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ABSTRACT

Context. A spatially resoved circumstellar disk spectrum and composition can provide valuable insights into the bulk composition of
forming planets and into the mineralogical signatures that emerge during and after planet formation.

Aims. We systemically extracted the RX J1604.3-213010 (J1604 hereafter) protoplanetary disk in high-contrast imaging observations
and obtained its multi-band reflectance in the visible to near-infrared wavelengths.

Methods. We obtained coronagraphic observations of J1604 from the Keck Observatory NIRC2 instrument and archival data from
the Very Large Telescope SPHERE instrument. Using archival images to remove star light and speckles, we recovered the J1604 disk
and obtained its surface brightness using forward modeling. Together with polarization data, we obtained the relative reflectance of the
disk in R, J, H (H2 and H3), K (K1 and K2), and L’ bands spanning 2 yr.

Results. Relative to the J1604 star, the resolved disk has a reflectance of ~10~! arcsec™? in R through H bands and ~102 arcsec™? in
K and L’ bands, showing a blue color. Together with other systems, we summarized the multiband reflectance for nine systems. We
also identified a varying disk geometry structure, and a shadow that vanished between June and August in 2015.

Conclusions. Motivated by broadband observations, the deployment of the latest technologies could yield higher-resolution reflection
spectra, thereby informing the dust composition of disks in scattered light in the future. With multi-epoch observations, variable

2

shadows have the potential to deepen our insight into the dynamic characteristics of inner disk regions.

Key words. techniques: high angular resolution — planets and satellites: detection — protoplanetary disks — stars: imaging

1. Introduction

Over 5000 exoplanets have been found with different observa-
tional techniques to date', and the diversity in their size and
mass distribution demonstrates the variety of the formation and
evolution processes of planetary systems. Planets are formed
within circumstellar disks around stars, implying that all are
made from gas and dust inherited from the same molecular
cloud. They could thus share a similar bulk composition (e.g.,
Wang et al. 2020a), suggesting that the composition of plan-
ets, disks, and stars is correlated. However, planets can form
from different mechanisms, primarily through core accretion
(e.g., Pollack et al. 1996) and disk gravitational instability (e.g.,

* A copy of the reduced images is available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/684/A168

** Marie Skodowska-Curie Fellow.

I https://exoplanetarchive.ipac.caltech.edu/

Pollack et al. 1996; Piso & Youdin 2014; Piso et al. 2015), and
these models predict different planetary luminosity and spec-
tra (e.g., Spiegel & Burrows 2012). An investigation into the
compositional makeup of planetary systems, including planets
and disks, can contribute to our understanding of these celestial
bodies, offering an opportunity to empirically test the prevailing
theories of planet formation.

Various indirect techniques were proposed to infer the bulk
composition of exoplanets. Typically, mass-radius measurements
of exoplanets are employed to estimate the bulk composition
of the planet (e.g., Zeng et al. 2019; Miller & Fortney 2011;
Thorngren et al. 2016; Miiller et al. 2020; Plotnykov & Valencia
2020; Adibekyan et al. 2021). The uncertainties in exoplanet
property measurements, including radius and mass, are large,
however (e.g., Weiss & Marcy 2014). In addition, the uncer-
tainty or the degeneracy from theory predictions is significant
(Miiller et al. 2020; Miiller & Helled 2023; Rogers & Seager
2010; Dressing et al. 2015). Consequently, they cannot precisely
constrain the bulk composition of exoplanets.
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Planet migration plays a decisive role in the evolution of
rings and planets: The remnant planetesimal belts are candidates
for cold debris disks (e.g., Jiang & Ormel 2023). Morbidelli
et al. (2016) showed that accretion processes play a major role
in determining the bulk composition and volatile budget of a
planet. In the case of young planets that are still embedded in
protoplanetary disks, it might therefore be possible to probe the
planetary composition by obtaining the dust composition of the
disks with a speculative hypothesis about migration and pre-
cise numerical simulations of accretion (Pacetti et al. 2022; Mah
et al. 2023). Therefore, extracting the disk composition might
contribute to the confirmation of the composition of exoplanets.
The characterization of the initial elemental budget contained
in the protoplanetary disks from which giant planets are born
could thus provide constraints to inform planet formation models
(Turrini et al. 2021; Pacetti et al. 2022).

Existing studies have attempted to infer the potential com-
position of circumstellar disks (e.g., protoplanetary, debris).
With broadband photometry, Debes et al. (2008) found that the
HR 4796 debris ring might be explained using grains with a
radius of 1.4 umof complex organic material; Rodigas et al.
(2015) found that silicates and organics are more generally
favored over water ice for HR 4796, which showed the possible
existence of common constituents of both interstellar and Solar
System comets. Using integral field spectroscopy, Bhowmik
et al. (2019) observed HD 32297 with Spectro-Polarimetric
High-contrast Exoplanet REsearch (SPHERE; Beuzit et al. 2019)
in the Y, J, and H bands in total intensity and found that the
spectral reflectance of the debris disk features a gray to blue
color. They interpreted it as resulting from grains far below
the blowout size. With a dip observed at the ice feature around
3.1 um, certain young disks showed the potential presence of
water ice, including HD 142527 (Honda et al. 2009), HD 100546
(Honda et al. 2016), AB Aur (Betti et al. 2022), and HD 141569
(Kueny et al. 2024). For HD 141569, Singh et al. (2021) found a
mild negative slope and an absorption feature at around 1.5 pm,
which might be caused by the OH bonding resonance in the
reflectance across the Y—K, bands. For complex circumstellar
structures (e.g., spirals), a proper extraction of their morphol-
ogy and reflectance is still challenging (e.g., Olofsson et al.
2023; Ren 2023) because most existing algorithms overfit or
self-subtract, which limits a proper recovery of disk signals in
high-contrast imaging observations.

