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Abstract

The Gemini Planet Imager (GPI) has excelled in imaging debris disks in the near-infrared. The GPI Exoplanet
Survey imaged 24 debris disks in polarized H-band light, while other programs observed half of these disks in
polarized J and/or K1 bands. Using these data, we present a uniform analysis of the morphology of each disk to
find asymmetries suggestive of perturbations, particularly those due to planet—disk interactions. The
multiwavelength surface brightness, disk color, and geometry permit the identification of any asymmetries such
as warps or disk offsets from the central star. We find that 19 of the disks in this sample exhibit asymmetries in
surface brightness, disk color, disk geometry, or a combination of the three, suggesting that for this sample,
perturbations, as seen in scattered light, are common. The relationship between these perturbations and potential
planets in the system is discussed. We also explore correlations among stellar temperatures, ages, disk properties,
and observed perturbations. We find significant trends between the vertical aspect ratio and the stellar temperature,
disk radial extent, and the dust grain size distribution power law, g. We also confirm a trend between the disk color
and stellar effective temperature, where the disk becomes increasingly red/neutral with increasing temperature.
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Such results have important implications for the evolution of debris disk systems around stars of various spectral

types.

Unified Astronomy Thesaurus concepts: Debris disks (363); Circumstellar disks (235); Exoplanets (498);
Planetary-disk interactions (2204); Near infrared astronomy (1093)

1. Introduction

Similar to our solar system, exoplanetary systems are
comprised of planets as well as planetesimal belts of comets
and asteroids, accurately named debris disks, though detected
debris disks around other stars dwarf our own in size, mass, and
brightness. These are circumstellar disks of dust and gas
formed by collisional evolution within planetesimal belts,
which allows us to observe these disks in scattered light, from
the optical to near-infrared (NIR), as well as in thermal
emission, from the mid-infrared to millimeter wavelengths
(Wyatt 2008; Matthews et al. 2014; Hughes et al. 2018). In
order to sustain collisional evolution and replenish dust in the
system, the planetesimals must be stirred, either by planetary
companions, Pluto-sized planetesimals within the disk itself, or
by other gravitational perturbations (Matthews et al. 2014). The
substructure of the disk therefore constrains the location and
mass of planets, including those comparable to Neptune and
Saturn's mass on long-period orbits, which are undetectable via
any other planet detection methods (e.g., radial velocity
variations, transits, or direct imaging).

In recent years, advances in direct imaging have enabled
high-contrast observations that can resolve smaller and lower
surface brightness disks, which are likely to be better analogs to
our solar system (Michel et al. 2021); these observations have
revealed that debris disks host a wide variety of substructures
and asymmetries, such as gaps, warps, and clumps (Hughes
et al. 2018). The simplest explanation for many of these
features is dynamical interaction with planets, but in many
cases, the purported planets are undetected. However, in
several debris disk systems with known planets (e.g., 0 Pic and
HD 106906; Lagrange et al. 2009; Kalas et al. 2015; Lagrange
et al. 2016), these planets are directly linked with the known
asymmetries in the disk (Chauvin et al. 2012; Nesvold et al.
2017; Crotts et al. 2021). In both scenarios, the disk
morphology can be used to help determine whether disk—
planet interactions are taking place. Additionally, other
mechanisms can leave imprints on debris disks as well. For
example, (3 Pic is thought to have experienced a recent giant
impact, as a large clump of dust and gas has been observed on
the west side of the disk (Telesco et al. 2005; Dent et al. 2014).

In other words, the more that we study the properties and
structures of debris disks, the more we can start to understand
how planets, along with other mechanisms (such as a recent
giant impact), can affect the overall debris disk morphology.
Multiple studies including n-body and dynamical simulations
have attempted to show these effects. For example, Lee &
Chiang (2016) simulate a disk with an eccentric, 10 M, planet
orbiting within the disk, and find that this alone can create
many of the disk morphologies observed, depending on
viewing orientation, such as the needle and the moth. These
morphologies consist of swept-back or extended disk halos, as
well as eccentric disks leading to surface brightness asymme-
tries. Other studies have shown that recent giant impacts can
also create similar types of morphologies, where Jones et al.
(2023) were able to recreate the structure of several debris
disks, such as the aforementioned needle- and moth-like

morphologies. As with 3 Pic, giant impacts can leave clumps of
gas and small dust grains at the collision point, which may help
to differentiate between a planet and a giant impact scenario.

