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Abstract

The 16 Myr old AOV star HD 156623 in the Scorpius—Centaurus association hosts a high-fractional-luminosity
debris disk, recently resolved in scattered light for the first time by the Gemini Planet Imager (GPI) in polarized
intensity only. We present a new analysis of the GPI H-band polarimetric detection of the HD 156623 debris disk,
with particular interest in its unique morphology. This debris disk lacks a visible inner clearing, unlike the majority
of low-inclination disks in the GPI sample and in Sco-Cen, and it is known to contain CO gas, positioning it as a
candidate “hybrid” or “shielded” disk. We use radiative transfer models to constrain the geometric parameters of
the disk based on scattered light data and thermal models to constrain the unresolved inner radius based on the
system’s spectral energy distribution (SED). We also compute a measurement of the polarized scattering phase
function, adding to the existing sample of empirical phase function measurements. We find that HD 156623’s
debris disk inner radius is constrained to less than 26.6 au from scattered light imagery and less than 13.4 au from
SED modeling at a 99.7% confidence interval and suggest that gas drag may play a role in retaining sub-blowout-
size dust grains so close to the star.

Unified Astronomy Thesaurus concepts: Exoplanet formation (492); Planetary system formation (1257); Planet
formation (1241); Circumstellar disks (235); Debris disks (363); High contrast techniques (2369); Direct imaging
(387); Coronagraphic imaging (313); Polarimetry (1278)

1. Introduction

High-contrast imaging is extremely useful for spatially
resolving debris disks, the extrasolar analogs of our solar
system’s interplanetary dust/Kuiper Belt (Mann et al. 2006).
Debris disks represent a later stage of a system’s formation and
evolution, wherein the circumstellar disk has evolved and lost
most of its gas content. They also have low optical depth, and
their dust is thought to be replenished by collisions and/or
sublimation of planetesimals (Wyatt 2008). Imaging of debris
disks provides significant information about the system beyond
what an infrared excess measurement alone can provide, such
as grain properties and disk morphology (Hughes et al. 2018).
Longer-wavelength observations (e.g., those from ALMA,
Atacama Large Millimeter/submillimeter Array) are able to

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

resolve the thermal emission of disks, providing information on
the distribution of large grains and the presence of gas in a
system. In the near-infrared and optical, however, we are able
to trace smaller grains, and polarimetric scattered-light
observations can reveal additional information about a disk’s
composition and structure. Morphological information can
even reveal signs of a planetary companion, as demonstrated by
the disk warp that led to the discovery of (3 Pictoris b (Roques
et al. 1994; Lagrange et al. 2010).

The Gemini Planet Imager (GPI; Macintosh et al. 2008,
2014), a ground-based adaptive-optics instrument dedicated to
high-contrast discovery and characterization of exoplanets
(formerly at Gemini South), has also imaged multiple debris
disks with its integral-field spectrometer and dual-channel
polarimeter (Esposito et al. 2020). In addition to the planet
search component of the GPI Exoplanet Survey, whose results
are reported in Nielsen et al. (2019), Esposito et al. (2020)
report on a survey of debris disks with GPI. This survey
resolved 26 debris disks and 3 protoplanetary/transitional
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disks, several of which were resolved in scattered light for the
first time.

One of these newly resolved disks was HD 156623, a debris
disk around a 16 Myr old AOV star in Sco-Cen, at a distance of
~112pc (Houk & Fuentes-Williams 1982; Gaia Collabora-
tion 2018). HD 156623 is a low-inclination disk (=35°),
detected by GPI only in polarized light (Esposito et al. 2020).
This system lacks a visible inner clearing unlike many other
imaged debris disks, including others in Sco-Cen (Bonnefoy
et al. 2021); close to the star, dust is usually cleared by the
Poynting—Robertson drag, accretion, stellar radiation pressure,
and/or blowout from stellar winds on short timescales
(Wyatt 2008; Hughes et al. 2018), and a planet, if present,
can sculpt a sharp inner edge of a debris disk (e.g., Engler et al.
2020; Pearce et al. 2024). Additionally, prior observations in
thermal emission via ALMA imaging from Lieman-Sifry et al.
(2016) reported evidence for an inner clearing and showed
significant CO gas mass, leading to the “hybrid” disk label
given to this system. There is still significant debate on the
mechanism that leads to the observed gas mass; either
primordial gas has been retained (i.e., due to shielding by
carbon atoms from photodissociation of CO; Kral et al. 2019;
Moér et al. 2019; Marino et al. 2020) or secondary gas has
been regenerated via collisions, sublimation, or another process
(Beust et al. 1990; Modr et al. 2017; Péricaud et al. 2017; Hales
et al. 2019).

In this work, we aim to perform more detailed modeling of
the disk around HD 156623 as seen in polarized infrared
scattered light by GPI, with particular interest in constraining
the presence and location of the hidden inner edge of the debris
disk. In Sections 2 and 3, respectively, we include information
on the host star HD 156623 and observations done by the GPI
with relevant information on the data reduction. In Section 4,
we present scattered-light imagery models from MCFOST and
the resulting best-fit parameters for the disk geometry (Pinte
et al. 2006, 2009; Pinte 2022). In Section 5, we present
empirical measurements of radial brightness profiles, scattering
phase function (SPF), and polarization fraction. We then
present analysis of the system’s spectral energy distribution
(SED) in Section 6. These measurements and insights into the
inner edge location and minimum grain size in the context of
this gas-rich disk are then discussed in Section 7.

