keeton/gravlens/

3 https://github.com /lenstronomy /lenstronomy
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PyAutoLensEl (Nightingale et al.[2021), Herculens’| (Galan
et al|[2022)), and the codes ofVegetti & Koopmans| (2009);
Vernardos & Koopmans| (2022), which include capabilities to
forward-model lensing observables through multi-plane lens-
ing computations and simultaneous reconstruction of lensed
images and background sources. Finally, open-source pack-
ages such as pyHalcfl and palta{k]Wagner-Carena et al.l

JWST lensed quasar dark matter survey 3

Quasar warm dust has long been recognized as a poten-
tial source for analyses of dark matter through strong lens-
ing. Several studies have undertaken IR studies of strongly
lensed quasars out to observed frame 10 pm (Agol et al.

2000} [Chiba et al|2005} [Fadely & Keeton|[2011} [Jones et al.
2019; [MacLeod et al|[2009] 2013} [Ross et al[2009). [Chiba

et al|(2005) and MacLeod et al| (2009)) both measured flux

interface between lensing codes and dark matter mod-
els to quickly generate populations of dark matter halos for
lensing simulations.

The background source plays a key role in gravitational
lensing inferences of dark matter structure from image flux
ratios because its spatial extent imposes a particular angular
and temporal scale on the problem. For substructure lensing
studies, the source must be extended enough that the light-
crossing time exceeds the arrival time difference between
lensed images (typically days to months) so that intrinsic
variations in the source produce a negligible change in the
flux ratios. For a typical time delay of ~ 10 days, this im-
plies a spatial extent of at least 0.1 parsec. The source must
also be extended enough to be insensitive to microlensing by
stars in the main deflector. The perturbation of an image
magnification caused by a halo depends on the deflection
angle produced by the halo relative to the angular size of
the source (Dobler & Keeton|2006} Metcalf & Amara)[2012)).
Stars produce deflection angles of order ~ pas. Given typ-
ical galaxy-scale lensing configurations, this implies a min-
imum required source size of ~ mas, which corresponds to
physical scales of ~ 1 parsec at a typical source redshift of
z = 2. Quasar radio and narrow-line emission are extended
enough to meet these criteria (Metcalf & Madaul[2001)), and
these sources have yielded some of the strongest constraints
to date on a turnover in the halo mass function (Gilman

ratios to be consistent with results from lensed radio jets.
These studies probed rest-frame wavelengths of ~3-5 pum,
where we expect light from the quasar accretion disk as well
as both hot and warm dust components (see e.g.
let al|[2012} [Sluse et al|[2013| and references therein). Mea-
suring the flux ratios at even redder wavelengths, where the
warm dust dominates the SED, may provide an even more
robust constraint of dark matter structure. This has now
become possible with JWST, which has both the spatial res-
olution and sensitivity to measure lensed quasar flux ratios
to rest-frame 8 pum given typical source redshifts.

Here we introduce our survey JWST-GO-2056 (PI:
Nierenberg) of 31 quadruply lensed quasars in which we use
multi-band Mid-Infrared Instrument (MIRI) imaging with
JWST to measure the warm dust flux ratios. Given typical
source sizes of 1—10 pc, and target flux ratio precision of 3%,
dark matter halos with masses below 10” M can cause a sig-
nificant perturbation to the flux ratios. No existing dataset
has demonstrated the capability to reveal the presence of
dark halos on these scales across cosmological distances. De-
tecting a population of halos at 10°Me would have profound
consequences for dark matter physics. Independent confir-
mation of the presence of dark halos through lensing would
verify a key prediction of the ACDM paradigm, complement-
ing other probes of low-mass dark matter structure, such as
studies of dwarf galaxies (e.g. |[Nadler et al|[2021b} Dekker

let al][2018] [2019} [Hsueh et al.[2020), with an upper limit of
Mum < 10" Mg (20) (Gilman et al.2020a). Improvements
in this measurement can be made by increasing the sample
of lenses, improving the lens modeling techniques applied to
interpret the data, improving flux-ratio measurement sensi-
tivity, and choosing sources with intrinsically smaller sizes.

Quasar warm dust serves as an attractive light source
for flux-ratio anomaly measurements. This dust compo-
nent has temperatures of hundreds of Kelvin and dominates
the quasar spectral energy distribution at rest-frame wave-
lengths of ~ 8 — 12pm. It has typical sizes of ~ 0.1 — 10
pc (Burtscher et al|[2013; [Leftley et al||[2019), with min-
imal scaling with quasar luminosity. This is much smaller
than the nuclear narrow-line emission with FWHM~100 pc
(Miiller-Sanchez et al.|[2011} [Nierenberg et al.|[2014) 2017)).
Figure [I] demonstrates an example of the magnification in-
duced by a perturbing subhalo on a source with a charac-
teristic size scale of the narrow-line emission compared with
the warm dust emission. The size of the quasar warm dust
emission region is excellent for dark matter studies, as it is
large enough to be unaffected by microlensing while still be-
ing small enough to be significantly magnified by individual
low-mass dark matter halos. It is also bright and ubiquitous.