While dynamical simulations are often inspired by disk
observations, we can use these results, along with results from
other debris disk studies, to return to observations (both past
and new) and compare derived disk structures, which in turn
will help determine what mechanisms are shaping the disk. Due
to the tailored nature of individual debris disk observations,
analyses of observations are typically done on a single disk-to-
disk basis, allowing for a variety of different methods that may
lead to different results. Therefore, uniform analyses on a larger
sample of debris disks can minimize inconsistent results by
analyzing all disks using the same methods. This also allows
for comparison between debris disks to better understand how
debris disks evolve over time and around different spectral
types, as well as study other differences/similarities such as the
vertical and radial disk structures.

The Gemini Planet Imager (GPI), previously located on the
Gemini South telescope in Chile, provides the perfect opportu-
nity to perform such a uniform analysis, as the extreme acousto-
optic instrument has imaged multiple debris disks with excellent
resolution. Esposito et al. (2020) first introduced these disks as a
whole sample, presenting both polarized and total intensity
observations of 25 debris disks in the H band, as part of the GPI
Exoplanet Survey (GPIES; Macintosh et al. 2008, 2014, 2018).
The names of these disks, along with information on each
system, can be found in Table 1. Additionally, roughly half of
the disks observed were also observed through one of GPI's
Large and Long Programs (PID GS-2018A-LP-6) in polarized
and/or total intensity using the J and K1 bands. This large
sample of resolved debris disks allows for a uniform, multi-
wavelength analysis of debris disk morphologies, which may
reveal and/or confirm structures that are consistent with either
planet—disk interactions or another mechanism.

In this study, we take a step beyond the work of Esposito
et al. (2020) by using the multiwavelength GPI disk sample to
perform a uniform, empirical analysis with the goal of fully
characterizing the disk morphology in the NIR, and identifying
disks that are potentially perturbed. We choose to perform
solely an empirical analysis, as radiative transfer modeling can
be computationally expensive and often not ideal for fitting
asymmetric disks. We also focus primarily on polarized
intensity observations. Even though total intensity observations
are valuable in their own right and in combination with
polarized intensity, these observations are highly subjected to
disk self-subtraction due to the point-spread function (PSF)
subtraction process. Because PSF subtraction is not required for
polarized intensity, as starlight is inherently unpolarized, these
observations better represent the true disk structure, which is an
important part of this study.

Through this analysis, we derive the disk geometry, surface
brightness, and disk color of the disks with multiwavelength
observations. As part of the disk geometry, we also fit for
offsets of the disk along the major and minor axes to check
whether or not the disk is eccentric or has an asymmetric
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Table 1
Summary of System Properties Including Distance, Age, Stellar Effective Temperature/Mass, and Luminosity

Name Distance (pc) Age (Myr) Tetr (K) M, (M) Ly (Ly)

AU Mic 9.71 £ 0.00 23-29 (1) 3500 0.6470%3 0.06 + 0.03
8 Pic 19.44 £ 0.05 23-29 (1) 8200 1734099 9.33 +3.13
CE Ant 34.10 + 0.03 7-13 (2) 3420 0.3175:9¢ 0.07 £ 0.07
HD 30447 80.31 & 0.14 38-48 (2) 6900 145739 3.51 £0.72
HD 32297 129.73 4+ 0.55 15-45 (3) 7700 1.6975% 8.12 4 1.68
HD 35841 103.08 + 0.14 38-48 (2) 6500 1305001 2.35+0.54
HD 61005 36.45 + 0.02 45-55 (4) 5600 0.9810:92 0.68 4 0.07
HD 106906 102.38 +0.19 12-18 (5) 6500 270912 589+ 1.15
HD 110058 130.08 + 0.53 12-18 (5) 8000 170595 9.33 +£2.13
HD 111161 109.37 £ 0.25 12-18 (5) 7800 172758 9.33 £ 1.17
HD 111520 108.05 + 0.21 12-18 (5) 6500 126759 2.69 £ 0.37
HD 114082 95.06 = 0.20 12-18 (5) 7000 1.4279% 474 £ 0.56
HD 115600 109.04 + 0.25 12-18 (5) 7000 1.5475% 5.27 4037
HD 117214 107.35 £ 0.25 12-18 (5) 6500 1477502 5.01 £0.90
HD 129590 136.32 & 0.44 14-18 (5) 5910 1407532 3.35+£0.96
HD 131835 129.74 + 0.47 14-18 (5) 8100 1774095 10.41 £221
HD 145560 121.23 £0.29 14-18 (5) 6500 1297044 3.47 £0.14
HD 146897 132.19 + 0.41 7-13 (5) 6200 1.2855%2 3.40 £ 0.66
HD 156623 108.33 £ 0.33 14-18 (5) 8350 1.90753¢ 13.06 + 1.80
HD 157587 99.87 + 0.23 165-835 (3) 6300 1.445001 2.69 +0.23
HD 191089 50.11 4 0.05 23-29 (1) 6400 1354061 2.544+0.17
HR 4796 A 70.77 £ 0.24 7-13 (2) 9600 223400 26.44 +5.48
HR 7012 28.79 + 0.13 23-29 (1) 7700 170593 8.13 + 1.67

