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Abstract

We present JWST NIRCam coronagraphic observations of the HD 141569A circumstellar disk, obtained as part of
the JWST Early Release Science program. The observations recover the multi-ringed structure seen in previous
shorter-wavelength observations, but at filters centered on the ~3 pum water ice absorption feature and a
complementary continuum region (F300M and F360M, respectively). The observations reveal apparent absorption
between the F300M and F360M filters that decreases with radius, with a notable change around 200 au, between the
innermost and outermost two rings. These results are consistent whether the data is reduced via deconvolution or
through a forward-modeling approach. We demonstrate that these changes suggest a radial decrease in the water ice
mass fraction by a factor of ~3—-10 and possibly a change in minimum grain size. We do not detect any point
sources within the system and can exclude planetary companions 2 Jupiter masses and greater beyond 17 radius
(~111 au). These observations and the subsequent analysis illustrate a robust pathway for using JWST/NIRCam to
characterize the distribution of water ice in other circumstellar disks. We highlight some of the early lessons learned
from this work that we hope will be useful for future circumstellar disk observation planning and analysis.

Unified Astronomy Thesaurus concepts: James Webb Space Telescope (2291); Coronagraphic imaging (313);
Circumstellar disks (235); Direct imaging (387); High contrast techniques (2369); Infrared observatories (791);

Space observatories (1543); Exoplanet astronomy (486)

1. Introduction

Protoplanetary and debris disks, collectively referred to as
circumstellar disks, are important constituents of planetary
systems, as they can directly inform us about ongoing or past
planet formation processes (e.g., M. C. Wyatt et al. 2015;
A. M. Hughes et al. 2018; M. Benisty et al. 2023). Scattered
light imaging of circumstellar disks has largely been conducted
to date at wavelengths within and shortward of the K-band
atmospheric transmission window, where the low sky and
telescope thermal backgrounds are most conducive to the
detection of faint circumstellar nebulosity and where corona-
graphic instruments have historically operated (e.g., E. A. Rich
et al. 2022; A. Garufi et al. 2024; C. Ginski et al. 2024,
P. G. Valegard et al. 2024). Longward of the K band, only a
small handful of disks have been imaged in scattered light, and
prior to JWST, all from the ground (e.g., C. McCabe et al.
2003; G. Duchéne et al. 2004, 2010; C. McCabe et al. 2011;
J. Milli et al. 2014; T. J. Rodigas et al. 2015; D. Mawet et al.
2017). Due in part to high sky backgrounds, and the
complications associated with observing through the Earth’s
atmosphere, these observations have only been possible so far
for edge-on disks, or the brightest inner regions of non-edge-
on disks.

With the launch of the James Webb Space Telescope
(JWST; J. P. Gardner et al. 2023), it is now possible to observe
at these longer wavelengths outside the Earth’s atmosphere
and with a much lower telescope thermal background,
providing a major opportunity to expand the scope of disk
scattered light and thermal imaging. Long-wave (22 pum)
near-infrared (NIR) and mid-infrared (MIR) observations open
up many exciting new prospects: e.g., (a) constraining dust
properties through color measurements over a wide wave-
length baseline from the MIR to the optical (when combining
data from the Hubble Space Telescope, HST, and ground-
based observatories; I. Rebollido et al. 2024), (b) probing for
the signature of water ice on dust grain surfaces through the
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strong 3 pm absorption feature (e.g., M. Kim et al
2019, 2024); and (c) conducting more sensitive searches for
self-luminous planets, which may be sculpting the disk
substructure (e.g., A. L. Carter et al. 2021).

The JWST Early Release Science (ERS) Program for Direct
Observations of Exoplanetary Systems (Program ID 1386;
S. Hinkley et al. 2022) has the primary goal of demonstrating
these new scientific opportunities enabled by JWST’s obser-
ving capabilities relevant to the exoplanet and circumstellar
disk direct imaging community. Previous results from this
program include: (a) the observation and characterization of
planet HIP 65426b (A. L. Carter et al. 2023), the first
extrasolar planet to be imaged with JWST; (b) the spectro-
scopic characterization of planetary-mass object VHS 1256b
using the NIRSpec IFU and Mid-Infrared Instrument (MIRI)
MRS modes, resulting in the detection of the first silicate cloud
features in a planetary-mass companion, and delivering the
most detailed spectrum yet for an object in this mass range
(B. E. Miles et al. 2023); and (c) aperture masking
interferometry of the star HIP 65426 (S. Sallum et al. 2024;
S. Ray et al. 2025). These results have already led to follow-up
analyses. S. Petrus et al. (2024) followed-up the VHS 1256b
data from B. E. Miles et al. (2023) in an exploration of how
well various self-consistent atmospheric models fit the
extremely high-quality data from JWST, and N. Whiteford
et al. (submitted) have carried out a detailed retrieval analysis
from the same data set. Finally, early lessons learned and
recommendations developed from the ERS program have been
published in S. Hinkley et al. (2023).

In order to demonstrate JWST’s ability to coronagraphically
image faint extended emission, the ERS 1386 program
includes both NIRCam and MIRI coronagraphic imaging of
the HD 141569A disk. This paper focuses on the NIRCam
observations while the MIRI observations will be reported in
E. Choquet et al. (2025, in preparation).

1.1. HD 141569A’s Disk

The disk around HD 141569A (B9.5V, 111.6 + 0.4 pc;
C. Jaschek & M. Jaschek 1992; Gaia Collaboration 2020) is
commonly quoted to have an age of 5 + 3 Myr
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(A. J. Weinberger et al. 2000). However, we note that the age
determined in A. J. Weinberger et al. (2000) used the
Hipparcos distance of ~100 pc (M. A. C. Perryman et al.
1997) rather than the distance determined by Gaia (Gaia
Collaboration et al. 2016), reported here. A farther distance
would lower the absolute magnitude used for age estimation
and push the system to a slightly younger age. The disk has an
infrared (2-200 pm) excess luminosity, Lig /Ly = 8.7 X 1073
(N. Pascual et al. 2016), which lies in between the typical
values associated with protoplanetary disks and debris disks.
The excess level, in combination with the fact that significant
gas has been detected in the system (B. Zuckerman et al. 1995;
W. F. Thi et al. 2014; K. M. Flaherty et al. 2016; J. A. White
etal. 2016; J. M. Miley et al. 2018; E. Di Folco et al. 2020) has
resulted in it being classified as a “hybrid” disk (e.g.,
A. Kospdl et al. 2013; J. Péricaud et al. 2017), in between
the protoplanetary and debris phases.

The disk was first imaged in scattered light with HST by
NICMOS (J. C. Augereau et al. 1999; A. J. Weinberger et al.
1999), and subsequently with the Space Telescope Imaging
Spectrograph (STIS; D. Mouillet et al. 2001) and the
Advanced Camera for Surveys (M. Clampin et al. 2003).
These observations revealed two ring-like components at
~200 and ~325 au radius, and significant nonaxisymmetric
structure possibly caused by dynamical interactions of an
unseen planetary perturber (M. C. Wyatt 2005), or the pair of
nearby M-stars (D. R. Ardila et al. 2005; A. C. Quillen et al.
2005). A third disk component, inside of ~100 au, was first
imaged in thermal emission at 11 um by M. M. Moerchen
et al. (2010), and subsequently detected from ~46-116 au in
scattered light using STIS by M. Konishi et al. (2016).

Ground-based follow-up has traced the scattered light
emission from the H band to the L band down to angular
separations of ~0.25, revealing the innermost component to be
a highly asymmetric ring with surface brightness peaking at
~44 au and with tentative hints of faint spiral structures
(T. Currie et al. 2016; C. Perrot et al. 2016; J. S. Bruzzone
et al. 2020; G. Singh et al. 2021; C. Xie et al. 2022). A possible
interpretation of the detected asymmetry is a recent collision
between large planetesimals that causes the dust density to
vary azimuthally (G. Singh et al. 2021). Alternatively, the
asymmetric disks could be the result of dust—gas interaction
(W. Lyra & M. Kuchner 2013; A. J. W. Richert et al. 2018).

This work focuses on JWST/NIRCam observations of the
system, at 3 and 3.6 pum. The two primary science goals of the
JWST/NIRCam observations are to: (a) leverage NIRCam’s
access to the 3.0 um water ice feature to search for evidence of
icy disk grains and measure their spatial distribution, and (b)
search for planets that may be driving the dynamical features
seen across the disk. A programmatic goal of the ERS program
as a whole is to offer recommendations to the community on
the most effective observational practices, as well as to provide
“science enabling products.” In this respect, we present a
repository where all of the data products and analysis
presented herein can be found in github °* and in Zenodo at
doi: 10.5281/zenodo.16734248.

1.2. Water Ice in Circumstellar Disks

Given the critical role of water in the development and
evolution of life on Earth (e.g., F. Westall & A. Brack 2018),

33 hitps://github.com/maxwellmb /jwst_ers_NIRCAM_HD141569A
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the formation and long-term stability of water ice within
exoplanetary systems is of high interest. The formation of
water ice onto dust grains in protoplanetary disks likely plays a
critical role in the formation of planetary cores by enhancing
the abundance of solid material outside the ice line and
increasing the stickiness of grains in collisions (e.g., M. Min
et al. 2011). Water ice is ubiquitous in the rings and moons of
the outer solar system (e.g., G. Filacchione et al. 2012). The
delivery of water to forming or recently formed planets by
material outside the snow line is thought to be a primary
mechanism of accreting water onto terrestrial planets, includ-
ing the Earth (e.g., D. P. O’Brien et al. 2018). In this respect,
understanding the prevalence of water ice in circumstellar
disks across their lifetimes is critical to understand the water
life-cycle in planetary systems.