4 https://github.com/Jammy2211/PyAutoLens
5 https://github.com/austinpeel /herculens

6 https://github.com/dangilman/pyHalo

7 https://github.com/swagnercarena/paltas
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et al. 2022t [Slone et al.[2023) and stellar streams (Bovy et al.
2017, [Banik et al|[2021). Non-detection of these low-mass

halos would falsify CDM, and an inference of their central
density profiles and concentrations would improve existing
bounds from lensing on self-interacting dark matter, fuzzy
dark matter, and the matter power spectrum (see
and references therein).

This paper is organised as follows. In Section [2| we de-
scribe the survey design and sample selection. In Section [3]
we present measurements for the first target observed for
our program, DES J0405-3308 (Anguita et al.[2018). In Sec-
tion[d] we describe how we measure the light components. In
Section [B] we present our model for fitting the quasar spec-
tral energy distribution. In Section@, we discuss our results
in light of previous measurements of this system. In section
[ we estimate our sensitivity to dark matter halos for the
full survey. In Section [§] we provide a summary of the ma-
jor conclusions of this paper. In order to calculate physical
sizes, we assume a flat ACDM cosmology with h = 0.7 and
Qm =0.3.

2 THE QUASAR MID-IR SPECTRAL ENERGY
DISTRIBUTION, AND SURVEY DESIGN

The goal of this program is to measure the flux ratios of
strongly lensed warm dust emission of quasars in order to
constrain the properties of dark matter. Quadruply imaged
quasars were selected from the current known sample of
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~50 systems (Inada et al|[2012} Lemon et al|[2017; [Ag-

nello et al.|2018;|Agnello & Spiniello Delchambre et al.
2019t Lemon et al.[2019; |Stern et al.||2021)). These systems
Yy

were discovered through a combination of data from wide-
field surveys including the Sloan Digital Sky Survey
, the Panoramic Survey Telescope and Rapid Re-
sponse System (Chambers et al.[2016), Gaia
ration et al.|[2023)), the Wide-field Infrared Survey Explorer
(Wright et al[2010), and the Dark Energy Survey
lergy Survey Collaboration et al.[2016). We first describe the
properties of the quasar mid-infrared spectral energy distri-
bution that are relevant to our measurement and explain
how this impacted our observation strategy and lens selec-
tion. After selecting based on the criteria outlined in the
following subsections, the final sample contains 31 lenses.
We will provide detailed information for each target in the
papers that present flux ratios for those targets.

2.1 Photometric requirements for spectral energy
distribution fitting

Our goal is to isolate emission coming from physical regions
more extended than ~ 0.1 pc in order to ensure that these
regions subtend an angular size of ~mas, and are therefore
not contaminated by stellar microlensing in the lens galaxy.
This in turn ensures that the flux ratios we measure are
sensitive only to the presence of low-mass dark matter halos
rather than stellar microlensing or intrinsic variability.

The current picture of the mid-IR emitting region of
quasars has been built up using a combination of narrow-
band imaging, reverberation mapping, and high-resolution
interferometric measurements. One model is consistent with
all of these observations. In this model, the mid-IR SED
of quasars is composed of three relatively distinct sources
of emission. At wavelengths below 2 microns, there is sig-
nificant emission from the quasar accretion disk, which has
physical scales of light-days (e.g. [Wambsganss et al.[{1990;

anders et al.|[1997}; [Anguita et al|2008} [Fausnaugh et al
2016), corresponding to angular sizes of pas at typical source
redshifts. At redder wavelengths, the spectral energy distri-
bution becomes dominated by a ‘hot’ dust region with peak
flux emitted at temperatures ranging from 1000-1400 K (~3
pm) (e.g. Bosman et al|[2023). This emission is associated
with dust near the sublimation temperature that marks the
inner boundary of the dusty region of the quasar and has
characteristic size scales of order 0.05-0.2 pc (Suganuma
et al [2004], 2006; [Mor & Trakhtenbrot| 2011} [GRAVITY]
Collaboration et al.[2020), depending on quasar luminos-
ity. In addition to this, there is a ‘warm’ dust component
(see e.g. and references therein), which domi-
nates the SED at wavelengths of 8-12 pym. This component
is observed to subtend scales of ~ 0.1 — 10 pc, with little
or no scaling with luminosity (Burtscher et al.|2013} Leftley|
ot al [2019).

The size of the warm torus makes it both insensitive to
microlensing, as well as relatively more sensitive to low mass
perturbations than the larger narrow-line region used in pre-
vious flux-ratio anomaly studies (Nierenberg et al||2020}
(Gilman et al|2020a)). Figure [I]illustrates this for the case of
a saddle image in a quadruply imaged quasar. Saddle images
are located at a saddle point in the time-delay surface of the
lens and are therefore particularly sensitive to the effects of
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Figure 1. Illustration of the differential magnification of a saddle
image of a quadruply imaged quasar with a Gaussian light distri-
bution by a perturbing NFW subhalo with a mass of 10 (dashed
lines) and 107 Mg (solid lines), as a function of the position of
the subhalo relative to the center of the lensed image. Per cent
differences in flux are relative to a model without a subhalo. The
subhalo significantly alters the flux of the smaller source (blue
lines) with FWHM typical of the quasar warm dust region, but
it is not massive enough to significantly affect the larger source
(black lines) with FWHM typical of the quasar nuclear narrow-
line region. The JWST program described in this work aims to
have sensitivity to the effects of 107 Mg subhalos, which are not
expected to contain detectable gas or stars. Our final measure-
ments will be made statistically by generating populations of dark
matter halos both in the lens and along the line of sight, and by
marginalizing over uncertainties in the deflector macromodel and
source properties as described in (Gilman et al.[2019} |2020a)).