Note. Distance measurements are from Gaia Collaboration (2020), except for 3 Pic, which is taken from Nielsen et al. (2020). Tefr, My Ly values are taken from
Esposito et al. (2020), and are new measurements done for the GPIES campaign, along with two of the system ages, as described in Nielsen et al. (2019).
Age References. (1) Nielsen et al. (2016), (2) Bell et al. (2015), (3) Nielsen et al. (2019), (4) Zuckerman (2019), (5) Pecaut & Mamajek (2016).

geometry, such as from a warp. We additionally measure
whether or not any surface brightness or disk color asymme-
tries are present. The methods for deriving these disk properties
are laid out in Section 3, while the results for each disk can be
found in Appendix C. We then use these derived disk
properties to categorize each disk based on similarities in
asymmetries and discuss possible sources of perturbation in
Section 4, along with a discussion of broader trends found
between disk and stellar properties.

2. Observations and Data Reduction

For this study, we have obtained GPI polarimetric observa-
tions in the J (A. = 1.25 pm), H (A, = 1.65 pym), and K1 bands
(Ac = 2.05 pm) for 24 disks in total. All 24 disks were observed
in the H band as a part of the GPIES survey (PI: B. Macintosh),
while 10 of the disks were also observed in the J band and 11
were observed in the K1 band as a part of the Debris Disk
Large and Long Program (PI: C. Chen). All observations were
taken in polarimetric mode, with a field of view (FOV) of
2”8 x 2”8 and a pixel scale of 14.166 + 0.007 mas per lenslet
(De Rosa et al. 2015). A summary of the observations for each
disk and each band can be found in Table 2. While the HD
143675 disk is included as a part of GPIES because the disk is
so radially small and close to the focal plane mask (FPM), we
were unfortunately unable to determine the geometry and
therefore do not include it in this study. We direct the interested
reader to Hom et al. (2020) for an analysis of both the polarized
and total intensity observations, which are better resolved.

For the H-band observations, we use the polarized intensity
data presented in Esposito et al. (2020). As for the J- and K1-

band observations, we uniformly reduce these data using the
same recipe as that used for the H-band data. For a more
detailed and technical description of this reduction process, see
Section 4 in Esposito et al. (2020). In short, using the GPI data
reduction pipeline (Perrin et al. 2014, and references therein),
we first start with the raw data for each disk, which are reduced
into 3D Stokes data cubes. The first two dimensions of these
cubes contain the spatial information (x, y), and the third
dimension contains the Stokes parameters [/, O, U, V]. Through
this process, the raw data are dark subtracted and destriped
with a Fourier filter (Ingraham et al. 2014) and bad pixel
corrected. A cross-correlation algorithm is also used to match
the detector with the expected positions of each lenslet’s two
PSFs (Draper et al. 2014) before they are assembled into the 3D
cubes. The data are flat fielded and the position of the central
star is measured using fiducial satellite spots (Wang et al.
2014), which are later used for photometric calibration. To
ensure good reductions, we remove any bad frames that appear
to be distorted or where the star is not placed correctly behind
the coronagraph.

Once the Stokes cubes are created from the raw data, the
cubes are further reduced and combined into a single radial
Stokes cube containing Q, and U,. Through this process, the
cubes are accumulated, cleaned using a double differencing
procedure developed specifically for GPI Angular Differential
Imaging data (Perrin et al. 2015), and then smoothed using a
Gaussian kernel with an FWHM of 1 pixel. The mean stellar
polarization (which can include both stellar and instrumental
polarization) is then subtracted by measuring the flux in an
annulus near the FPM edge (Millar-Blanchaer et al. 2016a). This
step is particularly important for cleaning the image and better
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Table 2
Summary of Observations