In scattered light, there are ice absorption features centered
at roughly 2, 3, and 4.5 pum, where the 3 pum feature is
strongest by more than an order of magnitude (A. K. Inoue
et al. 2008). The 2.9-3.2 pum feature is most significant for
smaller grain sizes (<1 pm), but it is also present for larger
grain sizes. However, photosputtering by UV photons may
reduce the prevalence of ice (A. Grigorieva et al. 2007; A. Oka
et al. 2012). In the optically thick case, if the scale height of
the disk increases as a function of radius, then this effect may
be more prominent at larger radii.

Ground-based scattered-light water ice absorption measure-
ments have been carried out on five protoplanetary disks (HK
Tau B, HV Tau C, HD 142527, HD 100546, and AB Aur), the
debris disk HR 4796A, and HD 141569A. The two edge-on
disks HK Tau B and HV Tau C were first shown by H. Terada
et al. (2007) to exhibit water ice absorption using Subaru IRCS
spectroscopy. Interestingly HV Tau C showed significant time-
variability, suggesting a localized dust cloud moving in and
out of the line of sight. Using multiband imaging at K and L
with Subaru/CIAO, in combination with a medium-resolution
filter centered at 3.08 ym, M. Honda et al. (2009) reported the
detection of water ice in one spiral arm of HD 142527. Similar
observations were carried out by M. Honda et al. (2016), who
also detected statistically significant absorption in the HD
100546 disk in a 3 pm filter using Gemini/NICL. Interestingly,
they compared their measurements against the UV H,O
photodesorption model by A. Oka et al. (2012) and found that
their radial profile slightly preferred the model with photo-
desorption as compared to their model without it.

S. K. Betti et al. (2022) observed AB Aur with similar
broadband filters and also found statistically significant
absorption from H,O ice. Their analysis revealed that grain
mass fraction of water ice inferred upon comparison with
MCFOST Mie-scattering models depends on whether one
compared the ice band to the K observations (0%—5% ice by
mass), or the L' data (~68%). At the distance where their
measurements were made, they argue that the mass fraction is
unlikely to be as high as 68%, and that the L' scattering surface
may be at a different height in the disk relative to the dominant
water absorption.

The results are varied for the older disks surrounding HR
4796A and HD 141569A. T. J. Rodigas et al. (2015) presented
a detailed dust grain compositional analysis of HR 4796A
using 11 photometric points and concluded that water ice was
either not present or present only at low abundance in the
system. Recently, J. K. Kueny et al. (2024) published ground-
based observations of HD 141569A with the Clio-2 camera
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Table 1
Instrument Configuration
Target Filter Readout Mode Nramps Nints Exp. Time (s) per Dither Roll Angle Nbithers
HD 141569A F300M DEEP8 10 20 4019.59 279.76 1
HD 141569A F300M DEEP8 10 20 4019.59 284.76 1
HD 141569A F360M DEEP8 12 17 4207.74 279.76 1
HD 141569A F360M DEEP8 12 17 4207.74 284.76 1
HD 140986 F300M RAPID 40 9 384.85 282.46 9
HD 140986 F360M BRIGHT1 24 9 436.17 282.46 9

behind the MagAO-X adaptive optics system. They detected
the innermost ring at ~40 au (0"36) radius in three filters
centered at 3.1 pm (narrowband), 3.3 pum (broadband), and 3.8
pm (broadband). Their measurements recover a significant
deficit of emission in the 3.1 pm filter, consistent with
substantial water ice absorption.

In this paper, we present new water ice measurements of the
HD 141569A disk, leveraging JWST’s stability and sensitivity
to complement these previous observations by detecting all
three previously imaged ring components of the system in and
out of the ice absorption band. We present the observations in
Section 2, followed by a description of our procedure to
subtract a model of the nearby M-stars and the results of point-
spread function (PSF) subtraction in Section 3.2. In Section 4
we present a deconvolution method to recover the uncon-
volved scene in both filters. Our forward modeling method is
presented in Section 5, where we derive a measure of the
absorption in the F300M as compared to the F360M filter. We
then present a toy model that can explain these measurements
(consistent between the forward modeling and deconvolution
processes) in Section 6.1. Finally, we present our sensitivity to
perturbing planets in Section 7 before wrapping up our final
conclusions in Section 8.

2. Observations

Observations of HD 141569A were obtained on 2023
February 17 using the JWST/NIRCam coronagraphic mode
in the F300M (Pivot A=3.00 pum) and F360M (Pivot
A=3.62 pm) filters in the long wavelength channel of
NIRCam (J. E. Krist et al. 2007; J. H. Girard et al. 2022;
M. J. Rieke et al. 2023). Exposures were obtained in
each filter at two telescope roll angles (~280° and ~285°)
to allow for angular differential imaging (ADI; Table 1).
Although the observatory can roll up to 14° (at large solar
elongations), the maximum available roll at any given time is
limited due to observatory pointing constraints. The star HD
140986 (V = 6.25 mag; SpT = KOII; N. Houk &
C. Swift 1999) was observed as a PSF reference star using
a 9-grid dither pattern to sample possible pointing acquisition
error offsets in placing HD 141569A behind the
coronagraph mask. The exposure times of the reference star
were chosen such that the signal-to-noise ratio (SNR)
of the stellar speckles in each dither was comparable to a
single science exposure. All observations were obtained
using the MASK335R coronagraphic focal plane mask and
the MASKRND pupil plane mask (J. E. Krist et al. 2010). We
used the 320 x 320 pixel subarray, which provides a field of
view 20”16 x 20”16 in the long wavelength channel given
its pixel scale of 0.063.

3. Data Reduction

The uncalibrated JWST/NIRCam data of HD 141569 were
downloaded from the Mikulski Archive for Space Tele-
scopes™ and then reduced to flux-calibrated images using the
spaceKLIP community pipeline (J. Kammerer et al. 2022;
A. L. Carter et al. 2023). The specific observations analyzed
can be accessed via doi 10.17909/ty1h-9x40. SpaceKLIP
employs a customized version of the official jwst data
reduction pipeline (H. Bushouse et al. 2023), here used in its
1.12.1 version together with calibration file jwst 1146.
pmap. The pmap files define the mapping between a given
science file and its reference files, such as darks, bad pixel
maps, and PSF masks. By default, the pipeline always uses the
most recent available pmap file. However, if the results from
this paper shall be reproduced, past pmap files can be
downloaded at https://jwst-crds.stsci.edu/ and manually
applied for the data reduction. With jwst 1146.pmap,
new photometric flux calibration files for NIRCam corona-
graphy derived based on Cycle 1 commissioning data have
been used. Briefly, the customization of the jwst pipeline
consists of not flagging pixels located diagonally from
saturated pixels, adding a 4 pixel wide border of “pseudo-
reference pixels” at the edges of the coronagraphic subarrays,
skipping the dark subtraction step, and applying a jump
rejection threshold of 4. The motivation for these changes with
respect to the default jwst pipeline can be found in
A. L. Carter et al. (2023). Recently, an additional step to
correct for 1/f noise has been added to spaceKLIP, which
was applied to the HD 141569 data as well. A more detailed
description of this step can be found in I. Rebollido et al.
(2024). Here, we used a Savitzky-Golay filter to model and
subtract the 1/f noise, including data points up to half of the
saturation fraction in the fit.

Next, the flux-calibrated images were cleaned of bad pixels,
also using spaceKLIP routines. First, a bad pixel map is
constructed from the pixels flagged by the jwst pipeline and
additional bad pixels identified by a sigma clipping routine. On
average, ~0.2% additional bad pixels were identified. Then,
the flagged pixels are cleaned using three different algorithms
applied subsequently. The first one replaces bad pixels, which
are only bad in some (but not all) of the individual integrations
with the median value of the pixel in the good integrations.
The second one replaces remaining bad pixels with the median
of their left/right/bottom/top good neighbors, and the third
one uses an image plane median filter of size 4 pixels to
replace remaining bad pixels that were not corrected by the
previous two algorithms. We note that this procedure is exactly
the same as in A. L. Carter et al. (2023). Finally, all

> hitps:/ /mast.stsci.edu /portal /Mashup /Clients /Mast /Portal.html
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Figure 1. Left panel: a view of the entire coronagraphic F300M field of the HD 141569 system. The two unocculted M-star companions are located to the upper left.
The color map has been chosen to highlight the coronagraphic PSF and as a result the M-star PSF cores visually appear saturated. In reality, the detector has not been
saturated by the M-stars. Center panel: a zoom in on the central regions of HD 141569A, shown with a log image normalization. Right panel: a zoom in on the

central regions of the PSF reference star.

integrations are median-combined into a single image for each
roll position (or dither position for the PSF reference images).