small-scale perturbations. The smaller source with FWHM
of 5 pc, characteristic of the quasar warm dust emitting re-
gion, is significantly more perturbed by the subhalo than is
the more extended source with FWHM of 80 pc, character-
istic of the quasar nuclear narrow-line region. We are aiming
for measurements that are sensitive to the presence of indi-
vidual 10° Mg NFW halos EI We selected this mass target
as it is below the threshold at which the majority of halos
are believed to contain detectable galaxies (e.g
‘ Based on these simulations, we aim for a target flux
ratio measurement signal to noise of 3%.

[Sluse et al| (2013) performed microlensing analyses of
simulated lensed quasars spectral energy distributions and
demonstrated that lensed quasar images could be signifi-
cantly affected by microlensing at rest-frame wavelengths
blue-ward of 8 pm, because of the small physical size of
the hot dust emitting region, and the quasar accretion disk.
Therefore, ideally, a flux-ratio study of quasars would probe
only the warm dust emission at rest-frame wavelengths be-
yond 10 pm and redder in order to avoid contamination. The
reddest MIRI imaging filter is 25.5 pm. Such a restriction on
rest-frame wavelength would enable us to study only lensed
quasars with redshifts below 1.5.

8 In CDM, we expect large numbers of such subhalos and there-
fore we will model their collective effects.

© 2023 RAS, MNRAS 000,



In order to expand our sample to higher source red-
shifts, and to ensure a lack of microlensing contamination
at lower redshifts, we use multi-band imaging spanning the
near-to-mid-IR SED of the quasar to constrain the relative
contributions of the quasar accretion disk and the hot and
warm dust for each lensed image. Based on simulations pre-
sented in a companion paper (Sluse et al., in prep.), such
multi-band imaging enables the identification of lensed im-
ages affected by significant microlensing and can be used to
reduce systematic uncertainties relative to single-band imag-
ing only.

We adopted the following strategy to measure the
spectral energy distribution of lensed quasar images. For
all lenses, we obtained imaging in F560W, F1280W, and
F1800W to obtain a constraint on the relative brightness of
the quasar accretion disk and hot dust emission. We also
required the reddest filter to measure rest-frame 6 pum or
redder. Thus, for quasars with redshifts z > 2, we required
the faintest lensed image to be detectable in F2550W. Our
target signal-to-noise was 100. Using the pre-launch JWST
Exposure Time Calculator, this corresponded to a minimum
lensed image flux of 1 mJy. The faintest lensed image fluxes
were estimated by applying the optical flux ratios by the
unresolved total flux measured in WISE W4 (22.4 pym).

For source quasars with redshifts z < 2, F2100W (rest-
frame 8 pum or redder) provides sufficiently red wavelength
coverage to mitigate microlensing. This filter is much more
sensitive than F2550W given the lower background and more
compact point-spread function (PSF), and thus we did not
impose a minimum flux requirement for these targets beyond
an unresolved detection of the lens in W4 (total W4 flux for
all four images greater than ~ 3 mJy).

Given typical quasar SEDs, and the sensitivity of MIRI
imaging as a function of wavelength, these criteria were suffi-
cient to ensure that the quasar flux ratios could be measured
with adequate signal-to-noise in the three bluer filters.

In addition to the sensitivity requirements, we selected
lenses with a minimum image separation of 0’1 for accurate
image deblending, given that the highest resolution imaging
is in F560W with a PSF FWHM of 072.

2.2 Macromodel Requirements

Lenses were selected to have four images to constrain the
smooth mass distribution, which is used as a baseline for flux
ratio anomaly studies. Furthermore, we required that the
lens have a ‘simple’ deflector light distribution with no sig-
nificant disk, and only a single massive deflector was needed
to reproduce the observed image positions.

3 OBSERVATIONS AND INITIAL
REDUCTION

The first system to be observed was DESJ040559.7-
330851.00 (Anguita et al[/2018). This lens has source red-
shift of z; = 1.713 and a photometrically estimated deflector
redshift of zq ~ 0.3 (Gilman et al|[2020a). DESJ0405-3308
has an unresolved W4 flux of 7.7 mJy. Assuming the opti-
cal flux ratios are identical to the F2550W flux ratios, this
would indicate an expected faint image flux of approximately
1.3 mJy. Based on our photometric criteria, this was bright

© 2023 RAS, MNRAS 000,
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enough to use F2550W as the reddest filter for this target,
enabling us to measure fluxes at rest-frame ~9.4 ym, where
we expect little to no contamination from microlensing. For
this system, the spectral energy distribution will provide a
useful test of our SED fitting method.

Observations for DESJ0405-3308 were obtained on Oc-
tober 27, 2022. Exposure times were 58 s in F560W,
F1280W, and F1800W and 574 s in F2550W. All exposures
were divided into a three-point dither pattern to improve
spatial resolution and mitigate cosmic rays.