To properly recover disk images to study their reflectance in
an early stage of disk evolution, here we study the RX J1604.3-
2130A (J1604 hereafter) disk in multiple wavelengths in scat-
tered light with forward modeling. J1604 is a K2 + 1 star
(Preibisch & Feigelson 2005) located at a distance of 145.3 +
0.6 pc (Gaia Collaboration 2023) with a mass of 1.46012 My,
(Fouesneau et al. 2022) and an age of 11 + 3 Myr (Pecaut et al.
2012). Woitke et al. (2019) modeled the spectral energy distribu-
tion (SED) of J1604, showing an infrared (IR) excess of 0.18 L
for A > 6.72 um for a stellar luminosity of L, = 0.76 L,. The
outer transition disk around the star is seen nearly face-on (6°
inclination, Dong et al. 2017), and it is massive, with a dust
mass of ~40-50 Mg (Barenfeld et al. 2016; Pinilla et al. 2018b).
There is evidence of planet-induced dust filtration (Rice et al.
2006; Canovas et al. 2017). Kohler et al. (2000) found that a
stellar companion to J1604 is located at ~2300 au. It is itself
a binary with a separation of 13 au. Davies (2019) calculated the
misaligned angle between the stellar rotation axis and the outer
regions of this transitional disk (|i. — igisk| > 52°) at the 1.60
level. In addition, new measurements of the projected rotational
velocity (vsini) indicated that the star is aligned with the inner
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disk and thus is misaligned with the outer disk (Sicilia-Aguilar
et al. 2020).

The outer disk has a deep resolved gas cavity that is smaller
than the dust cavity (van der Marel et al. 2015). The disk of 11604
was resolved with the Atacama Large Millimeter/submillimeter
Array (ALMA; Mayama et al. 2018), in which the observations
are indicative of an inner disk that is misaligned with respect to
the outer disk. Considering the high-resolution continuum study
of inner disks using ALMA, Francis & van der Marel (2020)
measured the dust mass, which gave an upper limit of 0.013 My
for the inner disk. Stadler et al. (2023) modeled '2CO intensity
channel maps of the disk around J1604 and then obtained the
position angle of the semimajor axis of the disk on the redshifted
side (Opa = 258:7). The authors suggested that another massive
companion, presumably orbiting with a significant inclination,
shapes the inner region, which spans ~0”"25 (~35 au) based on a
localized non-Keplerian feature.

In circumstellar disk systems, the misalignment between the
inner and outer disk could cast shadows on the outer disk (see
Bohn et al. 2022 for observation examples). Multi-epoch spec-
troscopic and near-IR photometric observations reveal variabil-
ity over several months, which might be linked to the instabilities
or to perturbations within the inner disk (Sitko et al. 2012).
In particular, changes in the shape, location, and brightness of
the shadow features provide valuable insights into the struc-
ture and variability timescale of the dust casting shadow. For
SAO 206462, Stolker et al. (2016) witnessed varying shadow
features, which might have been caused by a local perturbation
of the inner disk or by an accretion funnel flow from the inner
disk onto the star. Existing high-contrast imaging observations
by Pinilla et al. (2018a) found that the photometric shadows in
the outer disk of J1604 are variable in morphology and in loca-
tion, suggesting that the innermost regions are highly dynamic.
The shadows might be evidence of a closer-in massive compan-
ion or of a complex magnetic field topology. Ruane et al. (2019)
observed similar features in L’ band with Keck.

In comparison with the J-band data in Pinilla et al. (2018a),
the scatter surface appears slightly farther out from the star in
L’ band (Ruane et al. 2019), indicating the spatial segregation
of dust particles sizes and lower opacities at longer wavelengths.
Ma & Schmid (2022) conducted precise measurements of intrin-
sic radiation parameters, including fractional polarization and
apparent disk albedo, and comprehensively characterized the
scattering behavior of dust within the disk using a transition
disk model. Therefore, obtaining multiband reflectance for J1604
presents an opportunity to enhance our capacity to probe the bulk
composition of this disk, as well as to confirm the variability of
the shadows on the outer disk to probe the inner disk. In Sect. 2,
we describe the details of the J1604 observations used in this
study and our data reduction procedure. Section 3 encompasses
our modeling result and the reflectance derived from the obser-
vations. We explore the substructure of J1604 and discuss the
limitation of the method in Sect. 4, which also features a com-
parative analysis of the relative reflectance between J1604 and
other disks. Finally, we provide a concise summary in Sect. 5.

2. Observation and data reduction
2.1. Keck/NIRC2

We conducted an L’-band observation of J1604 using the
Keck/NIRC2 vortex coronagraph, which has a pixel size of
9.942 mas (e.g., Service et al. 2016; Mawet et al. 2019) on UT
2017 May 10 (Proposal ID: C280; PI: D. Mawet). The total
integration time was 3285 s (=1 s X 45 coadds x 73 frames).
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During the observation, the parallactic angle rotation was 3622.
In this work, we derotated the images to align the disk and
then median-combined the different exposure frames. The
field rotation (i.e., parallactic angle change) therefore allows
us to remove quasi-static noise. The central wavelength of the
L’-band filter is 3.776 um. The observing list consists of seven
targets, including J1604 and six other stars, which we used as
reference stars to remove the star light and speckles for J1604.
The corresponding off-axis point spread function (PSF) was
obtained by positioning the star outside the coronagraph mask
with a total exposure time of 0.75 s.

We preprocessed the observation data by performing flat-
fielding, correction for bad pixels, and background removal
(Xuan et al. 2018). For the postprocessing, we adopted reference
differential imaging (RDI): We used the Karhunen-Loeve image
projection algorithm (KLIP: Soummer et al. 2012) with six com-
ponents to maximize the speckle removal while presenting the
surface brightness and structure. The reference images were cho-
sen from the exposure of the reference stars, selected on the basis
of their cosine similarity with the preprocessed target images.To
generate the six components, we used 73 reference images,
which match the number of frames of the J1604 observation. To
obtain the final result, we derotated all the images so that north
was up and east to the left, based on their parallactic angles,
before we median-combined them altogether (see Fig. 1a).