An example of one of the two rolls of the F300M calibrated
data can be seen in Figure 1. Within the image are the two
M-star companions HD 141569 B and C in the upper left of the
image, and the coronagraphic PSF of the primary star centered
in the frame. Comparing the center and right panels, it is
apparent that extended disk emission can be seen in the raw
data. The center panel also highlights the extended PSF wings
of the two M-star companions, which, without subtraction,
biases the disk emission. The second F300M roll image and
the two roll images obtained at F360M all share similar
qualitative features.

The next step in our analysis was to model the M-stars with
synthetic PSFs, generated using WebbPSF (M. D. Perrin et al.
2014; recently renamed to STPSF). In order to optimize these
models, we first carried out a multistep process to refine our
instrument model, described below in Section 3.1. The
resulting instrument model is not only used to generate the
M-star models, but also a suite of off-axis PSFs that were used
for forward modeling (Section 5) and deconvolution
(Section 4).

3.1. Instrument Modeling

To improve the nominal synthetic PSF models used
throughout this work (e.g., disk forward modeling in Section
5), we optimized the following tunable instrument parameters
in WebbPSF: defocus, pupil shear, and pupil rotation. For this
purpose, we used each filter’s set of nine dithered reference
star exposures. Here, we assumed that the position of the
coronagraph mask in the TA filter (F335M for the long
wavelength channel) is precisely known and that the filter-
dependent displacements of that position for F300M and
F360M are well characterized by prior measurements. Like-
wise, based on prior analysis (J. H. Girard et al. 2022), we
assumed that the inaccuracy of the dither maneuver and any
drifting of the telescope are both negligible—such that the
position of the star throughout the dithered sequence is well
described by a single position plus each exposure’s prescribed
dither. The FGS guiding data acquired during the observations
confirms this assumption, indicating a guiding jitter stability of
<1 mas over the course of all exposure, and dither offsets of
<1 mas from nominal for each position. As the morphology of
the instrumental response for NIRCam coronagraphy is
significantly affected by the position of the source relative to

the coronagraph, the offset of the reference star from the
coronagraph center must also be considered when evaluating
the aforementioned instrument parameters. All together, this
left six parameters to be optimized: defocus, x-axis pupil shear,
y-axis pupil shear, pupil rotation, x-axis source offset, and y-
axis source offset.

The parameters are fit for all nine reference dithers
simultaneously (i.e., we seek the set of WebbPSF parameters
that best explains all nine dithers with consideration for the
dither offset of each image). We began by fitting the F300M
data. To generate each WebbPSF model of HD 140986, we
adopted an approximate AMES-Cond spectrum for the
reference star HD 140986 (T.;=4800K, log(g) = 4.0;
F. Allard et al. 2001), and used the nearest measured optical
path difference (OPD) map to the time of the observations. As
each trial solution for the considered parameters required
generating a separate WebbPSF model for each of the nine
dithers, this process was potentially very computationally
intensive. However, this burden was eased significantly by the
fact that many of these parameters are not significantly
correlated with one another. This allowed the procedure to be
separated into multiple smaller problems that each considered
only a subset of the six parameters. First, we determined the
source offset. To do this, we generated a PSF model cube
having null values for all six parameters. Using cross
correlation, we identified the shift necessary to align the
perfectly centered model PSF with the reference star data
within a circular region extending to 40\/D from the assumed
coronagraph center. The x- and y-axis source offsets were fixed
to the determined offset for the remainder of the procedure.

Next, we optimized pupil rotation alone by considering the
annular region spanning 20\/D < r < 40\/D, where r is the
distance to the coronagraph center. Within this region, we
sought to minimize the uncertainty-weighted squared residuals
between the data and model cubes (where the uncertainty for
each exposure is propagated from the integration-wise pixel
uncertainties stored in the FITS “ERR" extension). As the
pupil shear and defocus have almost no effect at these
separations, their values could be safely fixed to zero while
fitting pupil rotation. The pupil rotation was then fixed to the
best-fitting value hereafter.

Finally, we fit the defocus, x-axis pupil shear, and y-axis
pupil shear simultaneously, considering the region within
r <40)\/D but otherwise adopting the same objective as for
the pupil rotation fitting. Of the six parameters, only defocus is
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Figure 2. The median-collapsed calibrated data (left panel), the M-star model (center panel), and the model-subtracted data (right panel) for the first roll of the
F300M data. All three panels are shown with the same logarithmic color stretch. The color stretch highlights the extent of the M-star PSF wings, which can be seen to

extend to a ~10” radius.

expected to have wavelength dependence. As such, the
procedure for the F360M data adopts the F300M parameter
values with the exception of defocus, which was fit following
the same procedure. The best-fit values for x-axis pupil
shear, y-axis pupil shear, and pupil rotation were —1.34e-2,
—0.86e-2, and —0.59, respectively (with pupil shear in units
of fraction of primary). The best-fit defocus values were
—0.062 and —0.069 for F300M and F360M, respectively (in
units of waves of defocus).

3.2. M-star Fitting and Subtraction

Using the best-fit WebbPSF parameters, we proceeded with
generating models of the M dwarf companions as follows.
Each M dwarf companion PSF model was generated assuming
an approximate AMES-Cond synthetic source spectrum
(Terr= 3400 K, log(g) = 4.5; F. Allard et al. 2001), and using
the nearest measured OPD map to the time of the observations.
Throughout this analysis, we excluded any pixels that were
replaced during the bad pixel cleaning procedure. For each
source, we first determined an approximate position through
visual inspection of the derotated images and then generate a
PSF model cube corresponding to that position. The brightness
of each initial PSF model was set to the brightness that
minimizes the uncertainty-weighted squared residuals between
the data and model cube when considering only pixels far from
HD 141569A (at least 80 pixels) and where the PSF model has
nonnegligible values (values above 10~* times the maximum
model value). Since PSF morphology is not expected to
change meaningfully in the vicinity of the sources, we
determine the final position of each source by cross-correlating
the initial model with the data. For this final position, a new
PSF model is generated and scaled in the same manner. No
effort is made to mask the other source during this process;
while the wings of the sources’ PSFs overlap, the PSF cores
are sufficiently separated that additional masking was found to
have no effect on the result of cross correlation (with the
sources being separated by approximately 11\/D).

While the determined positions were not affected by the
proximity of the companions, the brightnesses were. To remedy
this, we proceeded with a final optimization step to hone the
brightness of both models simultaneously, before adding them
to form a composite model cube. Here, we also corrected for

two additional effects. The first is an overall erroneous
brightness offset for the data induced by the previous use of
pseudo-reference pixels during ramp fitting and the subsequent
background subtraction step performed by spaceKLIP. As the
background offset differs for each roll, the brightness offset for
each roll must be tuned separately, and is introduced by simply
adding a background value to each roll’s composite model
image.>® Finally, we introduced a Gaussian blurring to the
composite model to approximate detector effects that are not
included in the WebbPSF models, in particular the effect of
charge migration (sometimes also referred to as the brighter-
fatter effect). This effect affects the HAWAII-2RG detectors
used in all NIR JWST instruments, and we refer the reader to
P. Goudfrooij et al. (2024) for a more detailed description.
This resulted in an optimization procedure varying five
parameters: a brightness scaling factor for each model, a
brightness offset for each roll, and a Gaussian blurring kernel
width. During the optimization, we again excluded the region
within 80 pixels of HD 141569A, but now included any pixels
where either model cube is above 1-6 times that model cube’s
maximum value. As before, the optimization procedure sought
the values of these five parameters such that the error-weighted
squared residuals between the resulting composite model and
the data are minimized. After applying this technique for the
F300M filter, the same source positions were used to generate
the PSFs for the F360M model. Otherwise, following the same
procedure as for the F300M models, the initial brightnesses of
the models were then scaled, and the five-parameter model
honing procedure was applied.

Figure 2 displays an example F300M M-star model and the
residuals after subtraction. The M-star model represents the data
well and the subtraction significantly reduces the contribution of
the M-stars near the disk’s extended emission. Systematic
residuals remain in the image, but are typically a small fraction
of the initial signal, in particular near the extended disk
emission. Residuals are likely due to the incompleteness of the
internal NIRCam wavefront error as modeled by WebbPSF/
STPSF. Because the coronagraphic fields of view lie outside the
traditional imaging field and contain additional optical

55 While K. Lawson et al. (2024) considers the effects of the coronagraph and
neutral density squares for background correction, these effects are negligible
for the source brightnesses and background levels of the data considered here.
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Figure 3. Roll-combined images after PSF subtraction. For each filter, the PSF subtraction was performed using MCRDI. The red dashed line delineates the radius of

50% transmission inside of the coronagraph.
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Figure 4. Comparison of disk structures between archival HST/STIS optical coronagraphic data (left panel) and the JWST/NIRCAM F300M observations (right panel).
A key difference in the morphologies is that the JWST data do not show a well-defined deep gap between the A and B ring components. North is up, and east is left.

components (field and pupil elements), these could not be
measured during ground testing and rely on optical models
rather than the as-built measurements.

3.3. Disk Structure in PSF-subtracted Images

After the M-star model was subtracted, we attempted to
carry out reference star differential imaging (RDI) PSF
subtraction with spaceKLIP using Karhunen-Lo¢ve image
projection (KLIP via pyklip; R. Soummer et al. 2012;
J. J. Wang et al. 2015) and nonnegative matrix factorization
(B. Ren et al. 2018). However, a bright central disk component
introduced bias into the PSF-subtraction procedure that
resulted in significant oversubtraction of the PSFs. As a result,
we carried out model-constrained RDI (MCRDI; K. Lawson
et al. 2022) in order to simultaneously model the disk and
optimize the PSF subtraction.