Initial calibration was performed using the default
JWST data calibration pipelin(ﬂ (Greenfield & Miller|[2016;
Bushouse et al.|2022)). Sky subtraction of Level 2 data prod-
ucts was performed using customized routineﬂ before driz-
zling to produce the final images. The final pixel scale was
set to 0”11 per pixel, identical to the native detector pixel
scaleE_I Reduced images in each filter are shown in Figures
3-6.

4 IMAGE FLUX MEASUREMENT

Our goal was to accurately measure the lensed image fluxes
in the presence of other light components including the
lensed quasar host galaxy (which appears as a lensed arc)
and the deflector galaxy light. We adopted a forward mod-
elling approach to measure the lensed quasar image fluxes in
all four filters. The model consisted of a combination of up to
four light components depending on the filter, as described
below.

Lensed quasar images: The quasar light is domi-
nated by the accretion disk and hot and warm dust on an-
gular size scales of micro- to milli-arcseconds. Given that
this is smaller than the smallest imaging PSF with FWHM
of F560W of 0”2, we treated these components as point
sources. We wished our measurement to have as little de-
pendence as possible on the gravitational lensing model, as
the image fluxes will later be used to constrain this model
with dark matter substructure. Therefore, we did not asso-
ciate the point source fluxes or positions with a lens model
but rather treated them as completely independent. This is
the same procedure one might adopt if, for example, there
were foreground stars in the data.

Deflector light distribution: The lens galaxy is de-
tected in F560W and F1280W. We modelled this light dis-
tribution as an elliptical Sérsic profile (Sérsic|[1963).

Lensed quasar host galaxy: The lensed host galaxy
of the quasar is apparent as an extended arc in F560W,
F1280W and F1800W. We modelled the unlensed quasar

9 Using the jwst_1041.pmap context file.

10 Based on https://github.com/STScI-MIRI/Imaging_
ExampleNB

' The MIRI imager sensitivity at long wavelengths ap-
pears to have dropped over the first six months of its op-
eration: https://www.stsci.edu/contents/news/jwst/2023/miri-
imager-reduced-count-rate? Type=miri. If we simply assume that
the time history of this sensitivity drop was similar to what
has been more definitively measured for MIRI spectroscopy
at A > 20pm — https://jwst-docs.stsci.edu/jwst-calibration-
pipeline-caveats/jwst-miri-mrs-pipeline-caveats, this would imply
that the 2550W fluxes we measure are underestimated by about
10 per cent.


https://github.com/STScI-MIRI/Imaging_ExampleNB
https://github.com/STScI-MIRI/Imaging_ExampleNB
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host galaxy light distribution as an elliptical Sérsic profile.
To produce the observed gravitationally lensed arc, we in-
cluded a gravitational lensing model for the deflector mass
distribution. We adopted an elliptical power-law model (Tes-
sore & Metcalf|2015), with external shear.

4.1 Point spread function fitting

We used webbPSF E (Perrin et al||2012| |2014) to fit the
PSF in our data. We used a super-sampling of 3 in order to
enable improved astrometric precision, and because of the
large detector pixel scale relative to the sizes of the light
features such as the lensed quasar host galaxy. At the time
of writing, this software was in active development to update
the models to match observed optics and detector properties.
The default parameters provided a poor fit to the observed
data due to detector-level effects. The dominant discrepancy
was due to inter-pixel capacitance and charge diffusion in the
detector (e.g.|Argyriou et al.[2023). A preliminary model for
the charge diffusion effect has been implemented. However,
at the time of writing, this was only in the detector-sampled
PSF models, while we required a super-sampled PSF model
given the large pixel size relative to the light features.

As an alternative, we found that the PSF could be mod-
elled by varying the webbPSF Gaussian ‘jitter_sigma’ pa-
rameter. The ‘jitter’ effect is implemented in webbPSF by
convolving the PSF model with a Gaussian kernel to ac-
count for spacecraft motion. In practice, the jitter effect has
a nearly equivalent impact on the data, as does charge dif-
fusionE The jitter_sigma value was optimized for each
filter as described in the following.

We used blackbodies at the redshift of the quasar to
account for the wavelength dependence of the PSF. The
temperature of each blackbody was optimized separately for
each filter. Although in principle the PSF spectrum should
be connected to the SED of the quasar (rather than a sin-
gle blackbody), we found that a single blackbody model for
the PSF source provided an excellent fit to the data. We
defer incorporating additional complexity in the PSF simu-
lation until the PSF model has been further refined based
on in-flight results.

In addition to the charge diffusion effects, F560W
displays a prominent ‘cruciform’ artifact (Gaspar et al.
2021} [Wright et al.||2023)), which is a wavelength-dependent,
detector-level artifact apparent beyond the first Airy ring.
The second extension output of webbPSF provides a model
for this feature that provides an improved fit relative to the
PSF model without it. However, residuals owing to the cross
artifact were still prominent in our data. We therefore fit the
F560W data in a relatively small region where the cross fea-
ture was sub-dominant.