2. Previous Observations of HD 156623

HD 156623 (HIP 84881) is an AQV star with a parallax of
9.2 +0.03 mas (Houk & Fuentes-Williams 1982; Gaia Colla-
boration 2018; Brown et al. 2021). Stellar parameters are
summarized in Table 1. It exhibits pulsations consistent with
zero-age main-sequence ¢ Scutis stars, and it is a member of the
Upper Centaurus—Lupus subgroup of the Sco-Cen association,
which contains stars of a wide range of ages from ~3 to 19 Myr
(Pecaut & Mamajek 2016; Mellon et al. 2019; Ratzenbock
et al. 2023). This star system appears to be relatively young—
16 = 7 Myr according to Mellon et al. (2019).

HD 156623 has been covered by many ground-based
photometric surveys and space-based missions—including
Wide-field Infrared Survey Explorer (WISE; Wright et al.
2010; Cutri et al. 2012), 2MASS (Skrutskie et al. 2006), IRAS
(Neugebauer et al. 1984; Beichman et al. 1988), and Tycho
(Hgg et al. 2000; Pickles & Depagne 2010)—which is useful
for constructing an SED as described in Section 6. Data
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Table 1
Summary of Parameters for HD 156623

Parameter Value Reference
D (pc) 111.75 4+ 0.96 Gaia et al. (2018)
Age (Myr) 16+7 Mellon et al. (2019)
Terr (K) 9040740 Mellon et al. (2019)
M, (M) 1.900:03 Esposito et al. (2020)
L, (L) 13.06 + 1.80 Esposito et al. (2020)
Ry (Ro) 1.51 £ 0.09 Mellon et al. (2019)
I (mag) 7.1 Esposito et al. (2020)
H (mag) 7.0 Esposito et al. (2020)
Lir/Ly 43.1073 Rizzuto et al. (2012)

Note. Magnitudes are synthetic photometry in Cousins / (Bessell et al. 1998)
and 2MASS H (Skrutskie et al. 2006) as calculated by Esposito et al. (2020).

from WISE indicate an infrared excess for HD 156623 of
L/Ly, =433 x 107* (Rizzuto et al. 2012).

The disk around HD 156623 was also previously observed with
ALMA, which marginally resolved the disk and found a strong
12CO(2-1) signature, indicating the presence of a mass of CO gas
>39.10"* M., (Lieman-Sifry et al. 2016). Lieman-Sifry et al.
(2016) also report a 1240 um continuum flux for HD 156623 of
720 £ 110 pJy. Further detections of CO gas with APEX and
IRAM were also completed in Péricaud et al. (2017).

3. Observations and Data Reduction
3.1. GPI Observations

GPI observations resolved the disk in scattered light using
GPI’s polarimetric mode, which uses a half-wave plate for
modulation and a Wollaston prism beam splitter for analysis
(Perrin et al. 2010, 2014). The polarimetric data presented
herein were first published as part of a larger survey in Esposito
et al. (2020). In total intensity, GPI uses angular differential
imaging (ADI) to create angular diversity that can be exploited
to improve the images’ final contrast (Marois et al. 2006).
Observations in polarimetric mode result in measurements of
the Stokes Z, Q, and U vectors. Most data products for debris
disks—including those used in this work—use azimuthal
Stokes vectors, Qg4 and U, (described below in Equations (1)
and (2), where ¢ is the azimuthal angle around the star
measured counterclockwise starting from the north), which is
useful for understanding polarization relative to the central star
(Schmid et al. 2006; Millar-Blanchaer et al. 2015):

Q, = Qcos2¢ + Usin2¢ (1
Uy = —Qsin2¢ + Ucos2¢. 2)

Q, then contains all polarized light from the debris disk that
is aligned perpendicular or parallel to a vector from the host
star to a given pixel. U, then contains polarized light oriented
45° to this vector, which we expect to be devoid of signal for an
optically thin debris disk (discussed further in Esposito et al.
2020). GPI images also include four “satellite” spots, reference
images of the occulted star used for astrometric and photo-
metric calibrations (Sivaramakrishnan & Oppenheimer 2006;
Esposito et al. 2020).
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Table 2
GPI Observations of HD 156623
Date Mode fexp tint APA
Umn (s) (s) (deg)
2019 Apr 27 Pol 88.74 2129.81 28.2
2017 Apr 21 Pol 59.65 954.34 11.2

Note. The debris disk was detected in both polarimetric observations, and for
the purposes of this investigation, we focus on the higher-quality, longer-
exposure data from 2019. The following observation parameters are provided:
exposure time (fexp), total integration time (f,), and field rotation (APA,
degrees). All observations were taken in the H band.

The effective outer radius of the full circular field of view in
reduced images is 1”4 from the star, with radial separations up
to 178 visible over limited ranges of position angle (PA). The
field-of-view size of each frame is 2”6 x 276, and we use the
GPI pixel scale value of 14.166 +0.007 mas lenslet '
(Konopacky et al. 2014; De Rosa et al. 2015, 2020b). The
minimum projected separation viewable in the data is 07123,
set by the edge of the focal-plane mask (FPM; De Rosa et al.
2015).

We observed HD 156623 on 2017 April 21 and 2019 April
27. A summary of the observations are listed in Table 2. The
debris disk around HD 156623 was detected by GPI in H-band
(A. = 1.65 um) polarized light (Q,), in both 2017 and 2019. In
2017, sixteen 60 s exposures were taken in H-band polarimetry
mode with the wave plate rotating between exposures (typically
2275 per move as described by Perrin et al. 2015), with 1192 of
field rotation and approximately 1715 seeing. In 2019, twenty-
four 88 s exposures were taken in H-band polarimetry mode
with 28°2 of field rotation and ~0”39 seeing. The 2019 data
was higher quality and is what will be used in our analysis.