Figure 3 presents the PSF-subtracted image in both filters
after the MCRDI process (described in detail in Section 5
below). Figure 4 shows archival HST/STIS coronagraphic
observations (GO-13786) that we processed following
the methods described in M. Konishi et al. (2016). These

are diffraction-limited optical images (A= 585.2 nm, A\ =
441.0 nm) with angular resolution 0710. The complex disk
structure has three main components (A, B, and C), and the
intermediate belt B is split along the eastern edge, and the
outer belt A has tenuous spiral arms to the north and south.
The JWST images show disk structure from inside the
coronagraph inner working angle (i.e., the radius with 50%
throughput, 0764), out to a radius of ~4” (a similar extent as
that seen with STIS). The NIRCam data also recover the split
in the B ring seen by STIS. The emission inside the
coronagraph inner working angle appears as a two-lobed
structure, surrounded by a halo of nodes extending to a radius
of 1’5 along the disk’s semimajor axis. This clumpy structure
corresponds to the bright inner disk C at ~44 au interacting
with the radially changing coronagraphic throughput and the
convolution with the complicated off-axis coronagraphic PSF.
These structures extend to larger radii in the F360M than the
F300M, as would be expected for a diffraction-related effect.
A north—south asymmetry is marginally visible in the inner-
most regions that may correspond to the asymmetries seen by
various ground-based observations. However, the limited inner
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working angle of the coronagraph prevents a direct comparison
with that feature.

The complex structures of the B ring, including the eastern
split feature, are clearly resolved in the JWST images. The A
ring does not have an inner edge that is as sharply defined in
the JWST data as in the HST data. Finally, the northern spiral
arm is marginally detected in the JWST data.

4. Deconvolution

We perform deconvolution on PSF-subtracted images using
a version of the iterative Richardson-Lucy (R-L;
W. H. Richardson 1972; L. B. Lucy 1974) algorithm that
has been modified to accommodate both the spatially varying
morphology of the NIRCam PSF and transmission of the
coronagraph. The key modification of this algorithm is
summarized hereafter, but the technique will be more formally
reported in an upcoming work (K. Lawson et al. in
preparation).

Let I be the observed 2D image array to be deconvolved and
let B be an operator that applies instrumental blurring (and any
throughput losses) to a 2D image, such that if O is the ground-
truth unblurred image, then I = B(0). Then, let the ith
iteration of the deconvolution procedure be denoted R;, with
the subsequent iteration, R, |, being computed by multiplying
the previous iteration by a correction term. Finally, let all
division and multiplication refer to element-wise (Hadamard)
operations.

Consider first the scenario of a noncoronagraphic, nonvary-
ing PSF. For conventional R-L deconvolution, the correction
term is computed as B[I/B(R;)]—we blur the ith iteration,
divide the observed image by the result, and then blur that
quotient. In the case of a nonvarying PSF (and neglecting
noise), if the ith iteration is exactly the true unblurred image,
then the quotient is unity and blurring the quotient likewise
produces unity, such that the resulting correction term is unity.
In this case, the procedure has converged to the correct
solution, and no further corrections are made.

Now, consider a case comparable to NIRCam coronagra-
phy: where both the PSF morphology and throughput vary
with detector position. Here, when computing the R-L
correction term as above in the scenario where the ith iteration
is exactly the true unblurred image, we do not recover a
correction term of unity; while the quotient in the correction
term still evaluates to unity, the blurring of that quotient no
longer does.”® Denoting a 2D array of unity as J, we account
for this simply by dividing the correction term at each iteration
by the result of blurring J, such that the modified correction
term is B[I/B(R;)]/B(J). With this modification, the conv-
ergence property of R-L deconvolution is recovered. This
procedure is run for 250 iterations on each roll, with the two
rolls then being averaged to produce the final deconvolved
image for each filter (Figure 5).

5. Disk Modeling

The purpose of our disk modeling was twofold: (i) to
provide a model to aid in PSF subtraction via MCRDI, and (ii)
to establish the ratio of scattered light between the F300M and
F360M filters as a function of stellocentric distance before
being convolved with the instrumental PSF. We assume that

36 This is true even for noncoronagraphic data if the PSF morphology is shift
variant.
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the disk emission seen in our images is entirely due to
scattered light, rather than thermal emission from the dust. We
confirm that this assumption is reasonable at the end of
Section 5.1. Our modeling process involves two main steps.
First, a baseline disk model was established to carry out the
MCRDI PSF subtraction and to determine basic morphological
parameters (Section 5.1). In MCRDI, a disk model and a PSF
model are simultaneously fit to the data. Indeed, K. Lawson
et al. (2023) demonstrated that this technique provided
improved PSF subtraction in the AU Mic disk with NIRCam
observations as well. Here, the PSF model is composed of a
weighted average of the reference star images, where the
weights are free parameters in the fit. The disk model is
described below. Second, we freeze many of the disk
parameters, and carry out a Markov Chain Monte Carlo
(MCMC) analysis of the flux-related parameters in order to
evaluate the radial flux distributions in each filter
(Section 5.2).

5.1. Baseline Disk Model

We adopted the GRaTeR analytical ring prescription
(J. C. Augereau et al. 1999) as our disk model, and modified
it to adopt using the JAX framework (described below). The
GRaTeR model provides an analytical description of the radial
and vertical dust profile of a disk and can calculate scattered
light images based on a provided scattering phase function. We
refer the reader to J. C. Augereau et al. (1999) for a detailed
description of the analytical model.

To model our data, we generated images consisting of four
separate rings. Although this system is known to have
azimuthal asymmetries, here we focus on the radial dust
distribution and leave a study of azimuthal dust properties for
future work. We experimented with both three-, four-, and
five-ring models, but found that three rings provided
unsatisfactory images, leaving significant residuals, and that
using five rings provided nearly identical results to the four-
ring model.

As our primary goal is to estimate the pre-convolved surface
brightness, and not carry out detailed disk modeling, we opted
to fix several of the disk morphological parameters (using
symbols as defined in J. C. Augereau et al. 1999): the vertical
scale exponent (set to be a Gaussian vertical profile; v = 2), the
reference scale height (set to be 3 au at the disk central radius;
C(,0=23), the flaring index (set to have linear radial flaring;
B =1). As free parameters, each of the four rings had a unique
flux scaling parameter (related to ng, but not strictly a dust
density parameter), central radius (r.), and inner and outer
radial power laws («;, and «,,). For each ring, we adopted a
scattering phase function consisting of the weighted sum of
three Henyey—Greenstein (H-G) functions (L. G. Henyey &
J. L. Greenstein 1941) with three weights and three g
parameters. We attempted the fit with only two H-G functions,
but found the fits to be significantly worse. In this system, with
significant azimuthal structure in the disk, the scattering phase
functions are likely modeling both the true phase function and
also azimuthal changes in the dust grain density. Therefore,
each ring had 10 free parameters. We applied the same
inclination and on-sky position angle of the (projected)
semimajor axis of the disk to all four rings. The rings were
generated at the same resolution as the images, i.e., with pixel
sizes of 07063.
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Figure 5. Deconvolved images of the PSF-subtracted disk in the F300M (left panel) and F360M (center panel) filters, as compared to the pre-convolved model from

Section 5.

Once a given disk model was generated, we convolved it
with a grid of spatially varying NIRCam off-axis PSFs that
were generated with WebbPSF using the instrument para-
meters (defocus, x- and y-axis pupil shear and pupil rotation)
that were fit for in Section 3.2. The off-axis PSF images were
generated at six radial distances from the coronagraph center
(plus one PSF at the coronagraph center), out to a maximum
distance of 47 spaced logarithmically, such that the inner
regions where the PSF is changing more rapidly had denser
sampling than the outer regions. At each radial location, PSFs
were generated at four azimuthal angles. To perform the
convolution, each pixel in a generated disk image was
individually multiplied by the off-axis PSF image generated
at the nearest location, and the results were summed together.
This process replicated that carried out by K. Lawson et al.
(2023) with NIRCam images of AU Mic. For each of the two
roll images, we included as free parameters the centering of the
four-ring scene behind the coronagraph (four additional
parameters; 2x [x, y] centers).

Finally, for each roll, we include as free parameters nine
weight parameters that are used to combine the PSF reference
star images (from nine dithers) as a weighted sum to create a
model host star PSF that was then subtracted from the data.
Each roll angle had its own weight parameters, adding a
further 18 free parameters. Preliminary testing of this process
indicated that re-centering of the PSF reference images was
not necessary to subtract the PSF to negligible levels below the
disk emission.