4.2 Modelling Procedure

We adopted an iterative approach to fitting our im-
ages, switching between optimizing the PSF parameters
(jitter_sigma and blackbody temperature), and the pa-
rameters associated with light sources and gravitational

12 Development branch 1.2.1.
13 M. Perrin: Private communication.
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Figure 2. The measured flux ratios with respect to image A as
a function of rest frame wavelength. Colored bands indicate the
68% confidence interval of the corresponding warm torus compo-
nent, which is not expected to be microlensed. The labels indicate
whether the image is located at a minimum or saddle point of
the time delay surface. Image A is a minimum. Rest wavelengths
blue-ward of 8 um rest frame have significant contributions from
the hot dust and accretion disk that are small enough to be mi-
crolensed by stars in the lens galaxy and/or time variable on the
day-to-week time scales.

lensing model until both inferences were returning stable re-
sults. Due to the small number of stars in the field of view,
and their very different SED from our quasar images, we fit
the PSF parameters directly using our lensed quasar images.

We fit the three images that contain the lensed quasar
host galaxy simultaneously. We required the image positions,
gravitational lens model, and the centroids of the deflector
and source light to be the same between the three filters
but allowed all other model parameters to vary between
the three filters. F2550W, which contained only four point
sources, was fit independently with no lens model and only
the four independent PSFs.

After finding the best-fitting model parameters, uncer-
tainties were estimated using a Markov Chain Monte Carlo
with the PSF held fixed at the best-fitting value obtained
from the previous steps. Given that the flux ratios show no
variation over a broad range of PSF model parameters (in-
cluding those that provide a poor overall fit to the data),
we do not anticipate that this choice will make a significant
impact on the estimate of the flux-ratio uncertainties. We
used lenstronomy (Birrer et al.[[2015; Birrer & Amara;2018;
Birrer et al.[2021)) for all image fitting and simulation.

4.3 Results of forward modelling and uncertainty
estimation

The best-fit PSF parameters are given in Table [I} and the
measured image fluxes and positions are given in Table [2}
Figure [2] shows the measured flux ratios as a function of
wavelength.

We do not report the lens model parameters. Owing
to the limitations of the current PSF model as well as the
fact that the quasar images are treated as independent fore-
ground objects, the lens and light model parameters we infer
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cannot be meaningfully compared to other studies for this
system, which were based on Hubble Space Telescope data
with a well-modelled PSF (Shajib et al.|2019; |Schmidt et al.
2023)). Ultimately, for our gravitational lensing dark matter
measurement, we will apply the approach used by |Gilman
et al.| (2019} |2020a)) in which only the image positions and
flux ratios are used to constrain the mass distribution of
the deflector. This allows for a high degree of flexibility in
the smooth mass distribution used as the baseline for the
flux-ratio comparison (see also [Nierenberg et al.|[2020). Be-
low we discuss our tests for the dependence of measurement
uncertainty on model choices.

The formal statistical uncertainties for the image fluxes,
positions, and flux ratios were extremely small. Here we
describe how we estimated systematic uncertainties due to
model choices. When estimating uncertainties, it is impor-
tant to make the distinction between absolute fluzes, which
are relevant to SED fitting described in Section [5] and flux
ratios, which are the key quantity for gravitational lensing
estimates.

Position Uncertainties: We estimate the systematic
uncertainties by comparing the measured relative image po-
sitions with those measured in HST WFC3-1R F140W direct
imaging from |Nierenberg et al.| (2020), and find maximum
relative offsets of 07007 in the lensed image positions. This
is much smaller than the pixel sizes of 0711 for JWST MIRI
and 0713 for HST WFC3-IR.

Light component modelling: We performed several
tests of the systematic uncertainties on measured image
fluxes and flux ratios. These included: 1) Fitting the light
in the imaging bands together and requiring the model light
components to have the same parameters except amplitude
in all three bands; 2) Performing the fits in the three fil-
ters separately and allowing the lens model to be different
in each filter; 3) Restricting the source light to be round in
shape; 4) Restricting the host mass profile to have a slope
of 75 = 2 rather than allowing it to vary freely; and 5) Fix-
ing the image positions to those specified by the lens model,
rather than treating them as completely independent fore-
ground light sources. As an additional test on the flux ratios,
we measured the flux ratios before and after including the
lensed quasar host galaxy.

The extended source was most significant in F560W,
contributing approximately 40% of the flux at the location
of the quasar images. In F1280W and F1800W the flux was
less than 10% at the location of the quasar images. This
is reflected in the systematic uncertainties from the tests
above, in which we found that the absolute fluxes varied by
5% in F560W and F1280W and 2% in F1800W, and the flux
ratios varied by up to 6% in F560W and 1% in F1280W and
F1800W.

PSF uncertainties: We found that variations in the
choice of PSF model impacted the absolute image fluxes by
10% or less. We also tested for variation of PSF within a
filter as a function of image brightness. Therefore we did
an additional fit of the F2550W data, allowing each point
source to have a different jitter_sigma value. We found no
significant variation in the value of this parameter between
the four images, indicating that the adoption of a single PSF
model was sufficient for this system. Furthermore, even with
the variable PSF, the flux ratios and fluxes varied by less
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than 1% relative to a fit in which the PSF was the same for
all four images.

Instrument Calibration: The absolute flux calibra-
tion uncertainties for MIRI have not been estimated at the
time of writing. In August 2023 a significant wavelength-
dependent loss in sensitivity of 3% for F1280W, 8% for
F1800W and 18% for F2550W was reported for the MIRI
imager relative to the commissioning sensitivity measured in
Summer 2022E The sensitivity loss seems to have occurred
over time. At the time of writing it is not known what the
sensitivity loss was at the time of the observations for this
program (October 2022), therefore we include the August
2023 reported loss values as an additional systematic uncer-
tainty in our absolute flux measurements.