3.2. Data Reduction and Polarized Differential Imaging

Data for HD 156623 were reduced using the standard GPI
data reduction pipeline (DRP), documented in Perrin et al.
(2014, 2016) and Wang et al. (2018). The data reduction
procedure for polarimetry data in particular, as well as sources
of noise in GPI polarimetric data, are further described in Perrin
et al. (2015) and Section 4.1 of Esposito et al. (2020); this
reduction, however, is an improved reduction from that
presented in Esposito et al. (2020) due to the quadropole
correction described later in this section. The GPI DRP
completes dark subtraction, flexure correction, field distortion
correction, destriping, bad pixel corrections, and other calibra-
tions specific to the GPI instrument, such as a cleaning
procedure to account for biasing between orthogonal polariza-
tion channels (Konopacky et al. 2014; Perrin et al. 2014, 2015;
Wiktorowicz et al. 2014). After the standard DRP, the series of
reduced polarimetric observations is converted into a single
data cube containing the Stokes vectors Z, Q, U, and V, before
then converting Q and U/ to radial Stokes vectors (Q, and U,;)
as previously described (Perrin et al. 2015). This DRP produces
images in units of analog-to-digital units per coadd (ADU
coaddfl); using the measured flux of the satellite spots, which
are themselves images of the host star and the star’s known H-
band magnitude (see Table 1), we converted those detector
units into surface brightness units of millijanskys per square
arcsecond for the subsequent analysis, as in Wang et al. (2014),
Hung et al. (2016), and Esposito et al. (2020). The calibration
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factor for this data reduction was 6.41 x 1074 0.27 x
10°Jy/(ADU/coadd). Additionally, an extra instrumental
polarization subtraction—a quadrupole modulation of the total
intensity pattern scaled to data and subtracted for each wave-
plate modulation—was applied to the data to remove an
instrumental polarization effect seen in GPI images (De Rosa
et al. 2020a).

Polarized intensity frames from the standard data reduction
readily show the disk due to the natural separation of
unpolarized stellar light and polarized light scattered from the
disk. For total intensity, we must complete stellar point-spread
function (PSF) subtraction, for which we use the pyKLIP
package (Wang et al. 2015). pyKLIP uses Karhunen—Loéve
Image Processing (KLIP), a form of principal components
analysis, to create a model of the stellar PSF using its dominant
modes of variation for PSF subtraction (Soummer et al. 2012).
For polarimetric GPI data, the total intensity is the sum of the
two orthogonal polarization states, plus any unpolarized light.
We employ ADI in our reduction for total intensity data taken
with GPI polarimetry mode. Parameters for the pyKLIP
reduction generally must be chosen with care to maximize the
signal from the disk, avoiding self-subtraction (Milli et al.
2012) while also reducing contamination from the stellar PSF.
For this particular disk, which is faint relative to the stellar halo
in total intensity, we use a particularly unaggressive imple-
mentation of KLIP, using one annulus and one subsection in
the subtraction as recommended by pyKLIP documentation.
We additionally test multiple Karhunen-Loéve modes (1, 5, 10,
20, 50) and use pyKLIP’s minimum rotation (minrot = 3)
criterion for basis vector selection, as is recommended to avoid
self-subtraction. Even after applying PSF subtraction, however,
we were unable to recover the disk in total intensity light, as
shown in Figure 1. Although other recent algorithms have
focused on improving this issue of self-subtraction (e.g.,
nonnegative matrix factorization; Ren et al. 2018), we do not
pursue additional reductions in this work; although such
algorithms may be able to recover the disk’s general
morphology, we choose to focus on the polarized intensity
detection that already provides such morphological informa-
tion. Additionally, low-inclination and radially extended disks
are particularly challenging to retrieve in total intensity with an
ADI approach. The point sources in total intensity were already
determined by Esposito et al. (2020) to be unbound background
objects and are thus not considered in our analysis of this
system.

4. Disk Morphology

In this section, we reproduce the modeling originally
presented in Esposito et al. (2020) to show the scattered-light
model disk images and quality of fit to the data, which were not
provided in that work, with the goal of constraining the inner
edge from our imagery. This modeling is nearly identical to
that of Esposito et al. (2020) but run with a 40% longer chain.
This leads to a small improvement in the quality of the results
due to more total samples of the posterior. We use these
morphological results (namely, PA, inclination, and radius
constraints) to guide our measurements of the disk’s brightness
profiles and phase function, calculated in Section 5.

As in Esposito et al. (2020), morphological parameters of the
disk were estimated by comparison to models from the Monte
Carlo radiative transfer code MCFOST (Pinte et al. 2006, 2009).
MCFOST is a radiative transfer code that uses Monte Carlo and
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Figure 1. PSF-subtracted total-intensity GPI H-band image of HD 156623
using five KL modes (top) and polarized intensity GPI H-band image of
HD 156623 smoothed with a 2 pixel wide Gaussian kernel for visualization
(bottom). The debris disk is only detected in polarized light, with a signal-to-
noise ratio of ~2-3 per resolution element. The point sources visible in the
total intensity image were determined to be unbound background stars in
Esposito et al. (2020).

ray-tracing methods to produce models of observables
(scattered-light imagery, millimeter and infrared visibilities,
line maps, SEDs, and dust temperature distributions) for
circumstellar environments such as protoplanetary and debris
disks. Models were fit to Stokes Qy, Q, and U data
simultaneously, as Qg4 is the only available data with the
quadrupole noise signal removed. Following the procedure in
Esposito et al. (2018), our models assume Mie scattering from
spherical grains in an azimuthally symmetric, optically thin
disk centered on the star, observed at 1.65 um (the H-band peak
wavelength). We additionally use the same disk parameters and
procedure as described in Esposito et al. (2020), as summarized
below. The disk has a vertical structure where the scale height
is a constant fraction of the radius, set to 0.055, a value
consistent with measured values for similar disks in the
literature and consistent with modeled vertical structure
assuming the effects of radiation pressure and collisions (Krist
et al. 2005; Thébault 2009; Millar-Blanchaer et al. 2015;
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Esposito et al. 2018). The surface density is described by a
smoothed broken/two-component power law, with two
different fixed power-law indices: one for the disk interior to
a critical radius (R.), set to o, = —3.5, and one for the disk
exterior to R, set to aq, = 1.5 as in Esposito et al. (2020);
these values were manually tuned to a reasonable by-eye match
in that work, and we have adopted the same parameter choice
for consistency. The following model parameters were left free
to vary in the fit: the minimum grain size (@, ), grain porosity,
dust mass (within the grain size distribution used) My, disk PA,
inclination (i), dust inner radius R;,, dust outer radius R, and
the critical radius R. at which the inner and outer surface
density profiles cross. Although the a power-law exponents
can theoretically be used to define a disk edge where the signal
falls below the noise, R;, and R,, are included as free
parameters to be able to define an edge that is more abrupt than
that from a smoothly declining power law, e.g., from planet
sculpting. Additionally, we do not expect the dust mass My to
be physically meaningful; instead, it essentially functions as a
scaling factor for the global surface brightness of the disk. PA
is defined as the angle counterclockwise from north to the
projected major axis of the disk.