In total, our model included 64 parameters: 4 x 10 ring
parameters, two common ring parameters (inclination and
position angle), 2 x 2 star centers (one for each roll), and 18
for the PSF weights. In order to optimize over this large
parameter space, we adapted the GRaTeR code included as
part of the VIP software suite (C. A. Gomez Gonzalez et al.
2017; V. Christiaens et al. 2023), and the code used in
K. Lawson et al. (2023) to be compatible with the JAX python
library for high-performance numerical computing.”’ Here, we
leverage its GPU-compatibility, including its just-in-time
compiler to quickly calculate a disk image and its ability to
efficiently calculate the gradient of a function via auto-
differentiation. We defined our objective function as the
squared sum of the residuals of both roll images after
subtracting the forward-modeled disk and the weighted PSF

57 https:/ /jax.readthedocs.io/

images, divided by the errors output by the spaceKLIP
pipeline. We minimized the objective function using the
jaxopt®® (M. Blondel et al. 2022) wrapper for the SciPy
(P. Virtanen et al. 2020) minimization function, using the
‘L-BFGS-B’ algorithm (D. C. Liu & J. Nocedal 1989;
R. H. Byrd et al. 1995; C. Zhu et al. 1997), which takes
advantage of the gradient enabled by JAX.

In the case of the F300M images, we included all 64
parameters as free parameters in the minimization. Under the
assumption that the morphology and scattering parameters do
not change significantly between our two filters,”® for the
F360M images, we froze the ring morphological and scattering
parameters, leaving the following parameters free (a total of 26
parameters): the flux scaling of each ring (four parameters), the
centering behind the coronagraph (four parameters), and the 18
PSF weights. The F300M filter was chosen because the
morphological features appear sharper in this image as
compared to F360M. The minimization was run until
convergence, and best-fit parameters are given in Table 2.
This optimization process does not return error estimates on
the best-fit parameters, but at this stage, we are only interested
in a representative model, not necessarily a quantitative model.

Figure 6 displays the roll-combined data, the model, and the
residuals for both F300M and F360M. Before being combined,
the data were PSF subtracted using the weighted-sum PSF
model with the best-fit weights taken from the minimization
process. The data and models were derotated using the
telescope roll angle obtained from the ‘GS V3 PA’ header
keyword and then mean-combined. The final deconvolved
images are compared against the forward-modeled results in
and can be seen in Figure 5.

Figure 7 displays the four rings of our disk model, along
with the images of the data with the model rings sequentially
subtracted to highlight the different components of the data
that the rings are modeling. The innermost ring (Ring 1 in
Table 2) is responsible for the two-lobed structure as well as
the knobby structure surrounding it. The second-most inner
ring (Ring 2) has a similar radius as the first ring, but models a
much more diffuse component in the data. The third ring (Ring
3) models the middle ring component, labeled the “B ring” in
M. Konishi et al. (2016) and Figure 4. The sharpness of the

8 https: / /jaxopt.github.io

In reality, the presence of significant water ice would indeed change the
scattering phase function (M. Kim et al. 2024), but for simplicity we keep
these parameters fixed.
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Figure 6. Left column: roll-combined images of the F300M and F360M data after PSF subtraction. Center column: roll-combined images of the models convolved
with the NIRCam off-axis PSF. Right column: the data minus the model.

Table 2
Baseline Disk Parameter Optimization Results
Parameter Name Symbol (s) Ring 1 Ring 2 Ring 3 Ring 4
Common Parameters
Inclination i 58.37
Position angle PA —356.4
Roll 1 center F300M [%1, ¥r1l [146.94, 172.92]
Roll 2 center F300M [x,2, ¥12] [147.25, 172.71]
Roll 1 center F360M [%,1, ¥r1] [147.25, 173.01]
Roll 2 center F360M [%,2, V2] [147.53, 172.82]
Individual Disk Parameters

Flux scaling 170.73 48003.33 448.32 193.82
Disk central radius Te 31.71 31.04 223.01 297.71
Inner power-law Index Qin 6.50 2.57 6.68 4.41
Outer power-law Index Qout —0.41 —1.29 —3.41 -0.77
Scattering parameters [g1, &2, &3l [0.47, —0.70,0.44] [0.84, 0.64,—0.90] [0.61, —0.63,0.06] [0.02, —0.19,0.80]
Scattering parameter weights [wy, wa, wi] [0.47, 0.38,0.14] [0.00, 0.00,1.00] [0.60, 0.40,0.00] [0.47, 0.11,0.42]
disk component and the convolution with the NIRCam off-axis attributed to the simplicity of our axisymmetric ring model
coronagraphic PSF—known to have significant flux in its in the presence of the known asymmetries at all radial scales in
satellite lobes—results in noticeable features in the disk model the disk, and in the inner regions may be in part due to a
above and below the main ring. The outermost ring (Ring 4) mismatch between our instrument model and JWST’s as-built
models the more extended diffuse component seen after coronagraph or the lack of oversampling in our model. Despite
subtracting the first three ring models. This final component these discrepancies, overall our model represents the data well.
also attempts to model some of the emission from the “split” Our results have several differences relative to prior NIR
feature seen attached to the B-ring, which our simple model is ground-based work. B. A. Biller et al. (2015) detected and
not able to otherwise reproduce. modeled the “inner ring” (our Ring 3 model) at 245 au and the

The model provides a good representation of the data, “outer ring” (our Ring 4 model) at 406 au. Our model places
capturing many of the predominant features seen in the PSF- these rings at 223 and 298 au possibly because the gap
subtracted disk images, including the complicated inner between the inner and outer ring of B. A. Biller et al. (2015)
features caused by the coronagraph throughput and PSF and other work is filled with 3 m emission in the JWST data.
wings, the sharp middle disk, and the diffuse emission seen at J. Mazoyer et al. (2016) and C. Perrot et al. (2016) derived
larger radii. In general, our residuals are <10% of the original even smaller radii of 208 au and 197 au, respectively, for Ring
data values. The predominant residuals can be mostly B. One partial explanation is that oversubtraction of the PSF in

10
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Figure 7. Top row: the F300M data from one roll angle after sequentially subtracting the different ring models. The images are shown at four different display levels
to show the disk components from the bright inner dust component to the fainter outer ring. Bottom row: the individual ring components of our convolved model. All

images are shown at the orientation of the raw data.

this prior work shifts the apparent edge of the ring closer to the
star, whereas the JWST PSF subtraction relies on reference
differential imaging. On the other hand, the diffuse disk
emission (our Ring 4 model) may shift the apparent peak of the
narrow belt (Ring 3) to a greater radius in our analysis.
Exploring the exact reason for this discrepancy is beyond the
scope of this work, which focuses mostly on modeling the
radial surface brightness profile rather the detailed disk
morphology.

T. Currie et al. (2016) detected the inner disk at L’ and
reported a radius of 39 au, whereas we derived 32 au. They
reported a “hook-like” morphology at the ansae in both Keck
and Very Large Telescope (VLT) data. D. Mawet et al. (2017)
and J. K. Kueny et al. (2024) also imaged HD 141569A at ~3
pm from the ground and also reported a 39 au radius, but they
characterized the southern hook as a spiral arm extending
eastward. We do not find evidence for this arm in our data,
though this region lies inside our inner working angle of 71 au,
where the throughput is <50%.

In both filters and both rolls, the disk centers are found to be
approximately 2 pixels off from the expected center of the
coronagraph ([x, y] = 149.1, 173.4]). This is potentially due to
both miscentering behind the coronagraph, as well as the fact
that the innermost disk is known to be asymmetric (e.g.,
J. S. Bruzzone et al. 2020; G. Singh et al. 2021), yet we model
it as a simple ring. Exactly how the asymmetric inner region
interacts with the coronagraph at these smaller angular
separations will depend on the exact morphology of the inner
ring. Such modeling could be explored in future work.

In order to validate our assumptions that the majority of the
light that we are seeing at these wavelengths has come from
scattered light and not thermal emission, we constructed a toy
model of the disk based on our best-fit results using MCFOST
(C. Pinte et al. 2006, 2009). The model included the four rings,
using the same radial dust profiles as in Table 2 and orientation
(inclination and PA). The dust model consisted of compact
grains, where the two inner rings were a mix of silicates, with
10% water by volume, and the outer two rings had 1% water
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ice. Propagation was carried out using Mie theory. We set the
masses of the components based on the three-ring model from
W. F. Thi et al. (2014), where we split the mass of their
innermost disk between ring 1 and ring 2. We used the masses
for their outer two rings for rings 3 and 4. After carrying out
the MCMC radiative transfer simulations, we split the
contributions from scattered light and thermal emission and
found that the thermal emission at 3 pm was 10 orders of
magnitude fainter than the scattered light. Thus, we conclude
that even if our model assumptions are slightly off, the
emission seem by JWST in these filters is heavily dominated
by scattered light.

5.2. Flux Ratio Modeling

At this stage in the modeling process, we were interested in
quantitatively understanding the pre-convolved surface bright-
ness profiles of the system in our two wavelengths. With that
in mind, we froze the disk morphological parameters, the
scattering phase functions, the PSF weights and the disk
centering parameters, and left as free parameters only the flux
scaling parameters of each of the four rings. We constructed a
log-likelihood for the data given the model parameters as:

Inp(data|®) = —0.55°"

rolls n

— Imodel )2

2
n

(Idata

+ In(27s?) (1)

N

where I4,., and I,,,,4.; are the intensities of the data and model,
respectively, © are the model parameters (the four flux scaling
factors—one for each ring), and the sums are over the two roll
images and the n central 140 x 140 (8”x 87 pixels in the
image. The s? term is a variance term equal to the squared
noise output by the JWST Stage 2 pipeline (as implemented by
spaceKLIP), ¢, added to an additional fractional model
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Figure 8. Left panel: the normalized surface brightness as a function of deprojected stellocentric distance for the data and the models. The vertical gray dashed lines
show the locations of the A, B, and C rings identified by M. Konishi et al. (2016), and the vertical red dashed line shows the radial separation at which the
coronagraph throughput reaches 50%. Right panel: the scattering efficiency ratio between the F300M and F360M images as a function of deprojected stellocentric
distance. The vertical dashed lines represent the same values as in the left plot. The MCMC samples in both plots, which are fit to the noisy data, closely follow the
data (orange) and demonstrate that the increasing trend seen in the data as a function of radial distance is detected with high significance.

variance term, defined by f:

si = 07+ [ Laer @)
where f was included as a fifth free parameter. We include the
additional fractional model variance to account for the fact that
our simple model does not include the complicated azimuthal /
spiral structure seen in the real data, and we expect this
additional error to scale with the disk flux.