Conclusion of uncertainty estimate testing:
Based on our tests of systematic sources of uncertainty, we
find that the absolute flux uncertainty is likely dominated
by the uncertainty in the instrument calibration. For this
work, we adopt 15% flux uncertainties in F560W, F1280W,
and F1800W, and 20% flux uncertainties in F2550W based
on our current knowledge of the detector calibration. We ex-
pect these uncertainties to become smaller in the near future
as the instrument behavior is better understood.

The dominant source of flux ratio uncertainty in F560W
was 6% from modelling the lensed quasar host galaxy, while
the uncertainties related to PSF modelling and lensed quasar
host galaxy modelling were comparable for the flux ratio
measurements in F1280W and F1800W. We adopt flux ratio
uncertainties for 2% in these filters. For F2550W, which did
not have an apparent lensed quasar host galaxy, we estimate
1% flux ratio uncertainties.

5 SED FITTING

In this section, we describe how we used the MIRI four-band
photometry to fit the multi-component SED and isolate light
coming from the warm dust region of the quasar, which is
extended enough to avoid contamination from micro-lensing
as described in Section

We followed |Sluse et al| (2013) and adopted a simple
three-component model of the quasar spectral energy distri-
bution. This is composed of power-law continuum emission
from the quasar accretion disk combined with two blackbod-
ies representing the hot dust component, with prior temper-
ature range of 500-1800 K, and the warm dust component,
with prior temperature range 100-500 K. We did not in-
clude emission lines such as PAH emission, which we expect
to make a small contribution to the broad-band fluxes (e.g.
Garcia-Bernete et al.|[2022)).

Our SED model allowed for independent variation of
each component amplitude for each lensed image to account
for the fact that both the quasar accretion disk and the hot
dust are small enough to be affected by microlensing. This
also accounts for intrinsic flux variation of the accretion disc
on timescales shorter than the time delay between the lensed
images (of order days) (Schmidt et al.|[2023). We performed
the SED fit simultaneously for all four images. The temper-
atures of the hot and warm dust blackbodies were allowed to

14 https://www.stsci.edu/contents/news/jwst/2023/miri-
imager-reduced-count-rate?page=1&keyword=MIRI


https://www.stsci.edu/contents/news/jwst/2023/miri-imager-reduced-count-rate?page=1&keyword=MIRI
https://www.stsci.edu/contents/news/jwst/2023/miri-imager-reduced-count-rate?page=1&keyword=MIRI
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Figure 3. Upper panels: From left to right, comparison of original F560W image, best-fit model, and residuals. Lower panels: Separate
light model components. From left to right, model point sources, lensed quasar host galaxy, and deflector light distribution. The yellow
bar in the lower left of the data image indicates 1 arcsecond. The arrow indicates North.
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Figure 4. Upper panels: From left to right, comparison of original F1280W image, best-fit model, and residuals. Lower panels: Separate
light model components. From left to right, model point sources, lensed quasar host galaxy, and deflector light distribution. The yellow

bar in the lower left of the data image indicates 1 arcsecond.

vary as free parameters but were restricted to be the same
for all images. The overall SED amplitudes were also al-
lowed to vary independently to account for different overall
magnifications for the lensed images.

When fitting the lensed quasar SEDs, we computed the
joint likelihood that each set of model parameters would
reproduce the observed fluz ratios (B/A, C/A, and D/A) in
each filter as well as the likelihood that the model matched
the absolute fluzes for image A in each filter. Model SEDs
were transformed into band fluxes following [Gordon et all
We used emcee (Foreman-Mackey et al.|[2013) to
estimate the posterior probability distribution.

Figure |Z| shows the accepted model drawn from the

15 https://github.com/STScI-MIRI/ImagingFluxCal/blob/
main/model_fluxes.py

Markov Chain Monte Carlo, while inferred component flux
ratios for the hot and warm dust blackbodies are presented
in Table The flux ratios are computed by dividing the
normalization of the blackbody component for a given im-
age by the normalization of the corresponding blackbody
component for image A. Although we included the contin-
uum emission in our model to estimate the uncertainty it
might contribute, we do not present the continuum flux ra-
tios as its contribution to the fluxes was small (<10%) in
the observed band-passes.

6 DISCUSSION

Here we discuss the results of SED fitting and flux ratio
measurements in light of other studies of this system.
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Parameter

F560W  F1280W  F1800W  F2550W

jitter_sigma
Temperature (K)

07063
1120

07075
250

07073
680

07061
700

Table 1. Best fit webbPSF jitter_sigma and blackbody temperature for each filter. These values were inferred for our data using
webbPSF development version 1.2.1, and do not include inter-pixel capacitance effects.