We used a parallel-tempered Markov Chain Monte Carlo
(MCMC) with three temperatures, each with 120 walkers.
Walkers were initialized randomly from a uniform distribution
and then simulated for 3500 iterations. We discarded the first
2900 iterations as “burn-in,” where the ensemble of walkers
had not yet converged to their peak in posterior space, and used
the final 600 iterations of the zeroth temperature walkers
(equivalent to 2.16 x 10° models) for the disk parameter value
estimates, which are summarized in Table 3. “Max Lk Value”
contains the values for the maximum-likelihood model, which
is shown in Figure 2, and the adjacent column shows the
median values with a 1o confidence interval. A corner plot of
posteriors from the MCMC is shown in Figure 3. Multiple
parameters have slightly multimodal or non-Gaussian poster-
iors, and as such, the 1o values should be interpreted with
caution for those parameters; parameters with strongly non-
Gaussian posteriors are reported as either maximum-likelihood
values or 99.7% confidence upper/lower limits. Similar to
Esposito et al. (2020), we aim for a model that constrains the
necessary morphological parameters with sufficient accuracy
for our purposes, while acknowledging that a more complex/
physically motivated treatment of grain properties is necessary
to truly reproduce the observed scattered-light distribution.

5. Brightness and Scattering
5.1. Radial Brightness Profiles

Radial brightness profiles allow for further investigation of
both the inner clearing and the outer radius of the disk, e.g.,
determining when the observed data is consistent with zero
disk signal, in addition to the above modeling with MCFOST.

To that end, we measure radial brightness profiles (Figure 5)
for various PAs. To compute these profiles, we first deproject the
disk based on our determined value of inclination, such that each
radial cut traverses the same distance from the center of the disk,
using the Python package diskmap (Stolker et al. 2016). Zero
PA is defined counterclockwise from the north, as described
earlier. Radial brightness profiles are the average of a wedge at
the given angle range that is 5 pixels long in the radial direction
and 45° (~5-80 pixels depending on the radial distance from the
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Table 3
Summary of Retrieved Disk Parameters from MCFOST from the Final 600
Iterations (i.e., Excluding Burn-in)

Best-fit Morphological Parameters

Max. Lk. Value from Esposito et al.
Parameter Value 50 + 1o (2020)
PA (deg) 102.081 100.91% 100.9+15
Inclination (deg) 38.978 36.613:4 34.9+3¢
R;, (au) 12.707 < 26.6 < 26.7 (99.7% confidence)
Rou(au) 184.482 > 139.2 > 139.3 (99.7%
confidence)
R.(au) 67.113 6521133 644+ 18
Other Parameters Used
Free/ Max Lk. or Fixed  Value from Esposito et al.
Parameter Fixed Value (2020)
Ain (pm) Free 1.13 1.19
My (logM.) Free —6.31 -6.311021
Porosity (%) Free 0.82 0.84
Qin Fixed 1.5 1.5
Qout Fixed -3.5 -3.5
5] Fixed 1 1
Ho/ru Fixed 0.055 0.055

Note. The top section outlines the best-fit morphological parameters adopted
for our analysis, alongside the values from Esposito et al. (2020), which are
generally in agreement. The bottom section describes parameters that are not
necessarily physically meaningful in this application and should be interpreted
with caution but are included here for reproducibility of our models.

center) wide, with its error as the variance of that slice of the
wedge. Pixels within 15au of the center are masked, as this
region is within the influence of the FPM and therefore contains
large errors. To determine a rough estimate for the visual outer
radius of the disk—i.e., where the disk signal is dominant over
the noise—in our data, we rebin the brightness profiles to 5 pixel
wide annuli and determine where the signal becomes consistent
with zero by 20 in our images at each angle. We average those
measurements across azimuthal angles to find a visual outer
radius of ~78au. This visual outer radius is not an inherent
property of the disk but instead a quantitatively derived limit for
where the image is dominated by the signal instead of the noise
for use in further calculations, e.g., the SPFs in Section 5.2. We
additionally compute radial surface density profiles by correcting
the brightness profiles by a factor of 1/7%, as shown in Figure 4.
As an independent check on the disk morphology, we fit a
smoothly broken power law (as defined via MCFOST and below
in Equation (3)) to the average measured surface density profile
using least-squares, shown in Figure 4:

exp[—|z|/H (r)]
[(r/re) 20 4 (/) 20on ] /2
We set the z coordinate to a constant for simplicity; use the
same formalism for H(r) = Hy(r/ry)® as Esposito et al.