The posterior probability distributions were sampled using
the emcee MCMC package (D. Foreman-Mackey et al. 2013).
Here we opt for using an MCMC sampler, rather than the
simple optimization in Section 5.1 in order to recover
parameter uncertainties and covariances. The sampler was
set up with 32 walkers and run for an initial burn-in phase of
300 steps, after which the chains no longer moved significantly
and visually appeared to have converged. The full run was
carried out using 3000 steps, about 60 times the mean
autocorrelation time. This procedure was carried out for both
the F300M and F360M images. An examination of the joint
posterior distributions reveals a correlation between the flux
scaling of the two first rings (with similar semimajor axes), but
all of the marginalized posterior distributions appear to be
Gaussian in shape and well constrained (Figures 12 and 13 in
Appendix A).

Figure 8 displays normalized surface brightness profiles for
the data, the deconvolved data (see Section 4), the convolved
model, and the unconvolved model. In each case, the profiles
were built by measuring the median surface brightness in
concentric elliptical annuli of width 2 pixels (in the direction
of the semimajor axis) centered on the star’s location and
divided by our estimate of the stellar flux in each filter. The
convolved model radial profile is shown as a set of 100
randomly sampled models from the MCMC fitting described in
this section. However, the scatter in the MCMC samples is so
small that it appears as a single black line that matches the
orange line of the data’s radial profile very well.

The right plot of Figure 8 displays the scattering efficiency
ratio between the F300M and F360M images as a function of
stellocentric distance for the raw data, the deconvolved data,
the pre-convolved model, and the convolved model. These
radial profiles were calculated by dividing the F300M images
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by the F360M images, scaling by the ratio of stellar fluxes at
F300M and F360M, and measuring the median value in
concentric elliptical annuli with widths of 2 pixels. We
estimate the stellar flux in the F300M and F360M filters using
the pysynphot package (STScl Development Team 2013).
We simulate the stellar spectrum using a Phoenix model at a
temperature 7 = 10,000K, M/H=—0.5, log(g)=4.28
(stellar parameters from B. Merin et al. 2004), which we
scaled to the HD 141569A Two Micron All Sky Survey
J-band magnitude J = 6.872 (R. M. Cutri et al. 2003), to
avoid contamination by the warm disk infrared excess. We use
the NIRCam spectral throughput from the WebbPSF
(M. D. Perrin et al. 2014) package and obtain stellar fluxes
of 712 mJy and 533 mly in the F300M and F360M filters,
respectively.

A 2D map of the scattering efficiency ratio is shown in
Figure 9, which compares the ratio of the images from the two
filters to a similar image generate from the models of each
filter. Overall, the forward-modeled radial profile and 2D map
matches the data well (where there is good disk signal). The
match between the deconvolved data and the unconvolved
model is not as exact, yet they qualitatively agree; the ratio
between the two filters is ~0.4 inside of the B ring, and
increases to at least 0.8 in the outer reaches of the system.

6. Grain Models

To interpret the surface brightness change as a function of
radius described in Section 5.2, here we assess how a change in
the minimum grain size or a change in the water ice fraction in
grains affects the surface brightness ratio between 3 and 3.6 pm.
We build a radiative transfer model using DISC2RADMC®
(S. Marino et al. 2022), a package that allows for the mixing of
optical constants, the calculation of opacities using Mie
theory,®' and the simulation of disk images using RADMC3D.%*

Our disk model consists of a set of axisymmetric Gaussian
rings that resemble the inferred dust distribution. Note that the

0 hitps: //github.com/SebaMarino/disc2radme

! Models of nonspherical grains could lead to different results, and thus,
future work could explore the effect of using nonspherical grain models.

62 hitps://github.com/dullemond /radmc3d-2.0
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Figure 9. The ratio of the F300M and F360M data (left panel) and convolved models (right panel), after dividing each image by the integrated stellar flux across the
bandpass. The three white ellipses correspond to the A, B, and C rings from M. Konishi et al. (2016).

exact dust spatial distribution is not relevant to the grain
properties as it does not affect the surface brightness ratio. We
fix the size distribution to a power law with the commonly
assumed exponent value of —3.5 for a collisional cascade
(J. S. Dohnanyi 1969). The exponent affects how many small
grains there are relative to the large grains, potentially
changing the strength of the water ice feature. However, we
choose to keep this fixed and instead vary the minimum grain
size, as these can be degenerate. We also fix the maximum
grain size to 1 mm. Its value has little effect as long as it is
much larger than the wavelength and thus does not contribute
significantly to the scattered light. We compute a grid of
models varying the minimum grain size from 0.1-10 ym and
the water ice fraction (by mass) from 0.1%-100%, in a
30 x 30 logarithmically spaced grid. Grains are assumed to be
composed of amorphous water ice and silicates (B. T. Draine
2003; R. M. Mastrapa et al. 2009), and their optical constants
are combined using the Bruggeman rule.”> We compute the
dust opacities using Mie theory, assuming compact spherical
grains. We produce images at several wavelengths to sample
the width of each filter, and we then compute F300M and
F360M model images by integrating over each filter transmis-
sion. These scattered light images use the Henyey—Greenstein
approximation for anisotropic scattering. Finally, we extract
surface brightness profiles normalized by the stellar flux, and
we calculate the average surface brightness ratio between the
two filters.

The model surface brightness ratio as a function of the
minimum grain size and water ice fraction is presented in
Figure 10 (top panel). We find that any ratio can be reproduced
by a wide range of parameters. Namely, the ratio decreases
with water ice fraction and increases with minimum grain size.
This is because the water ice feature near 3pm becomes more
prominent as the amount of water ice in grains increases and as
an inverse function of grain size. We also find a valley or local
minimum in the surface brightness ratio near a minimum grain

63 Almost the same result was obtained mixing these using the Maxwell
Garnett equation with water ice as an inclusion.
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size of 2 um. As a reference, the white and black contours
represent a brightness ratio of 0.4 and 0.8 as found near 100
and 400 au, respectively, representative values of the minimum
and maximum values. The dashed orange line represents the
expected minimum grain size estimated as those grains with a
0 value of 0.5, § being the ratio between the radiation and
gravitational force, taking into account the scattering opacity
and the degree of forward scattering (J. A. Burns et al. 1979).
In the absence of gas, we would expect the minimum grain
size to be close to this orange line, as smaller grains would be
efficiently removed by radiation pressure.

To understand how these results could vary if we considered
porous grains, the bottom panel of Figure 10 presents the
surface brightness ratio assuming a porosity of 50%. We find
that the porosity tends to decrease the surface density ratio,
shift the blow-out size toward larger sizes and the valley from
2 to ~7pm.

Overall, we find that we can explain the increase in the
brightness ratio from 0.4 at 100 au to 0.8 at 400 au by either
decreasing the amount of water ice by a factor of 3—10 (e.g.,
from 10% to 1% in mass) or by increasing the minimum grain
size from 2-10 pm while maintaining the water ice fraction at
10%, assuming nonporous grains. As the porosity increases, it
quickly becomes more difficult to reproduce these results by a
strict change in minimum grain size.

At first, it seems unlikely that the amount of water ice could
decrease with distance, as any desorption process should act
the other way, increasing the amount of water ice with
distance. However, if the relative amount of other volatiles
increased with distance as they freeze out, that could lower the
abundance of water ice. In a second scenario, the minimum
grain size may increase with radius if the inner regions are
richer in gas (as may be expected in this system; J. M. Miley
et al. 2018; J. A. White & A. C. Boley 2018; E. Di Folco et al.
2020) and grains smaller than the blow-out size could be
dragged sufficiently. However, our model in Figure 10 shows
that a change in the minimum grain size from below the blow-
out size to the blow-out size (orange line) alone cannot explain
the change in the surface brightness ratio. Both the water ice
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fraction and minimum grain size may change with radius. The
change in the surface brightness could also be reproduced by a
change in the porosity of grains from 50% porous to 0% with
radius while maintaining the minimum grain size at 10 ym and
water ice at 10%. This could be the case if the origin of dust in
the inner and outer regions was different (e.g., collisionally
generated in a collisional cascade as in debris disks versus
protoplanetary disk dust).