Image dRa dDec  F560W  F1280W  F1800W  F2550W
A 1.065 0.318  0.396 1.06 1.38 2.647
B 0 0 0.279 0.656 0.875 1.787
C 0.721 1.152  0.459 1.08 1.42 2.790
D -0.153  1.018 0.536 1.34 1.73 3.357

Table 2. Measured image positions and fluxes in units of mJy. Image positions are measured from the F2550W data. Image naming
follows , and image labels are shown in Figure 3. We estimate the flux ratio (absolute flux) uncertainties to be 6%
(15%), 2% (15%), 2% (15%), 1% (20%) in F560W, F1280W, F1800W, and F2550W respectively. The Right Ascension and Declination
offsets of the quasar images with respect to image B are within 07’007 of those measured by |Nierenberg et al.| (2020).
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Figure 7. Results for SED fitting for separate lensed quasar images fit to a model with continuum plus hot and warm blackbody
components with variable temperature. These components represent the quasar accretion disk (gray) and the hot (orange) and warm
dust (red) contributions respectively. The amplitude of each model component varied freely between images to accommodate size-
dependent microlensing, intrinsic variability, and lensing by the main deflector and potential dark matter substructure. The fits are
required to reproduce the observed absolute fluxes as well as the flux ratios in each filter. See Section [5| for a description of the model.
Each line represents an accepted MCMC draw to illustrate the variations in models.

Ratio  Hot Warm F2550W [or111]

B/A 0587901 0.704£0.02 0.74£0.007  0.65+0.04
C/A 0967001 1077095 1.0540.01  1.25+0.03
D/A 1237004 1.2740.02 1.2740.01  1.17+0.04

Table 3. Flux ratios and one sigma uncertainties measured
through SED fitting, F2550W, and narrow-line [OIII] from
|Nierenberg et al.| (2020).

6.1 SED Fitting Results

The hot dust temperature was inferred to be 12004100
K, and the warm dust temperature was 300+100 K. In-
terestingly, these values are consistent with the best-fit
webbPSF blackbody temperature parameters for F560W
(1130 K) and F2550W (250 K, Table [I). In these filters,
the SED model predicts the flux is dominated by the hot
and warm dust components respectively.

The hot dust flux ratios are significantly different from

the warm dust flux ratios for images B and C. This is
reflected in the flux ratios displayed in Figure 2, which
are nearly achromatic for D/A but show small chromatic
changes for B and C. A microlensing explanation would be
consistent with results from [Nierenberg et al.| (2020), who
found clear signatures of microlensing in image C, which
had a wider Hf emission line in C band relative to the other
three images. Deformation of the broad emission line profile
(such as HP) is a noted signature of microlensing (e.g.
let al.|[2012} [Fian et al|/2021), and reflects the differential
lensing by stars of the higher velocity wings emitted from
the smaller parts of the broad-line region.

From the SED fitting, we see that the flux from the
warm dust is dominant relative to the hot dust. This is con-
sistent with typical quasar SEDs which find a lower covering
fraction of hot dust relative to warm dust
. From this result, we expect little contamination
in F2550W from the more compact hot dust region. We find
that the warm dust flux ratios for this system are consistent
with the F2550W flux ratios.
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6.2 Comparison with past results

There is a significant difference between the cold dust flux
ratios and the [OIII] flux ratios for image C measured by
Nierenberg et al.| (2020). As discussed in the Introduction,
the [OIII] and warm dust emission regions are both ex-
tended and not subject to microlensing or time-variability on
the day-to-month time scales relevant to galaxy-scale lenses.
Therefore, the differences in flux ratios cannot be explained
by these phenomena. Furthermore, differential dust extinc-
tion is not a likely explanation as the [OIII] emission is red-
shifted to ~1 pm at the redshift of the deflector, and the
quasar warm torus light is redshifted well beyond this. As-
suming all measurement uncertainties have been accurately
characterized, we explore two possible explanations below.

An offset between the centroid of the [OIII] emission
and the warm torus emission could create a small difference
in the flux ratios. Offsets have been observed to be of or-
der tens of parsecs (Singha et al.|[2022]) between the nuclear
narrow-line region and the quasar accretion disk. We tested
the impact such an offset would make by choosing a macro
model that fits the measured image positions and flux ra-
tios, and offsetting the source from the best-fit position. A
10 pc offset, for example, would create a flux-ratio differ-
ence of up to 2% and change the image positions by up to
0”007. However, the flux-ratio changes are not independent
of each other and there is no source offset that reproduces
both the image positions and flux ratios for the [OIII] and
warm dust in this system. Further investigation of the grism
data from [Nierenberg et al.| (2020) with simulated offsets
between the continuum and the [OIII] region on the two-
dimensional grism data would enable limits to be placed on
the possible magnitude of such an offset for this system.

Another explanation for the difference in flux ratios is
differential milli-lensing by low mass perturbers. The mid-IR
and [OIII] sources have intrinsically different characteristic
sizes. The two sources could be magnified differently by the
same mass perturber. A qualitative example of this effect is
provided in Figure[I] in which a small source like the warm
torus is strongly de-magnified by a perturbing subhalo, while
a larger narrow-line region source is not. As with the exam-
ple lensed image in Figure[I} image C is a saddle image and
we would therefore typically expect it to be de-magnified by
a local perturbation to the macromodel, thus the observed
in the flux ratios could be explained by this type of phe-
nomenon. The differential effect of such a perturbation on
the narrow and warm dust flux-ratios would depend on a
variety of factors including both the mass of the perturba-
tion and the intrinsic size of the narrow-line region. Based
on the grism spectra, |[Nierenberg et al.| (2020]) placed an ap-
proximate upper limit of ~ 100 pc on the FWHM of the
narrow-line region for this system based on a lack of dif-
ferential extension in the spectra of the four lensed images.
Such a differential extension would be observed in the grism
spectrum if the narrow-line emission was partially resolved
(see also |[Nierenberg et al.[[2017). As a test, we started with
a macromodel that fits the observed [OIII] flux ratios and
image positions. Assuming the [OIII] emitting region has a
FWHM of 50 pc, a perturbation with mass scale 107 Mg
could reproduce the observed warm torus flux ratios for this
system while leaving the [OIII] flux ratios unchanged.