(2020), where =0 and Hy/ry=0.055; set the exponent
~v=1; and leave r,, ay,, and oy, as free parameters, along with

p(r, 7) 3)
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an arbitrary scaling/normalization factor N. The best-fit values
for the average radial surface density profile are N=1.73 £
0.13, r.=788+6.0 au, «a;;=058+£0.15, and ag ;=
—1.31 £0.15. These differ significantly from the scattered-
light modeling values for r., o;,, and ag,. These differences
may be explained simply by the fact that «;, and «,, were
fixed in the MCFOST models, as .. is expected to vary with any
change in the power-law exponents. Additionally, this average
profile may be biased due to a lower SNR detection of the
backscattering half of the disk, where the outer edge is much
less well defined, or a different SPF than that assumed by
MCFOST, which may change the ratio of surface brightness to
surface density.

5.2. Observed Polarized SPFs

SPFs describe the fraction of light scattered into a solid angle
by a single dust grain, and their shapes are determined by the
properties of the dust itself; therefore, they are often used as a
probe of the grain size, porosity, composition, and shape of a
disk’s dust grains.

We make several assumptions in this calculation, similar to
those used for geometric modeling; that is, we take the disk to
be azimuthally symmetric (but radially varying, related to the
observed surface brightness) and optically thin, with the
previously described morphological parameters inferred via
MCFOST. We also assume that scattering is independent of
azimuthal angle (e.g., only the scattering angle 6 is a variable in
our equations), which is true for a spherical grain by symmetry
and a good approximation for randomly oriented nonspherical
grains. The expression for a normalized SPF is then as follows:

Bobs(rs 0) . rz

@) ~
/ p(r)

“)

where f(6) is the SPF, solely dependent on scattering angle and
radially varying properties; Bps(7, 0) is the observed brightness
at a given radius r and PA 0; p(r) is the surface density of the
disk, derived from the observed radial brightness profile; and r
is the radius from the central star.

Given that this disk does not have a clearly defined single
ring at which to compute an SPF, SPFs were instead
determined by taking measurements of Bu,(r, ) at multiple
radii around the disk, then averaging over the varying radii. For
this specific calculation, we limit the range over which we
compute the SPF to the annuli beyond the FPM and within the
visual outer radius as determined by the radial brightness
curves; this range is 15 au (at the FPM limit) to 78 au. Since we
do assume the disk’s surface density can vary radially, we
retain p(r) and r in our calculations even though they are
constants for a given radius. The disk surface density, p(r), was
approximated using the average best-fit radial brightness profile
where the peak surface brightness was normalized to 1.

Scattering angle (6) for each point in the disk is determined
analytically, as shown in Figure 6, following the above geometric
assumptions. This disk is most forward scattering around ~200°
PA, with a scattering angle of 54°, and most backward scattering
near ~10° PA with a scattering angle of 126°.

HD 156623’s debris disk appears slightly asymmetric in
visual inspection, particularly in the northwest quadrant, so
SPFs were measured separately for the east and west halves of
the disk (divided approximately along the minor axis), as
shown in Figure 7. Errors were derived by the variance of
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Figure 2. MCFOST maximum-likelihood scattered-light model of HD 156623 with data and residuals for Stokes Q,, Uy, Q, and U, drawn from only the last 600

iterations (i.e., excluding burn-in).

pixels in each annulus, similar to the procedure for the radial
brightness profiles, and propagated appropriately through the
calculation. There is a slight asymmetry that is most
pronounced near the eastern ansae (~80°-95°), consistent with
the brightness asymmetry described in Crotts et al. (2024) that
suggests the disk may be eccentric or experiencing more

frequent collisions on the eastern half. However, it is also worth
noting that in our calculation, there is an implicit assumption
that the density is azimuthally constant and radially varying. As
a result, even if there is a true increase in brightness at those
angles, there may not be a corresponding overbrightness in the
SPF if we do not assume this symmetry.
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Figure 4. The average radial surface density profile (gray points with error
bars) fit with a smoothly broken two-component power law (the dashed blue
line). The hatched region on the left marks the limits from the FPM as in other
figures, and the dotted—dashed light purple curve represents the radial profile
determined by scattered-light modeling. The values derived from this average
surface density profile for ., a;,, and ., are substantially different from those
determined via scattered-light modeling, perhaps due to a difference in the SPF
or bias due to the low SNR detection of the backscattering portion of the disk;
alternatively, these differences may simply be an artifact of the different
modeling approaches.

We additionally fit a Henyey—Greenstein (HG) SPF (Henyey
& Greenstein 1941) to each of our observed scattering SPFs
divided by a Rayleigh polarization curve (approximating the
total intensity SPF), also shown in Figure 7. The HG function p
(0) is an empirical description, not based in Mie theory or
another physical scenario, and it is calculated as

1 —g?

1
o)=L ,
P© 4m [1 + g% — 2gcos 0]3/2

&)

where g is the HG asymmetry parameter (g = cos 6, ranging
from —1 to 1) and € is the scattering angle. For debris disks,
which are typically forward scattering, g is greater than 0. For
the eastern half of the disk, the HG function is a poor fit, even
with the best-fit value g = 0.33; however, the HG function with
g =0.45 is a reasonable approximation for the western half.
These g values are broadly consistent with similar measure-
ments for other low-inclination debris disks as summarized by
Hughes et al. (2018), supporting the ideas that disk dust may
not obey one HG SPF at all scattering angles and that best-fit g
values may correlate with the range of scattering angles probed.
Although the HG function is not inherently physically
informative, we do not pursue physical dust model fits to our
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Figure S. (Left) Measured brightness curves along the radial direction of HD 156623’s deprojected disk for various angles. The region covered by the FPM is blocked
out (hatched in light purple, labeled FPM), and it is clear that in most cases, the inner hole is unresolved, with the exception of possibly PA 45°-90° and PA 90°-235°.
Each profile is arbitrarily offset for clarity, and the dashed lines correspond to zero for each profile depicted. (Right) Surface density (brightness corrected by a factor of
1/ %) profiles along the radial direction of HD 156623’s deprojected disk for various angles. The region covered by the FPM is blocked out (hatched in light purple,
labeled FPM). Each profile is arbitrarily offset for clarity, and the dashed lines correspond to zero for each profile depicted.

phase function given the limited range of scattering angles for
the available data. Additionally, there is still an asymmetry in
the derived total intensity SPF—albeit less pronounced—again
mirroring findings from Crotts et al. (2024).