Name Band Date Lexp (8) tine (8) APA (deg)
AU Mic H 14-05-15 59.65 2624.44 166.9
[ Pic H 13-12-12 5.82 3258.73 91.5
CE Ant H 18-04-05 119.29 3817.37 12.8
HD 30447 H 16-09-22 59.65 3101.61 125.8
HD 32297 H 14-12-18 59.65 2147.27 19.1
J 15-12-06 88.74 3549.6 24.2
K1 16-11-18 88.74 2839.68 19.8
HD 35841 H 16-03-18 88.74 2484.78 3.7

J 18-01-27 59.65 5726.40 194
K1 17-12-28 88.74 4703.22 93.9
HD 61005 H 14-03-24 59.65 2087.62 140.1
J 15-12-01 59.65 4891.30 164.5
K1 18-01-26 88.74 4969.44 150.8
HD 106906 H 15-07-01 59.65 2564.79 20.3

J 16-03-26 59.65 3221.10 35.2
K1 16-03-28 88.74 3549.60 36.5
HD 110058 H 16-03-19 59.65 2147.27 25.2

J 18-01-26 59.65 4712.35 54.21
K1 17-04-20 88.74 2484.72 31.7
HD 111161 H 18-03-10 59.65 4533.13 38.0
HD 111520 H 16-03-18 88.74 2839.75 28.3

J 16-03-26 59.65 3519.35 39.1
K1 16-03-28 88.74 3194.64 35.8
HD 114082 H 17-08-07 59.65 2087.62 12.3
K1 17-04-20 88.74 2839.68 23.7
HD 115600 H 15-07-03 59.65 2624.44 24.0

J 18-01-28 29.10 2357.10 434
K1 18-01-27 88.74 4437.0 343
HD 117214 H 18-03-11 59.65 1908.68 18.5
HD 129590 H 17-08-09 59.65 2147.27 17.9
K1 17-04-21 88.74 2395.98 443
HD 131835 H 15-05-01 59.65 1908.68 74.2
HD 145560 H 18-08-12 59.65 1670.10 17.6
HD 146897 H 16-03-21 88.74 1774.84 28.9
J 16-03-27 59.65 4533.40 45.6
K1 18-07-09 88.74 4170.78 97.6
HD 156623 H 19-04-27 88.74 2129.81 28.2
HD 157587 H 15-08-29 88.74 2484.78 49.9

J 16-03-26 88.74 2662.20 57.7
K1 16-03-27 119.29 2027.93 32.6
HD 191089 H 15-09-01 88.74 2484.78 101.3
J 17-07-01 59.65 1908.80 11.8
HR 4796 A H 13-12-12 29.10 640.11 2.1
HR 7012 H 18-09-21 4.36 1117.28 19.3

Note. Here, 7., = the integration time for each frame in seconds, #;,, = the total
integration time in seconds, and APA = the total parallactic angle rotation in
degrees.

recovering the disk’s surface brightness, as success in subtract-
ing the instrumental polarization from the image depends on the
user’s input of the annulus location and size. In our case, we find
that an annulus of 2-5 pixel width and placed typically at a mean
radius of 7-11 pixels from the star (although this is somewhat
varied per disk) gave the best results, i.e., most effectively
removed the instrumental polarization. The cubes are then
rotated so that north is up, and are combined into a single radial
Stokes cube. Finally, using the satellite spot measurements, the
radial Stokes cube is converted from units of ADU coadd ' to
real units of millijansky per square arcsec.

Similar to the H band, we include an extra step for our
final J and K1 reductions to remove a quadrupole-like noise
pattern that often remains in GPI polarized intensity reductions.

Crotts et al.

This is done using the same method as that used in Esposito
et al. (2020), by measuring the contribution and orientation
of this quadrupole pattern in U, using the function
B = Byl sin2(0 + 6y), where I, is the azimuthally averaged
total intensity as a function of radius. As described in Esposito
et al. (2020), the function is fit by varying the scaling factor B
and offset angle 6, to minimize the sum of the squared
residuals. The best-fitting function is then subtracted from the
U, image, rotated by 45°, and then subtracted from the 0s
image. The H-band observations can be found in Figure I,
while our final J- and K1-band reductions can be found in
Figure 2.