In reality, we expect many low-mass halos in the lens
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and along the line of sight, potentially perturbing all four
images simultaneously, therefore we defer a more meaningful
physical interpretation of the discrepancy between the [OI1]]
flux ratios and the mid-IR flux ratios until we have included
the effects of full populations of halos and subhalos (Keeley
et al. in prep).

7 DARK MATTER CONSTRAINTS
FORECAST

Given the flux-ratio precision measured in this work, we can
estimate the constraint on dark matter properties obtain-
able from the full sample based on the scaling simulations
by |Gilman et al.| (2019). The current WDM constraint is
based on a sample of 8 lenses with approximately 6% mea-
surement precision. Extrapolating to 31 lenses with a 3%
measurement precision for the relative flux ratios yields an
estimated 95% upper limit on a turnover in the half mode
mass Mum of below 107 Mg if dark matter is cold. This
would correspond to a limit on a thermal relic particle mass
above 9.7 keV. The current limit from lensing is My, < 1078
(Mwpwm >5.2 keV) based on 8 lenses with narrow-line mea-
surements (Gilman et al.|2020a). Constraining the half mode
mass to be below 107 Mg, would imply the existence of com-
pletely dark subhalos and provide a validation of a major
prediction of Cold Dark Matter.

In addition to WDM, |Gilman et al.| (2021) showed that
the compact sources in the JWST dataset make these data
highly sensitive to the internal structure of halos. This has
particularly relevant consequences for self-interacting dark
matter, which can cause halos to undergo core collapse,
raising their central densities and therefore their lensing
efficiency. Based on the forecasts by |Gilman et al.| (2021)
and the analysis with existing data performed by |Gilman
et al.| (2023), the sample size of lenses obtained through this
JWST program should enable constraints on self-interaction
cross sections in which > 40% of halos core collapse. The
properties of the SIDM cross section required to produce this
quantity of collapsed objects depend on the degree to which
tidal stripping and evaporation alter the collapse times for
subhalos and on the nature of the self-interaction itself. [Kee-
ley et al.| (2023)) demonstrated that this data set will en-
able the detection of a mixture of dark matter made of 50%
WDM with half mode mass of 10%® Mg and 50% CDM. Sim-
ilarly, major improvements will be obtained for limits on all
dark matter models that produce observed consequences on
these scales, including, for example, fuzzy dark matter and
PBHs.

8 SUMMARY

We present flux-ratio measurements for DES J0405-3308,
the first of 31 systems to be observed in our program to
measure rest-frame mid-IR flux ratios of quadruply imaged
quasars with JWST.

Our main conclusions are as follows:

(i) We find that the MIRI point spread function is well fit
when significant additional jitter is added to the model, and
when the source spectrum is treated as a blackbody with
variable temperature in each filter.
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(ii) The flux ratios can be measured to an estimated 6%,
2%, 2%, and 1% precision in F560W, F1280W, F1800W,
and F2550W, with the dominant source of uncertainty com-
ing from modelling the lensed quasar host galaxy light in
the three bluer filters and from the point spread function in
F2550W. The absolute flux uncertainties are estimated to
be dominated by ongoing instrument calibrations. For this
work, we adopt 15% uncertainties in F560W, F1280W, and
F1800W, and 20% in F2550W, but we expect these to im-
prove in the future.

(iii) We introduce an SED-fitting method that enables us
to take into account the high flux-ratio precision and the
relatively uncertain absolute flux precision. This model fits
for the temperatures of the dust components as well as the
relative amplitudes of each component in each lensed image.

(iv) We estimate the hot and cold dust temperatures for
the source to be 1200+100 K and 300£100 K. The hot dust
region shows substantial microlensing relative to the warm
dust region, confirming the sub-parsec size of this region.

(v) The flux ratios inferred from the warm dust com-
ponent of SED fitting are consistent with the flux ratios
measured in F2550W. Given current absolute and flux-ratio
measurement uncertainties, the warm dust emission flux ra-
tios can be measured to 3% with one-sigma uncertainty. This
sensitivity will enable us to infer population-level statistics
of dark matter halos below masses of 10” Mg in future work,
thus providing a test of a key prediction of CDM.

(vi) The F2550W and warm dust flux ratios are inconsis-
tent at a 20% level with narrow-line flux ratios measured by
Nierenberg et al.| (2020). This can potentially be explained
by the presence of a low-mass dark matter halo magnifying
the smaller warm torus light, but not significantly affect-
ing the more extended narrow-line region image fluxes. Full
modeling of the substructure and finite size effects, to be
presented in a future paper, will be used to study the origin
of the discrepancy in more detail.
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