6. Thermal Emission

The main goal of our investigation of HD 156623’s SED is
to constrain the location of the disk’s unseen inner edge.
Photometric measurements of HD 156623 were acquired from
a variety of sources, ranging from visible to mid-infrared to
millimeter ALMA observations. Most measurements were
obtained in magnitudes from the IRSA or Vizier databases and
then converted to Janskys using the zero-points provided by
each mission /project’s documentation. These observations and
their references are summarized in Table 4; all data listed here
are before color corrections as we instead treat points with large
bandpasses (namely W3/W4 and AKARI S9W) using
synthetic photometry as described below. Although photo-
metric data from IRAS were available for this object, they were
not used due to poor-data-quality flags present in the catalog.
Given the wide bandpasses of the WISE W3 /W4 (Wright et al.
2010) and AKARI S9W (Fujiwara et al. 2010) filters, we
compute synthetic photometry by integrating the model flux
multiplied by the transmission profile for each filter (from
Rodrigo & Solano 2020) over its bandpass via the following
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Figure 6. Diagram with the scattering angle across the disk of HD 156623,
assuming the geometric parameters defined in Section 4. The most forward
scattering occurs in the southwest, and the most backscattering occurs in the
northeast.

equation as in Tokunaga & Vacca (2005):
JE@WSW) /v dv
- f S) / v dv

where (F,) is the monochromatic flux density (ergs per second
per square centimeter per Hertz) for our synthetic photometry,

(R) (6)
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Figure 7. (Left) Measured polarized light SPF for the disk, split between the eastern and western halves of the disk as defined by the approximate minor axis. We
observe an asymmetry between the eastern and western halves, consistent with recent findings in Crotts et al. (2024) suggesting this disk may be slightly eccentric.
(Right) The measured east/west SPFs divided by a Rayleigh polarization curve, along with HG functions fit to each SPF. There is a lesser but still distinct asymmetry
between the two halves of the disk, and the HG function is a poor fit for the eastern half.

Table 4
Summary of Photometry Used in Creating the Spectral Energy Distribution for
HD 156623
Band Source Aeff Flux References
(pm) dy)
B Tycho 2 0.44 475 £ 0.10 Hog et al. (2000);
Cox (2015)
Vv Tycho 2 0.55 471 £0.1 Hog et al. (2000);
Cox (2015)
J 2MASS 1.24 2.33 +0.05 Cohen et al. (2003);
Skrutskie et al.
(2006)
H 2MASS 1.66 1.47 +0.03 Cohen et al. (2003);
Skrutskie et al.
(2006)
K, 2MASS 2.16 1.05 +0.02 Cohen et al. (2003);
Skrutskie et al.
(2006)
Wi ALLWISE  3.35 0.502 + 0.027 Wright et al. (2010);
Mainzer et al.
(2011)
w2 ALLWISE 4.6 0.30 +0.010 Wright et al. (2010);
Mainzer et al.
(2011)
SOW AKARI 9 0.215 £ 0.015 Murakami et al.
(2007); Ishihara
et al. (2010)
W3 ALLWISE 11.6 0.155 + 0.007 Wright et al. (2010);
Mainzer et al.
(2011)
w4 ALLWISE  22.1 0.626 + 0.036 Wright et al. (2010);
Mainzer et al.
(2011)
Band 6 ALMA 1240 0.00072 £ 0.00011  Lieman-Sifry et al.

(2016)

F, is the monochromatic flux density (ergs per second per
square centimeter per Hertz) from the object, S(v) is the filter
transmission function, and v represents the frequencies in the

bandpass. Additional absolute calibration uncertainties were
incorporated for the WISE data points (Cutri et al. 2012) and
AKARI data points (TanabE et al. 2008).

We initially fit a simple model consisting of two single-
temperature blackbody curves for the stellar emission plus the
disk’s thermal emission to these monochromatic flux densities
using a Levenberg—Marquardt least-squares fit implemented in
scipy. The free parameters included are disk temperature (7,)
and a parameter proportional to the disk-emitting area (A). The
stellar radius (R,) and temperature (7 ) are set using the values
in Table 1 from Mellon et al. (2019). The best-fit dust

temperature is 184 + 23 K with a reduced chi-squared Xlz, value

of 1.088, corresponding to a radius of 8.49 au if treated as

an equilibrium temperature for a grain radiating as a blackbody.
It is additionally worth noting that radii derived from SEDs are
known to be underestimates, i.e., they are often smaller than the
inner radii derived from resolved observations (Wyatt 2008;
Booth et al. 2013; Pawellek & Krivov 2015; Hom et al. 2020;
Pawellek et al. 2021).