2.2. VLT/SPHERE

We retrieved archival H-band IR dual-band imager and spec-
trograph (IRDIS; Dohlen et al. 2008) observations of J1604 on
2015 August 13 under program (ID: 295.C-5034) and K-band
IRDIS observations data on 2015 June 10 under program (ID:
095.C-0673). IRDIS is a dual-band imager (DBI; Vigan et al.
2010) in SPHERE that can produce simultaneous images at two
nearby wavelengths, such as H2: 1.593 um and H3: 1.667 pm,
or K1:2.110 um and K2: 2.251 um?. The pixel size of IRDIS is
12.25 mas (Maire et al. 2016). During the observation, the par-
allactic angle rotation in H band was 91°9 and 1402 in K band.
The exposure time in the H band and K band for each frame
is 32s. Additionally, the corresponding noncoronagraphic stel-
lar PSF was obtained with the neutral density filter ND2 and
an exposure time of 0.8375s. We employed the reference library
from Xie et al. (2022) to improve the performance of RDI.

We preprocessed the raw data using the vlt-sphere’
pipeline (Vigan 2020) to correct for dark, flat, and bad pix-
els in the coronagraphic images and in the noncoronagraphic
stellar PSF image. The images were aligned using the satellite
spots. Similarly to the procedure employed for the NIRC2 L’-
band observations, we selected the reference images that had
the highest correlation with the images of J1604, and the image
numbers matched the number of frames of the target observa-
tion data. We then performed data reduction using KLIP. We
derotated the images based on their parallactic angles and then
median-combined all frames in each filter. The resulting images
are shown in Fig. 1.

3. Analysis and results
3.1. Forward modeling

To recover the surface brightness of J1604 disk in the
five filters, we adopted the forward-modeling technique (e.g.,

2 https://www.eso.org/sci/facilities/paranal/
instruments/sphere/inst/filters.html
3 https://github.com/avigan/SPHERE, version 1.4.2.

Mazoyer et al. 2020). In one band, we injected a negative disk
model in the preprocessed data, then performed KLIP with
reference differential imaging to minimize the residuals. The
reduction parameters were identical to those Sect. 2.

We used a static and geometric disk model to analytically
describe the spatial distribution of the scatterers within the
disk: we adopted the three-dimensional distribution function in
cylindrical coordinates from Augereau et al. (1999),

—2ain 2oyt _% 2
n(r,z) o« l("i) + (ri) } exp [—(%) ], (1)

where £ is the scale height, r. is the critical radius, and @;, > 0
and aqy < 0 are the asymptotic power-law indices when r <
re and r > r.. We adopted i = 0.04 from the vertical structure
study of Thébault (2009), since it is not constrained for face-on
systems, and we only focus on the surface brightness of the disk
in this study.

Two specific angle values of the disk are needed in the mod-
eling process: the inclination angle, and the position angle. The
inclination angle (6;,c) is defined as the dihedral angle between
the disk midplane and the sky, and the position angle (6pa) is
defined as the position angle of the disk semimajor axis mea-
sured from north to east. This semimajor axis was chosen as
the axis 90° counterclockwise from the semiminor axis that was
closer to Earth. For these two angles, we adopted fixed values
from the analysis of ALMA observation data by Dong et al.
(2017) and Stadler et al. (2023), with ;. = 6° and Opy = 258°7.

The scattering angle is defined as the angle measured from
the incident light ray to the outgoing ray. The intensity of scat-
tered light as a function of scattering angle is referred to as
the scattering phase function (SPF). In this study, we adopted
the parametric SPF in Henyey & Greenstein (1941) in total
intensity,

1-g?

L(6) = ,
W) = T+ @ —2gcos 07

2

where 6 is the scattering angle, and g € (-1, 1) is the scattering
asymmetry parameter with —1 < g < 0 for backward scattering
and 0 < g < 1 for forward scattering.

We combined the static geometric disk model with their cor-
responding SPF to obtain a model image. To align the brightness
of the disk model image with the observation data, we intro-
duced a scaling factor. We multiplied the disk model images by
10 raised to the powers of the scaling factor to compare the obser-
vations. We used the DebrisDiskFM package (Ren et al. 2019)
for the disk image modeling using the Millar-Blanchaer et al.
(2015) codes, which were adopted to model ring-like structures
in debris disks and protoplanetary disks (e.g., Wang et al. 2020b;
Quiroz et al. 2022; Ren et al. 2023b). Recognizing the poten-
tial misalignment between the image center of simulated data
and observation data due to the instrument jitter or inaccuracies
in the preprocessing procedures, we adopted two parameters Ax
and Ay to represent the shifts of the disk along the south-north
and east-west direction, respectively. Due to the low signal-to-
noise ratio (S/N) of the L’-band data, we set both shifts to zero
when modeling the L’-band data.

To produce an observed disk model through the finite tele-
scope aperture, we rotated the model image generated from
the DebrisDiskFM package based on the parallactic angle cor-
responding to each of the observation images and convolved
it with the normalized PSFs obtained in Sect. 2. For the
distinctive characteristics of the NIRC2 instrument, we also
applied a transmission map of the NIRC2 vortex coronagraph

A168, page 3 of 12


https://www.eso.org/sci/facilities/paranal/instruments/sphere/inst/filters.html
https://www.eso.org/sci/facilities/paranal/instruments/sphere/inst/filters.html
https://github.com/avigan/SPHERE

Zhong, H., et al.:

b) model

Fig. 1.

A&A, 684, A168 (2024)

convolved model (d) residual

(c)

Surface Brightness counts - s~

Surface Brightness counts - s~

Surface Brightness counts - s~

Surface Brightness counts - s~

Surface Brightness counts - s~

J1604 disk images and modeling results. (a) Observation of J1604 after subtracting the stellar speckles. (b) Best-fitting model. (c¢) Corre-

sponding best-fitting model convolved with the PSF and subtracted from the stellar speckle components. (d) Residual images after removing the
best-fitting model and the stellar speckle components (see Sect. 3.1). The corresponding bands from the top to bottom images are H2 and H3 (2015
August 13), K1 and K2 (2015 June 10), and L (2017 May 10). The numerical labels indicate the position of the potential shadow features on the

disk in Sect. 4.3.2.