This is overall a degenerate problem if we only consider
these two filters, a result that is also found through modeling
by M. Kim et al. (2024). Considering the surface brightness at
a third wavelength or the spectral energy distribution (SED)
could lift these degeneracies, but doing so is beyond the scope
of this paper. We recommend that future work trying to
constrain the presence of water ice using scattered light images
considers at least three wavelengths in their analysis, with two
wavelengths bracketing the water ice feature. At the time of
our observations, simultaneous observing with NIRCam short-
wave and long-wave channels was not yet enabled. However,
now it is possible to observe in this mode, facilitating a three-
wavelength comparison more easily. Furthermore, future work
incorporating information from the absolute scattered light
flux, phase function, polarization fraction, MIR surface
brightness using MIRI and VLT/VISIR (E. Choquet et al.
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2025, in preparation), and the SED could lift these degen-
eracies between the composition and size distribution of
grains.

We also consider how the presence of other contaminants
would affect the brightness ratio in these two filters. Using the
Mie theory calculations as our baseline model, we system-
atically add various materials to the silicate model. We find
that even with exceptionally high fractions (up to 100%) of
substances such as polycyclic aromatic hydrocarbons, ethanol,
ethane, and tholin (I. Cherchneff et al. 1991; H. Imanaka et al.
2004; T. L. Myers et al. 2018), the surface brightness ratio
between F300M and F360M consistently remained within a
narrow range of 0.8-0.9. Additional exploration of compounds
like benzene, toluene, acetone, and IS mix-like materials
(D. M. Hudgins et al. 1993; K. Moutzouris et al. 2014)
indicates their contribution to be minimal, as we found these
components are present at such negligible levels that they fall
below meaningful detection thresholds for the purposes of this
study. Despite changes in the specific molecules under
examination, this consistency strongly suggests that the base
composition of silicates and water ice, rather than the varied
materials introduced, is primarily responsible for the observed
absorption. Thus, water ice potentially remains the dominant
factor in the disk’s spectral behavior.

6.1. Discussion

Our measurements provide an estimate of the relative
scattering efficiency between F300M to F360M from roughly
50 au out to almost 500 au. These measurements reveal
decreasing F300M absorption relative to F360M as a function
of projected separation. The ratio that we measure for the
innermost regions appears to be consistent with those from
J. K. Kueny et al. (2024). In their work, they measure the ratio
of the disk flux with respect to the star with a narrowband
3.1 pm filter and a broadband 3.8 um (L') filter. The ratio
between these two values is ~0.44, roughly consistent with
our values of ~0.4 inside of 50 au (Figure 8), especially given
the difference in filters used. Their observations provided a
clearer picture of the inner ring in the system, undistorted by
the NIRCam coronagraph IWA, whereas our new observations
detect the B and C rings at these wavelengths for the first time.

In our modeling, we find that we can explain this absorption
by varying the mass fraction of water ice and that in the inner
regions of the disk (~100 au), it could be anywhere from
20%-100% depending on the minimum grain size (beyond the
blow-out size). At the outer reaches of the system, closer to
~400 au, the mass fraction of water ice could range from ~1%
to ~20%, again, depending on the minimum grain size.

Recent JWST spatially resolved, NIR scattered light
spectroscopy has detected water ice scattering features in the
outer edge of the debris ring and in the extended halo around
the ~20 Myr old star HD 181327 (C. Xie et al. 2025). Indeed,
the broad 3.0 um water ice feature shows not only a wide bowl
shape but also a narrow 3.1 um Fresnel peak, similar to that
observed toward trans-Neptunian objects (N. Pinilla-Alonso
et al. 2025), believed to be created by large crystalline water
ice grains. Furthermore, the IFU data reveal a gradient in the
strength of the water ice feature as a function of stellocentric
distance with estimated water ice fractions of 0.1%, 7.5%, and
21.0% at 80-90 au, 90-105 au, and 105-120 au, respectively,
similar to that estimated for HD 141569. For HD 181327, the
smaller water ice fraction in the inner disk may be the result of
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efficient photodesorption of micron-sized water ice grain by
stellar ultraviolet photons.

In AB Aur, using similar filters to ours, S. K. Betti et al.
(2022) found mass fractions of up to 68% water ice, which
they argued is likely unphysical. In the inner regions of HD
141569A, the measurements are consistent with values this
high and potentially even higher. Assuming that these are also
unphysical, this suggests that, at least in the inner regions of
the disk, the minimum grain size is on the smaller end of our
range. S. K. Betti et al. (2022) suggested that one mechanism
to explain their measurements is that the surface probed by
their longer wavelength measurements (L) is deeper into the
disk due to a reduced opacity at longer wavelengths. In their
case, this argument is supported by the difference in disk
morphology they see between their L’ observations and those
from shorter wavelengths. In the case of HD 141569A, the
disk morphology appears consistent between our observations
and visible wavelengths (e.g., Figure 4). This may push the
disk to the smaller dust grain regime in Figure 10, with
minimum grains more in the 2-3 pm range. However, we note
that our calculations were carried out assuming an optically
thin disk.

In both HD 100546 (M. Honda et al. 2016) and AB Aur
(S. K. Betti et al. 2022), mild trends of increasing water ice
absorption with radial distance are seen. The stability of the
JWST’s space-based platform and sensitivity at these wave-
lengths allows us to detect a robust trend with radius.
However, here we measure a decreasing trend in the ice mass
fraction with stellocentric distance. There are several potential
explanations for this trend. One explanation could be that at
larger separations, the disk is more flared and so the outer disk
sees more UV flux from the host star (assuming the disk is at
least marginally optically thick in the radial direction near the
midplane), increasing the rate of photodissociation. Another
explanation, as suggested above, is that other volatiles may
freeze out onto the dust grains at larger separations, reducing
the mass fraction of ice. Finally, J. A. White & A. C. Boley
(2018) suggested that the outer regions of this disk (>95 au)
may have a steeper/more evolved grain size distribution than
the inner disk. This difference in the outer regions as compared
to the inner regions could perhaps be due to the residual gas in
the inner system. If this is the case, then it could be that (a) the
process of collisional erosion has removed some of the water
ice in these outer regions (A. Bonsor et al. 2023), (b) a
difference in dust grain distributions is affecting the ratio
between the JWST filters inside and outside of the ice feature
(M. Kim et al. 2024), or (c) a combination of both effects.

The treatment of water ice as distinct inclusions mixed with
silicates using the Bruggeman rule carried out here may not
fully capture the complexity of real grain compositions. Recent
laboratory work by A. Potapov et al. (2021) has demonstrated
that physically mixed silicate/ice samples can show different
optical properties than mathematically mixed optical con-
stants. However, for our specific two-filter analysis at 3.0 and
3.6 um, such differences appear relatively modest at the cold
temperatures relevant to our disk environment. Nevertheless,
comprehensive modeling—including systematic comparison
of hydrated versus mixed silicates, crystalline versus amor-
phous ice phases, and their effects on the F300M/F360M
brightness ratio—represents an interesting extension of this
work that could be explored in dedicated follow-up work that
may include multiwavelength observations.
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7. Sensitivity to Planets

In order to search for directly imaged planets in our data set,
we began by subtracting the M-star models (Section 3.2) and
the disk models (Section 5) from the individual integrations of
each roll for both the F300M and F360M data sets. The rest of
the processing in this section was completed using space-
KLIP. All of the integrations were cropped to a 107 x 10”7 box,
in order to reduce the influence of the M-star residuals on
subsequent processing. The integrations for a given filter were
then all mutually aligned with each other via cross correlation
(the ‘fourier’ method in spaceKLIP), before being median-
combined for a given roll angle or dither position for the science
and reference data, respectively. Although when subtracting the
host PSF to image the disk we did not find it necessary to align
the images, at this stage, we found it provided better results.

For each filter, KLLIP PSF subtraction (R. Soummer et al.
2012) was performed with spaceKLIP (via pyklip;
J. J. Wang et al. 2015) using the full data set. Before carrying
out PSF subtraction, all of the collapsed images were highpass
filtered with an FWHM of 3 and 4 pixels, for F300M and
F360M, respectively (equal to ~twice the Airy FWHM at the
filter center wavelengths), in order to minimize the impact of
any residual extended disk emission. We attempted ADI, RDI,
and a combination of both (ADI+RDI). For each method, we
tried varying the number of annuli (1, 5, and 20) and the
number of subsections (one, four, and six) over which the PCA
algorithm is run independently, and the number of KL. modes
(1, 5, and 10). Ultimately, we found that using 20 annuli, four
subsections, and 10 KL modes provided the best speckle
suppression. Overall, RDI performed the worst of the three
methods, and the ADI and ADI+RDI sensitivity curves were
indistinguishable by eye. As a result, hereafter, we only
considered the ADI4+RDI and RDI measurements. This result
is different from that of A. L. Carter et al. (2023), who found
that RDI performed better than ADI (and that ADI+RDI was
comparable to RDI) when imaging the HIP 65426 system. This
may be due to the significant disk residuals in the RDI-only
reduction, which become self-subtracted out when using ADI.

Raw contrast limits were calculated as a function of
separation and then calibrated, following the methods
described in A. L. Carter et al. (2023). The calibrated 50
contrast curves were converted to planet masses using the
ATMO2020 model grids (M. W. Phillips et al. 2020), with an
age of 5 Myr and a distance of 111 pc, where the filter
magnitudes for a given planet mass were calculated using the
species Python package (T. Stolker et al. 2020).