Given the poor fit at long wavelengths while using a single-
temperature blackbody to represent thermal emission from
dust, we subsequently tested a model for the SED using a
single-temperature blackbody plus an additional modified
wavelength-dependent emissivity, following the formalism in
Backman et al. (1992). Again, this model does not assume a
spatial distribution or grain size distribution. In this model,
grains of a characteristic size ~\y/2 radiate with a modified
emissivity ¢, as follows:

Ao
a=13 "7 ™

1 otherwise

This model was again fit using the scipy implementation
of a Levenberg—Marquardt least-squares fit, now for both
temperature and ). The best-fit disk temperature for this model
is 140 £23 K with a xi value of 1.21, corresponding to a

radius of 14.775:3 au, with )\, unconstrained (best-fit value of
219 pm, corresponding to a characteristic grain size of
~35 pm). These models are visualized in Figure 8. Neither
model is able to capture the 9 pm AKARI point, and a modified
emissivity is necessary to reproduce the flux observed
by ALMA.
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Figure 8. Single-component blackbody models using best-fit values to available photometry for HD 156623, with fractional residuals shown below. The dust’s
blackbody contribution to the SED is plotted in red. (Left) For a simple single-component blackbody SED, the photometry is best fit with temperature
T = 184 + 23 K. (Right) For a modified-emissivity single-component blackbody SED, the photometry is best fit with 7= 140 £+ 23 K and Ay = 219 pum. Neither
model is able to capture the 9 um AKARI point, and a modified emissivity is necessary to reproduce the flux observed by ALMA.
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Figure 9. Maximum-likelihood SED model from MCFOST (as a dashed black
line, with synthetic photometric points marked) compared to available
photometry (colored according to its source). The best-fit model requires
sub-blowout size grains and a close-in inner radius around ~3 au. Five hundred
additional SED models randomly drawn from the post-burn-in MCMC are

plotted in gray.

However, these simple models do not explicitly fit for the
inner radius we are interested in as they assume a single
temperature across the entire disk. To constrain the inner
radius, we then compute the SED for a spatially resolved,
azimuthally symmetric disk using MCFOST. We set up this
resolved model using a Kurucz 9000 K model atmosphere
(Castelli & Kurucz 2004) and the same parameters and
assumptions (e.g., Mie scattering, dust grain size and
composition) as the scattered-light model in Section 4, leaving
only ry,, amm, and My as free parameters. We explore the
posterior for those parameters again with a Goodman & Weare
(2010) affine invariant MCMC ensemble sampler using the
emcee package with 16 walkers and uniform priors, with
bounds on the priors for ry,, (0<ry, < 15) and logamp
(—2< logamin < 1). Walkers were initialized randomly from
a uniform distribution and then simulated for 1500 iterations.
We discarded the first 100 iterations as “burn-in” where the
ensemble of walkers had not yet converged to their peak in
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Figure 10. Comer plot for MCMC fit with photometry and MCFOST SED
models. The reported value for r;, is an upper bound (<13.43 au at 99.7%
confidence), as seen in the posterior distribution. Additionally, the value for
logamin is also only an upper limit of —0.685 (0.21 pm); this suggests that
different assumptions for the grain composition and/or size distribution may be
needed to fully understand the minimum grain size of this system.

posterior space and used the remaining 1400 iterations
(equivalent to 2.2 x 10* models) for the disk parameter value
estimates. The maximum-likelihood model SED is shown
compared to available photometry in Figure 9, and a corner plot
of the approximate posteriors is shown in Figure 10.
Scattered-light image modeling is limited by the focal-plane
mask in its determination of ry, resulting in a maximum-
likelihood value that corresponds to the FPM edge
(~12—-15 au) and a 3o upper limit of <26.6 au; SED modeling,
on the other hand, returns a maximum-likelihood value of
2.37 au and is limited by the prior bound at zero, resulting in an
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upper limit of <13.4 at 99.7% confidence (<8.85 au at 95%
confidence). The value for log(My) should be considered as a
scaling factor more than a physically relevant value as we
assume a sparse grain density and do not consider dynamical
effects like collisions; for the sake of reproducing our
modeling, the value for log(M,) for the maximum-likelihood
model shown in Figure 9 is —7.02. The minimum grain size
Qmin 1S much smaller as suggested by SED modeling,
<0.21 ym as compared to ~1 pm from scattered-light image
modeling. For comparison, the blowout size for the system is
around 3.5 pym, as further discussed in Section 7. This api,
value from SED modeling reached a bound on the prior at
0.01 um, suggesting that the Dohnanyi size distribution or
other grain characteristics we have assumed may not fully
describe this system; however, given the limited number of
photometric data points currently available (four data points—
AKARI 9 pym, W3, and W4 and ALMA—and currently three
free parameters), we choose not to add further free parameters
to our model in this work. This best-fit MCFOST SED model
has X = 1.11, similar to the simpler models above. Again, the
AKARI and ALMA points are not fit well by this model; we
discuss this discrepancy—as well as the discrepancy in am,—
further in Section 7. The maximum temperatures calculated by
MCFOST at rj, and R, at the disk midplane in the best-fit model
are ~500 K and 355 K respectively.

7. Discussion

All SED fits are unable to capture the AKARI data point (the
red point in Figure 8), and no single model we have tested is
able to satisfactorily explain the entire set of photometric data
points available. MCFOST modeling similarly has trouble
reproducing the AKARI point, as well as the long wavelength
flux measured by ALMA, indicating that different assumptions
for grain composition and/or size distribution may be needed;
given the limited number of photometric points available,
exploring those as free parameters in a model is beyond the
scope of this work. However, based on our modeling, it appears
that—under the assumptions described in our work—the
thermal signature of the disk is best explained by a population
of close-in warm dust with sub-blowout size grains and a
modified emissivity trend at longer wavelengths. One could
additionally imagine that the debris disk has two components: a
cold outer disk imaged by GPI and ALMA and a separate warm
inner belt that is behind the GPI FPM and unresolved by
ALMA but also boosts the 9 um emission as seen by AKARI.
Future work may include exploring two-component models,
and further observations (e.g., JWST/MIRI spectroscopy) are
necessary to better define the shape of the spectrum through the
mid-infrared.