(e.g., Wang et al. 2020b; Quiroz et al. 2022) during the L’-band
modeling. We then subtracted the disk model images from the
target images (i.e., negative injection) based on the correspond-
ing parallactic angles, and we removed the stellar speckles using
KLIP (see Sect. 2) to obtain the residual images. We calculated
the element-wise median and standard deviation of the derotated
residuals to obtain the final result for the negative injection.

The residual images have significantly lower standard devi-
ation values in the edge region. We therefore excluded the
edge region in our analysis. To obtain the best-fit models for
the observed data, we maximized the log-likelihood function
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assuming an independent Gaussian distribution for the final
negative injection result,

1 5 (X & N
INL(® | Xobs) = ~5 Z} (—) - ;m Tresi = 5 N2, (3)

Ores,i

where ® is the set of the disk and offset parameters (i.e.,
Ginc» OPA > Xin, Qout, Tes 9 frux, Ax, and Ay), X is the element-wise
median derived from residual images across diverse exposure
frameswith N pixels, and o is the uncertainty map that has the
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Table 1. Best-fitting parameters for the J1604 disk in total intensity in scattered light.

Parameter  Unit H?2 band H3 band K1 band K2 band L’ band
Bine @ ° 6 6 6 6 6
Opp © ° 258.7 258.7 258.7 258.7 258.7

in 18.578’:?:2%1 25.064t}j§(1) 21 .968f%3%8 21.06331%‘6‘ 1 1.4933322
o 654510271 _61617000 730010212 _856+0402  _g gger1 403
Fe au 60.507f8:§jé 59.993f8:{2‘7‘ 61.682j8:§g§ 61.872j8:‘3‘§(5’ 65.727f{:‘2‘ﬁg
g 012600 02777028 03079% 0mTHIR 07437017
Ax© Pixel 0.053 0.053f8:8§} 1.12jg:82 1.12 0
Ay© Pixel -1.279 -1 .279f8:8§; —0.26f8:8§ -0.26 0

Notes. @@, was fixed as inferred from the dust continuum (Dong et al. 2017). ®6p, was fixed as inferred from the '>CO intensity channel maps of
the disk (Stadler et al. 2023). ©Offset between ring center and star. Ax and Ay (Millar-Blanchaer et al. 2015) are expressed in units of instrument
pixels, and they are fixed for specific bands. For the H2 band, we employed the best-fitting model from the H3 band, for the K2 band, we used the
best-fitting result from the K3 band, and for the L’ band, no offset adjustments were applied.

same dimension as X. To obtain the best-fitting disk parame-
ters for the observational data and explore the parameter space,
we employed the emcee package (Foreman-Mackey et al. 2013).
In order to reduce the influence of shadows of the disk (Pinilla
et al. 2018a) during the modeling of the disk, we selectively
excluded specific regions when calculating the likelihood func-
tion. This exclusion was achieved by applying a distinctive mask,
as depicted in Fig. A.1.

Considering the similarity between the H2 and H3 band and
because the S/N of the H3 band is higher than that of the H2
band, we fixed the parameters Ax (pixel) and Ay (pixel) of the H2
band to the best parameters derived from the H3 band. Similarly,
in the K bands, where the S/N of K1 band is better than in the K2
band, we fixed the parameters Ax (pixel) and Ay (pixel) of the K2
band to the optimal parameters obtained from the K1 band. We
present the 50 + 34th percentiles for the retrieved disk parame-
ters in Table 1. We present and discuss the MCMC modeling
results in Appendix A.3.

3.2. Aperture photometry

The effective telescope aperture of Keck II is equivalent to that
of a circular aperture with a diameter of 9.96 meters*. The aper-
ture of SPHERE is 8.0 meters in diameter seen from SPHERE
(Rupprecht 2005). We obtained the host star flux, denoted as F,,
(units: counts s~!), by integrating the image counts within the
first-order diffraction ring divided by the exposure time. We set
the aperture size to 1.22% across all bands to ensure that the
ratio of the calculated flux to the true flux remains the same
across different bands. After model fitting, we obtained a Markov
chain of the corresponding parameters and used it to create disk
model images. We obtained the average disk flux Fgisx (units:
counts s~! arcsec™?) using the median pixel count number of the
model image within the same aperture divided by the angular
size of a pixel and the exposure time. The center of aperture
was placed near the position of the peak surface density along
the disk major axis, determined by the best-fitting disk param-
eter r. and Opa, @iy, @y using Eq. (1). We chose this region,
where the scattering angle is nearly 90°, to mitigate the influence
of the phase function and facilitate comparisons with studies of
other systems. The resulting ratio of Fy,, to Fgisx corresponds

4 https://www2.keck.hawaii.edu/observing/kecktelgde/
ktelinstupdate.pdf

to the reflectance p, expressed in units of arcsec™2. This trans-
formation effectively eliminates the influence of the stellar color
and the instrument effects, enabling the quantification of the disk
reflectance p as a function of wavelength.

Similarly, we conducted photometry on the observation data
of the disk. However, it is important to note that the convo-
lution effect of the instrument and the KLIP algorithm would
influence the reflectance by introducing image blurring and
reducing the surface brightness of the disk. To mitigate these
effects, we divided the KLIP-reduced image by the best-fitting
disk model image and subsequently mean-combined the result-
ing image within the region of the disk, excluding the shadows
(see Fig. 1), to determine the throughput. We then corrected
the reduced image by dividing it by the throughput and per-
formed photometry on the corrected image. In this way, we can
reduce the possibility that the disk model in Eq. (1) is not an
accurate description of the J1604 disk morphology to calculate
the reflectance. This additional photometry step also allowed
us to assess the accuracy of the reflectance obtained from the
disk model (see Fig. A.2). When the values of the reflectance
obtained from the corrected image and the model image agreed
well, we considered the results reliable.