No statistically significant point sources were detected.
Figure 11 displays the final PSF-subtracted images for each
filter, as well as the 50 planet mass sensitivity curve. The F300M
filter is more sensitive to lower planet masses, reaching a floor of
~2 My, outside of about 17 The F360M filter only reaches a
sensitivity of 2 My, outside of 27 after which both filters’
sensitivities remain relatively flat until they both turn up slightly
around 47 (likely due to the influence of the M-star residuals).

The PSF-subtracted images show clear residuals from both
the disk model subtraction and the M-star model subtraction,
limiting the achievable point-source contrast. To evaluate the
impact of these residuals, we also include in Figure 11
simulated contrast curves from pyNRC®* (J. Leisenring 2025).
In pyNRC, we simulated the exact instrument setup for both

 https: / /pynre.readthedocs.io/
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Figure 11. Left and center panels: the final PSF-subtracted images for both filters. No point sources were detected. Subtracting off the M-star and disk models leaves
significant residuals that affect the contrast floor. Right panel: the mass sensitivity of our observations, as measured from the data and simulated with pyNRC.

filters, including customized PSF models for both the HD
141569A and HD 140986, the detector readout parameters,
and the difference in roll angle between the two science
images. We included realistic pointing offsets, and 2 and 5 nm
wave front error drifts between subsequent rolls, and between
the science and reference star, respectively (values that
produce good agreement with on-sky results with HIP 65426
b; Leisenring, private communication). The simulated contrast
curves demonstrate that in the absence of residuals and photon
noise from the disk and M-stars, our observations should be
sensitive to planets down to ~0.5Mjy,;,, and that the F360M
filter should be more sensitive, in contrast to our data. The
superior performance of the F300M filter here may be due to
the improved performance of our model at F300M relative to
F360M (Figure 6), or possibly the lower disk brightness due to
the ice absorption. We note that we did not attempt to correct
for any potential extinction of a planet due to the disk’s dust,
as this was beyond the scope of this work. With the current
limits, we cannot, for example, rule out the 0.2-2Mj,, planet
predicted in the 235-250 au region by M. C. Wyatt (2005).
These observations are also not sensitive to the kinds of
planets predicted to be stirring and sculpting the cold debris
disks found around slightly older stars, which are typically
Neptune- to Jupiter-mass and orbiting in the 10-100 au region
(T. D. Pearce et al. 2022). We note however, that the models
from T. D. Pearce et al. (2022) do not consider the possibility
of significant amounts of gas in the system (as is the case
here), which means that there is not a straightforward
correspondence between the distribution of small dust and
that of planetesimals.

Despite the general expectation of improved mass sensitiv-
ity of JWST relative to ground-based observations at
separations >17, we find that in this scenario, ground-based
observations of HD 141569A are able to achieve deeper
sensitivities. In particular, planet search results from C. Perrot
et al. (2016) using VLT/SPHERE/IRDIS in the H band are
able to reach sensitivities down to ~1Mj,, outside of ~1”.
Similar sensitivities were reached by M. Janson et al. (2013)
using Subaru/HiCIAO outside of the speckle limited regime.
Our poorer limits are likely due to the disk residuals in our
data, which may be affected by the larger PSF size and the
complicated PSF morphology of the NIRCam coronagraph.
Furthermore, in Figure 11, the M-star residuals can be seen to
cover nearly half the field in both filters, an effect not present
in the SPHERE data. JWST observations of the same system
might also be able to achieve lower mass sensitivities with a
filter better suited for a planet search, such as F444W, rather
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than filters optimized for water ice detection. Indeed, the
results from A. L. Carter et al. (2023) demonstrate very good
agreement with simulated performance and suggest that the
disagreement here is related to the disk and the noise
contributions from the nearby M-stars.

8. Conclusion

Here we have presented a first analysis of new JWST
images of the HD 141569A disk, obtained in the F300M and
F360M filters. While hints of the disk can be seen in the raw
images, subtraction of the host star PSF and of the neighboring
M-stars is required in order to clearly isolate the disk features.
The M-stars were subtracted by fitting an instrument point-
source model (i.e., a WebbPSF model) to the data. We carried
out an MCRDI procedure in order to simultaneously constrain
the disk morphology and subtract the host star PSF. The PSF-
subtracted disk images are reminiscent of previous imaging
(e.g., with HST/STIS) but with subtle differences. A more
thorough comparison and broad multiwavelength analysis has
been left for future work.

The bright PSF wings of the M-star companions contam-
inate the disk emission in these images more than in previous
imaging, which may be due to a combination of the new
wavelength range and the unique JWST PSF structure. When
planning future observations with similar nearby stars, we
recommend observers be conscious of this effect and should
consider forward modeling their effects using software such as
pyNRC.

We constructed a disk model composed of four rings to fit
the data in both filters. The model matched the data reasonably
well and was able to recover the complicated inner structure
caused by a combination of the NIRCam off-axis PSF
morphology variations and the coronagraph mask throughput.
As with the extended M-star PSF wings, this behavior may not
be intuitive when compared with previous observations, and
we recommend that future observers planning to observe
bright disks near the coronagraph mask consider forward
modeling the expected behavior with pyNRC or similar
software.

By comparing our forward-modeled disk images in both
filters, we recovered a radial profile of the scattering efficiency
ratio between the F300M and F360M filters, which varied
from 0.4 up to ~0.8. A similar profile was extracted from a
deconvolved disk image based on the same PSF-subtracted
data. We demonstrated that this range of values could be
explained by changing water content by a factor of 3—-10 and/
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or changing minimum grain size by a factor of ~5. The exact
values are also degenerate with porosity. However, unless the
porosity is strictly 0%, it is hard to explain the data with only a
radial change in minimum grain size. Future observations
using either NIRSpec or NIRCam could be used to
characterize the water ice around HD 141569. NIRSpec
spectroscopy could be used to measure the shape of the 3.0 um
water ice feature and thereby break the degeneracy in the grain
properties for the brightest regions of the disk at distances
>17. NIRCam Coronagraphy could be used to examine the
water ice content both interior to the NIRSpec Inner Working
Angle and in the faint outer disk where high-SNR spectrosc-
opy will be more difficult.

Our current two-filter analysis demonstrates that water ice
features can plausibly explain the observed radial brightness
variations. We recommend that future NIRCam imaging
studies consider incorporating: (1) three or more wavelengths
spanning the 3 m feature, (2) systematic comparison of
different ice phases and silicate hydration states, and (3)
integration with SED, polarization, and MIR data (e.g., 4.5,
6-7, and 13 pm broad water features) to break the
degeneracies identified here.

We did not detect any point-source companions in the
system. Our sensitivity analysis revealed that we were less
sensitive to planets than previous ground-based observations,
likely due to residual disk signal in our data and/or the
residual PSF wings of the neighboring M-stars. Indeed, the
observations did not achieve the sensitivity predicted by the
pyNRC instrument simulator in the absence of disk and M-star
companions. Improved planet sensitivity may be realized in
the future with better M-star models and /or more sophisticated
disk models that include azimuthal variations, and a more
optimal filter for planet searches (e.g., F444W).

This work presents only a first look at this data set, which is
of high SNR and ripe for more detailed analysis. Future work
may include a broader multiwavelength grain characterization
that combines the new data with archival data sets such as
the STIS data included herein. Such an analysis could explore
the influence of water ice content on the shape of the
continuum (e.g., M. Kim et al. 2024), or include a different
grain size distribution. Future work may also consider the
azimuthal variation in the disk and search for high-order
spatial variations in the absorption seen in this work.
Additionally, an analysis that includes varying scattering
phase functions between the two filters may also reveal a better
fit to the data.
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Overall, this work demonstrates JWST’s unique ability to
search for and characterize the water ice content in
circumstellar disks at unprecedented depths. In order to
facilitate future analysis of these data, and realize the goals
of the ERS program, we have released the analysis code
described above here (github.com/maxwellmb/jwst_ers_
NIRCAM_HD141569A).
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Appendix A

Figures 12 and 13 show the residuals (divided by the local
noise) and the corner plots from the flux fitting procedures
described in Section 5.2, demonstrating overall good beha-
vior: the residuals in the disk images are typically <30, and
the parameters in the corner plots are all well constrained.
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Appendix B
Reconvolution of Deconvolved Images

Deconvolution is essentially a distinct method for solving
the same problem as forward modeling of synthetic disk
images: identifying some idealized image of the circumstellar
scene that, when forward-modeled for instrumental effects,
provides a good match for the observations. To validate the
result of deconvolution, we can therefore simply treat the
deconvolved image like a “pre-convolved” synthetic disk
model image and apply the same forward modeling treatment
(rotating to the appropriate position angles, applying mask
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transmission, convolving with the PSF, and then derotating
and combining). Applying this to our deconvolved images, we
then compute the residuals between the real MCRDI images
and the resulting “reconvolved" images. The results of this
analysis are shown in Figure 14. Compared with the synthetic
model residuals of Figure 6, the reconvolved residuals are
generally significantly smaller. This exercise suggests that the
implemented deconvolution algorithm is working as intended
to produce a final image that is a good approximation of the
ground-truth circumstellar scene (at least up to the accuracy of
the synthetic PSF models used for convolution).
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Figure 14. The same as in Figure 6, but for reconvolution of the deconvolved images following the procedure outlined in Appendix B. Gray contours in the right
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FITS extensions. As these estimates neglect residual speckle noise, they should be assumed to underestimate the noise where speckle residuals are nonnegligible (at
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