The radiative transfer modeling of the scattered-light data is
limited by the focal-plane mask, initially constraining r;, to be
less than 26.6 au. Single-component blackbody fits to the SED
suggest an inner edge of ~8-15au (not accounting for
nonblackbody behavior of real dust grains or the possibility
of grain overheating; e.g., Morales et al. 2011; Pawellek &
Krivov 2015) and disk models with MCFOST fit to the SED
constrain the edge to <13.4au. However, it is again worth
noting that even the best-fit SED model is unable to reproduce
both the 9 um excess and the long wavelength flux observed by
ALMA, indicating that different assumptions on the grain
properties or surface density distribution (e.g., inner and outer
power laws) are necessary to fully explain this system; given
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the lack of photometry at this time, we leave this endeavor for
future work. Lieman-Sifry et al. (2016) similarly constrain the
inner radius of this disk using ALMA data and SED modeling,
with a best-fit value of r, =10 au from a visibility-only fit
and rj, =2.99 au from a simultaneous visibility and SED fit.
Our result is in agreement with these values within 1o. This
<13.4 au inner edge is certainly unique; HD 156623 is one of
few known low-inclination debris disks in Sco-Cen imaged in
scattered light (which is biased toward edge-on disks) where
the inner clearing is not visible due to its location behind the
FPM (Bonnefoy et al. 2021). Additionally, this modeling
assumes a certain power law for surface density; different
assumptions in that value may lead to significant changes in the
value of ry,, possibly explaining the slight differences between
our estimate and that of Lieman-Sifry et al. (2016).

The blowout grain size of this system is estimated as
~3.5 pm, according to Arnold et al. (2019), which uses the
equation below (Burns et al. 1979) to compute the blowout size
for HR 4796, a similar temperature A-type star:

Lo \( M) p !
a30—1152<Qpr>(L*)(Mi) (1—P)(gcm3) . ®)

where L, is the stellar luminosity in solar luminosities, M, is
the stellar mass in solar masses, P is the grain porosity
(assumed to be zero), p is the grain density (assumed to be
3.3 gcm ™ from Draine & Lee 1984; Draine 2003), and (Opr)
is the average radiation pressure efficiency, calculated from
grain-scattering properties through

1 Vmax
<Qpr> = ; Z [Fu,*Qabs,i + {1 - g)Qsca,i],

I=Vmin

€)

where v, is the lowest frequency used in the calculation, Vi,
is the highest frequency used in the calculation, F, , is the
stellar spectrum at a given frequency, Qups; is the absorption
coefficient for a given frequency, g is the asymmetry
parameter, Q.,; is the scattering coefficient for a given
frequency, and n is the number of frequency samples used. We
will adopt the blowout size of 3.5 um for the remainder of this
discussion, which assumes astrosilicate grains as we have in
our modeling.

Values for the minimum grain size from both scattered-light
image modeling and SED modeling are in significant
disagreement with the calculated blowout size; additionally,
these values constrain the minimum grain size from different
data and different assumptions on the physics of grain
interactions with light as the image modeling value is derived
from the polarized SPF and the SED modeling value is derived
from thermal equilibrium. MCFOST scattered-light image
modeling reports the maximum-likelihood value for a,,, as
1.13 ym, with smaller peaks in the probability distribution
around 1.35-1.82 pum as shown in Figure 3, and SED modeling
suggests <1 um); however, these values are much smaller than
the minimum dust grain size predicted by the blowout size of
3.5 pm. Lieman-Sifry et al. (2016) provide additional evidence
for sub-blowout size grains via their simultaneous model fits to
their observed ALMA visibilities and the SED, finding a
minimum grain size around ~1 pm, in agreement with our
scattered-light modeling. This discrepancy from the blowout
size could indicate a rapid resupply of small grains, possibly
from ongoing collisions; however, this blowout size could
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alternatively indicate that we have underestimated the mini-
mum grain size from radiative transfer and grain modeling due
to our assumptions on grain properties (Grigorieva et al. 2007)
and/or the use of Mie theory, which is known to be a poor
representation of true grain properties. However, if the grains
are, in fact, porous as indicated by our radiative transfer
modeling, the blowout size could be significantly larger,
making this discrepancy even larger. The blowout timescale is
approximately the free-fall time, which is short, on the order of
orbital timescales. As a result, the blowout timescale should
be the dominant timescale for this system. The collision
timescale, which dominates the dust replenishment, is
~10? yr—substantially longer than the blowout timescale.

As HD 156623 is known to host a gas-rich disk, gas drag
could change the blowout size and associated timescales—that
is, small dust grains may be coupled to the gas, enabling their
retention and explaining the observed inner edge and sub-
blowout size grains. In Lieman-Sifry et al. (2016), HD 156623
has one of the strongest CO J=2-1 detections out of their
sample in Sco-Cen; perhaps this system has a particularly high
gas mass and therefore greater influence of gas drag on the dust
dynamics. The sample of Sco-Cen disks from Lieman-Sifry
et al. (2016) also suggests a correlation between the presence of
gas and sub-blowout grains, as seen in this system. Further
modeling is needed to fully understand the impact of the
presence of gas in this disk.

8. Conclusions

We have (1) presented analysis of the morphology of the
possible “hybrid” debris disk around HD 156623 in H-band
polarized scattered light, (2) presented an empirical measure-
ment of the brightness/surface density profile and SPF for
HD 156623’s debris disk, and (3) determined that the inner
radius of the disk is likely close to the star to <13.4 au via SED
modeling and imaging. Our work suggests that HD 156623
retains sub-blowout size grains, and gas drag may be a key
influence on the dust population of this debris disk, in line with
findings from Lieman-Sifry et al. (2016). However, we
acknowledge the numerous degeneracies present in this type
of debris disk data as the observed scattered-light distribution is
a complicated and difficult-to-disentangle combination of disk
geometry, grain size distribution, grain properties (e.g.,
porosity, scattering efficiency), and more (Stark et al. 2014).
Future work should consider obtaining additional mid-infrared
photometry (e.g., from JWST) to further constrain the debris
disk SED and testing more complex models, such as a two-
component dust population or simultaneously modeling the gas
and dust components of the disk to explore how gas drag
impacts small grain retention in this system.
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