The band widths of the H2, H3, K1, K2, and L’ bands are
0.052,0.054,0.102, 0.109 pwm (Wahhaj et al. 2022), and 0.7 ums,
respectively. Furthermore, we calculated the errors in reflectance
p by combining the uncertainties of the stellar flux and the disk
flux,

_ Faisc

Fstar

(6p)2 _ (6Fdisk )2 + (6Fslar )2

Y F disk F star ’
where 0Fgisx for modeled disk image was calculated using the
Markov chain of the model fitting. We corrected the residual
image, as shown in Fig. 1, by dividing it by the throughput and
performed photometry on the corrected image out of the disk
region to obtain O F gig.

To extend the wavelength coverage of our study and vali-

date our work, we obtained total intensity models inferred from
polarimetric imaging in SPHERE/IRDIS for J1604 in the J

0
4)

5 https://www2.keck.hawaii.edu/inst/nirc2/filters.html
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Table 2. Detailed values for disk surface brightness measurement.

Unit R band Jband Hband H2band H3band Klband K2band L’ band
Epoch 2015.06  2017.08 2016.06  2015.08 2015.08 2015.06  2015.06  2017.05
Wavelength um 0.65+0.05 1.24+0.12 1.62+0.14 1.59+0.02 1.67+0.02 2.11 £ 0.05 2.25+0.06 3.78 +0.35
Resolution @ mas 20 39 51 50 52 66 71 95
Fu® 10° counts 5! 271  367+8 524+77 190+42 211+45  263+4  165+2 11101
Finodeh © 10% counts s~' arcsec 131 £90) 89228 980 +250 322 348+ 17343 75+2 420*3!
Fed @ 10? counts s~ arcsec™ 160+40 17026 170+12 93+ 13 190 +270
Fg?flffz(e) 10? counts s~! arcsec™> 384 +35 358+26 470 + 270

Notes. “Spatial resolution obtained from 1.221/D, where A is the central wavelength, and D is the telescope pupil size seen by the instrument.
®1In the H and K bands, two stellar flux images were acquired on separate nights. The mean flux in the K band was computed based on the two
observed values, with preference given to the flux from the second night, accounting for seeing conditions. We calculated the standard deviation
with two flux values the H and K band considering a potential stellar brightness variation. We also computed /7 as the photonic noise following
a Poisson distribution. For instance, in the case of observations in the H2 band, the photonic noise was computed as V263 x 1000 x 0.837/0.837.
The overall errors in stellar flux were determined by combining the photonic noise and the standard deviation with two night flux values. ) Average
disk surface brightness for the unconvolved models. The error was calculated by the Markov chain of the corresponding disk parameters obtained in
the process of forward modeling. ¥ Average disk surface brightness for an observation with throughput correction in the major axis. The error was
calculated based on the residual image in the region outside of the disk. Y Average disk surface brightness for an observation with the throughput
correction out of the major axis. Considering the low inclination of the disk, the scatter angle of the region is nearly 90°. " The average polarized

disk surface brightness for the unconvolved disk model.

and H bands in Ma et al. (2023). Considering the polarimet-
ric light as fraction of the scatter light, we added the polar-
ized intensity model inferred from polarimetric imaging using
SPHERE/ZIMPOL for J1604 in the R band, as detailed in Ma
etal. (2023), which could provide a lower limit for the reflectance
in total intensity. Considering the statistical findings on the polar-
ization fraction of disks in the K, band (2.182 um; Ren et al.
2023a), to obtain a more accurate reflectance in the R band, we
adopted a polarization fraction for J1604 of 0.4 in the R band
(0.65 wm) and an upper and lower limit of 0.5 and 0.2, respec-
tively. We note that the two bands differ significantly, which may
introduce potential biases in the interpretation of the results.

We provided detailed aperture photometry results in Table 2.
The final results, as shown in Figs. A.2 and 2, reveal that the disk
scatters less light in the longer than in the shorter wavelengths.
By analyzing the reflectance at various wavelengths, future
work might constrain physical properties of the dust population,
including size, shape, and composition of the micron-sized dust
particles.

4. Discussion
4.1. Stellar brightness variation

J1604 is a young active dipper star that exhibits quasi-periodic
or aperiodic dimming events in its optical and IR light curves.
An analysis of the three known dippers with publicly avail-
able resolved submillimeter data, conducted by Ansdell et al.
(2016), concluded that nearly edge-on viewing geometries of
the outer disk could not explain the depth of the light curves.
Sicilia-Aguilar et al. (2020) studied ten deep eclipses of J1604
and found that the brightness variation in H band reached 0.2—
0.7 mag. In the H2 and H3 band observations here, the stellar
flux density on the second night is nearly twice that of the first
night. The seeing conditions on the first night were 1765 + 0701,
while on the second night, they were 1”29 + (705. This discrep-
ancy indicates that the stellar flux observed on the first night
was influenced by adverse weather conditions and may not be
accurate. Therefore, we adopted the stellar flux obtained on the
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Fig. 2. Reflectance of different bands and different disk including
HR 4796A (Debes et al. 2008; Rodigas et al. 2015; Milli et al.
2017), HD 32297 (Bhowmik et al. 2019), AB Aur (Betti et al. 2022),
HD 142527 (Honda et al. 2009), HD 141569 (Singh et al. 2021; Kueny
et al. 2024), HD 110058 (Stasevic et al. 2023), HD 114082, and
HD 117214 (Engler et al. 2023). We scaled these disks with the square
of their radial distances ratio to J1604 (see Sect. 4.2). For J1604 in the
R band, we estimate the total intensity reflectance using polarization
data while assuming a polarization fraction (see Sect. 3.2). Because of
stellar activity and the resulting lag in photon arrival times between the
star and the disk, the accuracy of the reflectance measurement is limited
(see Sect. 4.1).

second night and conservatively used the standard deviation of
the two measured flux values as the error associated with the stel-
lar flux measurement. In other bands, we did not detect similar
stellar flux variations.