Using the U, data, we also create noise maps for each disk.
This is under the assumption that U, contains no disk signal, as
expected for an optically thin debris disk causing single
scattering; however, this has not been found to be entirely the
case for the H-band data (see Appendix A in Esposito et al.
2020). To create noise maps, we simply calculate the standard
deviation at each radius in 1 pixel-wide stellocentric annuli of
the Uy image. These noise maps are used to estimate the
uncertainty in the surface brightness for each disk, and can also
be divided from Q,, to create signal-to-noise ratio (S/N) maps.
Our S/N maps can be seen in Figure 15 in Appendix A.

3. Empirical Analysis and Results
3.1. Disk Geometry

To understand the disk morphology as a whole, we first
measure the geometry of each disk. For this process, we separate
low-inclination disks (i <75°) from high-inclination disks
(i =75°), as a slightly different fitting process is required. The
cutoff of ~75° is chosen because it is at this point that radial
structure becomes significant, and the disks therefore no longer
fit well with the method used for high-inclination disks. For the
high-inclination disks, we fit a Gaussian profile to the surface
brightness along vertical slices at multiple radial separations from
the star, avoiding noisy regions close to the star. For the low-
inclination disks, which show more radial structure, we instead
fit a Gaussian profile to the surface brightness measured along
radial slices to more accurately trace the disk geometry. This is
done by rotating the image between, at minimum, —90° to +90°
from the given position angle (PA), and taking vertical slices at
each angle (see Figure 3 for a visual representation). Depending
on how much of the disk is visible for the low-inclination disks
in our sample, we rotate the image beyond —90° and +90° to
also trace the geometry of the back side of the disk. The FWHM
and mean of the Gaussian are then extracted, giving us an
estimation of the disk width, either vertically or radially
depending on the disk inclination, along with either the vertical
or radial offset of the disk peak surface brightness from the star.
For the majority of our sample we use the H-band observations
as they tend to have a higher S/N compared to the J- and K1-
band observations; however, for the cases in which the disk has a
higher S/N in the J or K1 band (this includes HD 114082 and
HD 191089), we opt to use these observations instead.

Using the derived FWHM of the disk, we estimate the
vertical or radial aspect ratio by comparing the measured
FWHM to R, where Ry is defined as the radius of the peak dust
density based on scattered light observations, and is derived
from modeling the dust density profile. The R, values used are
taken from Esposito et al. (2020), which they compiled from
their work and the literature. To measure the aspect ratio, we
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Figure 1. Polarized intensity observations of 12 out of 24 debris disks detected by GPI in the J, H, and K1 bands. The circles represent the size of the FPM for each
band (~0”09, ~0”12, and ~0” 15, respectively), and the crosses represent the location of the star. Similar to Figure 5 in Esposito et al. (2020), the data are scaled in
units of millijansky per square arcsec by the numbers in the lower-left corner in order to have similar brightness. Additionally, the disk surface brightness is linear from
0-1, and log scale from 1-20 mJy arcsec 2. The arrows in the lower-right corner represent the north and east directions.

calculate the weighted average of the intrinsic disk FWHM. To
obtain the intrinsic FWHM, the original measured FWHM from
our Gaussian fitting procedure is corrected for the instrumental
PSF and any smoothing applied to the image. This is done by
subtracting the FWHM of the instrumental PSF and smoothing
Gaussian kernels in quadrature from the measured FWHM.
Once this is done, we then simply divide R, from the corrected
weighted average FWHM. We note that these aspect ratios are
significantly higher than those reported for several of the same
high-inclination disks analyzed in Olofsson et al. (2022),

including AU Mic, HD 32297, HD 61005, HD 106906, HD
115600, HD 129590, and HR 4796. This discrepancy is mainly
due to the difference in measuring the vertical FWHM, where we
are empirically measuring the vertical FWHM from the data,
compared to Olofsson et al. (2022) who determined the vertical
FWHM from disk models. By performing this measurement
empirically, the vertical width becomes correlated with the disk
inclination. Additionally, we are probing the contribution of the
small grains in the disk halo, rather than just the planetesimal
belt. We therefore do not consider these measurements as true
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H band (~0"12), and the crosses represent the location of the star. The data are scaled similarly to the data in Figure 1, where the disk surface brightness is linear from
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Figure 3. Example of how the FWHM and vertical /radial offset are measured
for high-inclination disks compared to low-inclination disks. While a Gaussian
function is fit to vertical slices along the disk at multiple radial separations
(represented by the dotted lines in the left image), for the low-inclination disks,
a Gaussian function is fit to radial slices (represented by the dotted lines in the
right image).

aspect ratios, but use them mainly to compare the vertical or
radial width of each disk as a function of inclination.