The actual stellar flux variation could impact the measure-
ments of reflectance because the photons emitted from the star
arrive at the surrounding disk with a delay of several hours to a
few days. For J1604, this delay is about 8 hours: The scattered-
light flux variation of the disk lags the flux variation of the star.
Any stellar flux variation that occurred during the observation
could lead to measured fluctuations in the disk brightness that
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deviate from actual values and might bias the derived reflectance
measurements. In the future, with the aim of enhancing the relia-
bility of the reflectance of J1604, a more careful treatment of the
difference in light arrival-time should be performed (e.g., TESS:
Stark et al. 2023).

4.2. Comparison with previous works

A few studies have focused on measuring the broadband
reflectance or the reflectance spectrum for circumstellar disks.
By situating the J1604 measurements in the reflectance of
HR 4796A (Debes et al. 2008; Rodigas et al. 2015; Milli et al.
2017), HD 32297 (Bhowmik et al. 2019), AB Aur (Betti et al.
2022), HD 142527 (Honda et al. 2009), HD 141569 (Singh et al.
2021; Kueny et al. 2024), HD 110058 (Stasevic et al. 2023),
HD 114082, and HD 117214 (Engler et al. 2023), we were able to
study both the difference and the similarity between the environ-
ment in the debris disk, where giant planet formation has reached
completion, and in the environment within the protoplanetary
disk (e.g., AB Aur, J1604, HD 142527, and HD 141569), where
giant planet formation is currently in progress.

Existing studies on circumstellar disks showed several fea-
tures in their reflectance. Milli et al. (2017) measured the
reflectance of HR 4796A from 0.5 pm to 4.0 wm, which showed
a monotonically increasing trend from 0.5 um to 1.5 um and
then was almost constant from 1.5 pm to 4 wm. Bhowmik et al.
(2019) measured the reflectance spectrum of HD 32297 from 1
to 1.8 wm. The spectrum exhibited a monotonically decreasing
trend with wavelength, which renders the disk color gray to blue
in the YJH spectral range. Employing a color-color difference
diagram (Inoue et al. 2008), Honda et al. (2009) discerned the
existence of silicate and H2O ice grains of on the surface of
the disk of HD 142527 with a dust size of ~1 pum. Similarly,
AB Aur and HD 141569 were observed in absorption at the ice
line at ~3.1 um (Betti et al. 2022; Kueny et al. 2024). Engler
et al. (2023) found that the measured reflectance spectrum of
HD 117214 disk might indicate the presence of CO, ice as a con-
stituent of debris material at the investigated radial distance from
the star and a red color at longer wavelengths than 1.66 pm for
both HD 117214 and HD 114082.

The reflectance measurements of J1604 here encompass the
broadest wavelength range from 0.5 pm to 4 pm to date (e.g.,
HR 4796A: Debes et al. 2008). Considering the decrease in
the stellar light intensity with distance, which scales as 1/r,
where r is the stellocentric distance, we scaled these disk
reflectances with the square of their radial distances ratio to
J1604 (e.g., the scaling factor for HD 114082 is rIZ{D1 12082/ rjz1 604 =

(31 au/61 au)® = 0.26, and HD 32297 12y 101/ Miees =

(134.7 au/61 au)® = 4.88). The reflectance amplitudes of the
debris disk after scaling, including HR 4796A, HD 117214,
and HD 114082, were 1072-1072 arcsec2, signifying a lower
magnitude than for the reflectance amplitude of protoplanetary
disks, including J1604, AB Aur, and HD 142527, which are
~107" arcsec™2.

We can identify a monotonically decreasing trend in the
reflectance of J1604 over the wavelength range of 0.5 um
to 2.1 um (i.e., blue color), which contrasts with the flat or
gradual increase in the reflectance of HD 114082, HD 117214,
HR 4796A, and HD 110058, all of which are debris disks (i.e.,
gray to red color). With the distance-dependent scaling, the
reflectance trend of HD 32297 and HD 141569 is relatively close
to that of J1604. It could be speculated that the evolution of
the disk may entail a progressive transition in the shape of the
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reflectance spectrum, shifting from the J1604-like characteristic
blue slope to those featuring a red slope resembling HR 4796A.
Additionally, the reflectances of J1604 and HR 4796A both
exhibit a consistent flat trend within the wavelength range of
2.1 pm to 4 um. In contrast, for AB Aur, HD 141569, and
HD 141527, the reflectance at ~3.8 um is larger than that at
~2.2 pm in the same wavelength span and showed potential
water-ice absorption. We note the necessity for additional data
points of J1604 within the wavelength range of 2.1 um to 4 um
to explore its corresponding features. Finally, potential biases in
compiling and analyzing the statistical results should not be dis-
regarded, since there are inconsistencies in the existing surface
brightness measuring and in the reporting methods in previ-
ous work. Specifically, the reflectance measurement by Singh
et al. (2021), along with some other studies, used the average
flux of the whole disk, which is different from our measure-
ment in Sect. 3.2. The limited quantity of available samples
hinders a comprehensive analysis. Future studies of reflectance
spectra using an integral field spectrograph (IFS), including
SPHERE and the Gemini planet Imager (GPI), will help us to
better probe the spectroscopic trends as well as the mineralogical
composition of circumstellar disks when aided with laboratory
measurements (e.g., Poch et al. 2023).

4.3. Varying disk structure
4.3.1. Structure

The disk geometry structure that we obtained by forward-
modeling varies with the wavelengths. Although the fitting
parameters r., @in, and aqy in the H band closely resemble those
in the K band due to the proximity in wavelength, significant dif-
ferences are observed in the best-fitting parameters r., a;,, and
oy for the L’ band. The significant difference in wavelength
may be attributed to the spatial segregation of dust particles,
which vary in size and scattering properties, potentially influ-
enced by size-dependent forces. For example, the unitless ratio
B of the radiation pressure and gravitational forces exhibits an
inverse proportionality to the grain size for grains larger than a
few wm (Olofsson et al. 2022). Additionally, the drag that the gas
exerts on the grains is known to be size dependent (Takeuchi &
Artymowicz 2001).

In comparison to the L’ band, the values of «;, in the H
and K bands are notably higher, indicating a sharper inner
edge. This result suggests the possible presence of dust parti-
cles that condensed at the inner edge, such as NHj3, water ice,
and hydrated minerals (Popa & Udrea 2019)%, which exhibit
strong light-absorption characteristics in the H or K bands, but
exhibit a weaker effect in the L’ band. Another explanation for
the observed cavity with a sharp edge in both the K and H band
could involve the presence of a ~15 My, brown dwarf orbiting
at ~15 au (Canovas et al. 2017). It is well established that a mas-
sive giant planet can create a cavity with a sharp edge within
the disk (Pinilla et al. 2012; Johansen et al. 2019). Rodigas et al.
(2014) derived a linear expression relating the maximum mass
of a shepherding planet to the observed width in scattered light
of the debris ring. However, J1604 is not a debris system, but
a protoplanetary/transition disk that is rich in gas, and it can
therefore involve more complex mechanisms. Future work on
the radial distribution of rings in protoplanetary/transition disks
could better explain the observation in this study.

% https://www.nist.gov/
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Fig. 3. Azimuthal profiles of depro-
jected J1604 observation data from the
KLIP results with 72 illumination correc-
tion. Component ‘A’ vanished between 2015
Jun. and Aug., while ‘B’ and ‘C’ enhanced
then. One additional component ‘D’ might
start appearing in 2017 May. The vertical
arrangement, from bottom to top, aligns

4.3.2. Shadows

The observed asymmetry of the transition disks in the form of
shadows is widely attributed to the inner disk, which is signifi-
cantly inclined relative to the outer disk, resulting in the casting
of varying-depth shadows onto the outer disk (Bohn et al. 2022).
Min et al. (2017) provided analytical equations describing the
positions of these shadow features as a function of the orien-
tation between the inner and outer disk and the height of the
outer disk wall, such as HD 100453. Based on the hydrodynamic
simulations combined with three-dimensional radiative transfer
calculations, Benisty et al. (2018) adopted a warped-disk model
and reproduced all main morphological features for HD 143006.
Similarly, Muro-Arena et al. (2020) found that a single mis-
aligned ring was insufficient to account for the wide shadow
and instead used two separate misaligned zones to effectively
reproduce most of the observed features within the protoplane-
tary disk of HD 139614. Through a comparative analysis of STIS
images in 2000 and those from NICMOS in 1998, 2004, and
2005, Debes et al. (2017) quantified a constant angular veloc-
ity in the azimuthal brightness asymmetry of the TW Hya disk,
manifesting a counterclockwise direction. Recently, Debes et al.
(2023) reported two distinct shadows observed in TW Hya that
changed from the one shadwo in Debes et al. (2017).

We detected potential physical substructures exhibiting a
pixel-wise average S/N exceeding 1, including two shadows, and
one potential inner dust. After subtracting the best-fitting model
and the stellar PSF components, we present the residual images
in Fig. 1. Specifically, we observed one round shadow and two
indistinct shadows in the K bands on 2015 June 10, denoted A,
B?, and C? in Fig. 1. From the observation in the H bands on
2015 August 13, we identified one narrow shadow accompanied
by another wider shadow, denoted B and C in Fig. 1, both of
which closely neighbored two indistinct shadows in the K bands.
Additionally, the L’-band observations on 2017 May 10 revealed
the presence of two wide shadow and an additional inconspic-
uous shadow, denoted B, C, and D? in Fig. 1. To quantify the
asymmetry, we computed radially averaged azimuthal profiles of
the reduced disk data using apertures with a radius of 6 pixels
placed near the position of r.. , after deprojecting the image using
Oinc = 6° and Opy = 258°7 and scaling by its distance from the
central star. The resulting figure is Fig. 3

The temporal variability of the shadows agrees with the
findings of Pinilla et al. (2018a). In comparison to the shadow
observations reported by Muro-Arena et al. (2020) and Debes
et al. (2023), the shadows observed in this study have several
similar dynamics features. Similarly, the number of the shad-
ows varies with time. Furthermore, considering the observed
data for J1604, we could infer the existence of potential multiply
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with the chronological sequence the obser-
vation period.

misaligned and dynamic rings within the inner region, which
may contribute to the generation of wide and variable shadows.
This inference suggests that the brighter inner side could coin-
cide with the fainter region of the outer disk. However, unlike the
two overlapping shadows reported by Debes et al. (2023), our H-
band observations revealed nonoverlapping shadows. In contrast
to the multiple arc feature out of the parallactic angle range of
the shadow reported by Muro-Arena et al. (2020), we detected
only one possible arc in the H3-band observation. Taking in
account the observation by Pinilla et al. (2018a), we inferred that
the shadow of J1604 occupied the A position between 2012 and
2015. We confirmed the change in the number of shadows from
one to two in 2015. It is likely that the A shadow disappeared
in 2015, and then the shadows in positions B and C gradually
became evident, which was distinct from the rotation of the shad-
ows and cannot be explained by the precession of an inner disk
(Debes et al. 2017). The observations reported here show a dis-
tinct and previously less explored dynamical characteristics of
the inner disks.

Due to the low dust mass and high inclination, small sep-
aration, the inner disk remains inaccessible for direct-imaging
instruments. We detected positive residuals interior to one
shadow (‘C’) in the outer disk. If the signal is confirmed, it
might be residual dust right outside the coronagraph that is bet-
ter revealed after disk modeling. The dust can block more light
and cause the shadow on the outer disk to be darker and wider
than another shadow (B). While this may be a spiral running
away from the inner disk due to a massive coronal mass ejec-
tion (CME) along the equatorial plane of the star (e.g., Olofsson
et al. 2018), it should be noted that a CME is for M stars and not
applicable for J1604, which is a K2 star.

The residual images of other bands also reveal discernible
shadows at varying positions (see Fig. 1). Due to the low S/N,
we do not discuss the residual images in other bands further (i.e.,
Kand L").

5. Conclusion

We conducted L’-band observations of the J1604 protoplane-
tary disk system using the Keck/NIRC2 vortex coronagraph on
UT 2017 May 10. We also retrieved archival SPHERE observa-
tions of J1604 on 2015 August 13 in H2 and H3 band and on
2015 June 10 in K1 and K2 band. Using KLIP postprocessing
with reference differential imaging (either exposures in nearby
nights for NIRC2, or archival exposures for IRDIS), we obtained
the images of the J1604 disk. We forward-modeled the disk in
different bands to obtain its original surface brightness.
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Using forward-modeling and comparing our results with stel-
lar photometry (within 1.221/D), we obtained the broadband
relative reflectance for J1604 in total-intensity imaging obser-
vations. Together with the shorter-wavelength SPHERE study in
polarized light and for the R and H band (Ma et al. 2023), our
J1604 reflectance measurements span a broad wavelength range
from 0.5 pm to 4 pm. On the one hand, from 0.5 um to 2.1 um,
we observe a monotonically decreasing trend in its reflectance.
This trend contrasts with previous work that showed a gradually
increasing trend for debris disks (e.g., HD 114082, HD 117214,
and HR 4796A), illustrating a potential mineralogical difference
in different evolutionary stages of circumstellar disks. The evo-
lution of the disk might thus have a progressive transition in the
shape of the reflectance spectrum, shifting from the J1604-like
characteristic blue slope to those featuring a red slope resem-
bling HR 4796A. On the other hand, from 2.1 um to 4 um, we
observe a relatively flat reflectance. This differs from the phe-
nomenon that the reflectance at ~3.8 um is larger than that at
~2.2 um observed in the reflectance of AB Aur, HD 142527,
and HD 141569, suggesting a difference in the dust mineral-
ogy that might be due to a different protoplanetary disk stage
or even have different molecular cloud origins. Moving forward,
to further explore the trends and differences in the reflectance
of circumstellar disks, future studies of reflectance spectra
with integral field spectroghaphs (e.g., SPHERE, Gemini planet
Imager) that can spatially resolve circumstellar systems are
necessary.

The shadow variation that cannot be explained by the preces-
sion of the inner disk shows that we are in the era of witnessing
a possible distinct and previously less explored dynamical char-
acteristics of inner disks in protoplanetary systems (e.g., Debes
et al. 2023). We identified a shadow that vanished in 2015
(labeled A) and two shadows that were potentially enhanced
(labeled B and C). Our modeling residuals show potential dust
components that can cast shadows on the outer disk. Future
multi-epoch follow-up of outer disks in scattered light could
help us probe the dynamics of the inner disks and study the
connection of the two regions (e.g., Bohn et al. 2022).
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Appendix A: Auxillary images
A.1. The mask
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Fig. A.1. Masks used in forward-modeling. The black region was masked when the likelihood function in Eq. (1) was calculated. The blue circle
masked the region whithin which we calculated the average disk surface brightness for disk in the major axis, and the yellow circle masked the
region whithin which we calculated the average disk surface brightness for the disk out of the major axis to avoid the affect of the shadow.

In order to reduce the influence of shadows on the disk mod-
eling (e.g., Pinilla et al. 2018a), we selectively excluded specific
regions when calculating the likelihood function and calculating
the throughput factors. This exclusion was achieved by applying
the boolean masks in Fig. A.1. Similarly, we extracted the disk
reflectance in different regions to validate the measurements.

A.2. Validation of the reflectance measurements

We measured the reflectance using the J1604 observation with
a throughput correction in two distinct regions: The first region
corresponds to the major axis, where the scatting angle is nearly
90°,and the second region pertains to an off-axis area to reduce
the influence of shadows.We validated the consistency of the
results in Fig. A.2 from different methods and Ma et al. (2023).

A.3. Markov chain Monte Carlo modeling of corner plots

We present the MCMC posteriors for the H3 band in Fig. A.3.
We observed several strong correlations among several parame-
ters (e.g., g and brightness scaling factor, @iy, R., @oy, and R;).
These correlations are anticipated and can be explained given
the SPF and disk geometry setup in Sect. 3.1. On the one hand,
the Henyey—Greenstein parameter g depicts the redistribution of
light as a function of scattering angle (i.e., SPF), which dis-
tributes more light to smaller scattering angles as a positive g
increases in Eq. (2). It thus requires higher brightness scaling
factors for larger g to reproduce the nearly face-on disk for J1604.
On the other hand, «@;, and @,y describe the asymptotic radial
power-law indices interior and exterior to R.. To reproduce any
disk surface brightness distribution, an increase in R, requires a
decrease in the positive aj, (or a decrease in the negative @oyr)
to produce the surface brightness interior to (or exterior to) it in
Eq. (1), since otherwise, the interior regions would be too faint
(or the exterior regions would be too bright).

% model not convolved
E observation with throughput correction
* _9" observation with throughput correction out of major axis

0- % estimated reflectance
& A
IU r
4
& 1
=
o —_
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o 5=

4 4

5 T T T T T T T
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A (um)

Fig. A.2. Reflectance of different bands and different methods of J1604.
Notably, the black and blue points overlap in the K1 band. We present
the relative reflectance values expressed in units of mag arcsec™,
where the magnitude is calculated as —2.51og;, frer With fir represent-
ing reflectance ratio. Notably, we obtained the polarized disk intensity
instead of the total intensity in the R band. For J1604 in the R band,
we estimate the total intensity reflectance using polarization data while
assuming a polarization fraction (see Sect. 3.2).
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Fig. A.3. MCMC posteriors from forward-modeling of J1604 in the H3 band. Dashed vertical lines show 50th percentiles, and the maximum
likelihood parameters are denoted using blue lines.
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