The aspect ratio as a function of inclination is shown in
Figure 4. A general trend can be seen from high to low disk
inclinations, where the aspect ratio increases with decreasing
inclination as we move from probing the vertical aspect ratio
alone to probing the radial aspect ratio. We can use this
information to also identify disks with large vertical aspect
ratios compared to the other disks in our sample at similar
inclinations, as highlighted in Figure 4. These four disks will be
discussed further in Section 4.

To constrain the disk geometry, we fit a simple, geome-
trically inclined ring model to the vertical /radial offset profile,
which has also been used in previous debris disk studies
(Duchéne et al. 2020; Crotts et al. 2021, 2022). This model
assumes that the disk is radially narrow, although this is
unlikely to be the case for many of the disks in our sample (see
Section 4.1 for further discussion of this topic). The reason for
choosing such a model is its simplicity, allowing us to constrain
each disk’s geometrical properties in an efficient and empirical
manner, without having to rely on more complicated (and often
degenerate) radiative transfer modeling. Our model consists of
a circular ring with radius, Ry, inclination, i, and PA (defined as

east of north), as well as disk offsets along the major and minor
axes (6, and 0,, respectively). For the low-inclination disks, we
fit two ring models simultaneously, the first ring model being a
fit to the front side of the disk, while the second ring model is
the first model reflected across the y-axis to fit the back side of
the disk. The best-fitting model is found using the Markov
Chain Monte Carlo (MCMC) code emcee (Foreman-Mackey
et al. 2013) by deploying 200 walkers in our defined parameter
space over 2000 iterations.

The results for these models can be found in Table 3 and the
vertical /radial offsets with the best-fitting ring models for each
disk can be found in Figure 5. Additionally, the best-fitting
models overlaid on the images of each disk can be found in
Figure 16 in Appendix A. We note that in Figure 5, each image
is rotated by the measured disk PA minus 90° so that the major
axis of the disk is horizontal in the image when measuring the
vertical /radial offset profile. For simplicity, in this new
reference frame, we refer to the disk emission left of the star
as the east side/extension, and refer to the disk emission right
of the star as the west side/extension. This reference frame and
terminology will also be used when measuring the surface
brightness, as well as for measuring asymmetries in the surface
brightness and disk color. See Table 6 in Appendix B, for
information regarding the degrees of rotation and change in
cardinal directions for each disk into the new reference frame.

While we fit for an offset along the minor axis (d,) we do not
consider it in our results for the high-inclination disks in our
sample, as we find that with this method, ¢, is strongly
correlated with other disk properties such as the inclination,
vertical width, and radial width. In terms of low-inclination
disks, because we are able to fit both the front and back sides of
the disk, measurements of 6, are more robust, and therefore can
be useful to determine eccentricity. While we do not find these
same correlations significantly for 6,, it is important to take into
account that 0, can be difficult to properly constrain for radially
broad disks, as well as for low S/N observations. We also note
that a disk offset using this method does not necessarily mean
that the disk is eccentric, but can also be the result of other
asymmetries in the disk geometry, such as a warp. The
uncertainties for both the 6, and 0, offsets in Table 3 include
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Figure 4. The aspect ratio for each disk, which is defined as the intrinsic FWHM divided by R, given in Esposito et al. (2020), is a function of disk inclination. The red
square encapsulates the disks with anomalously high aspect ratios compared to other disks with similar inclinations.

uncertainties in the location of the star for GPI, which has been
found to be ~0.05 pixels or 0.7 mas (Wang et al. 2014).

3.2. Surface Brightness

Once the disk vertical or radial offset and FWHM are
measured, we can use these values to measure the surface
brightness as a function of stellar separation, as well as measure
any brightness asymmetries present between the east and west
extension of each disk. The east and west extensions are
compared specifically rather than between the front and back
sides of the disk as brightness asymmetries between the front
and back sides are due to preferential forward or backward
scattering of dust grains, rather than inherent asymmetries such
as an eccentric disk.

We first measure the surface brightness along each disk for
each band. This is done by first rotating the images by their
derived PA values (found in Table 3) minus 90°, followed by
binning the image into 2 x 2 pixel bins in order to diminish any
correlation between pixels. The vertical /radial offset values are
then used to define the location of the peak surface brightness
along the disk, where the surface brightness is averaged along
several pixels centered around the peak surface brightness
location. For the low-inclination disks, the image is rotated
between the same angles from the measured PA as done when
measuring the vertical /radial offset, followed by averaging the
surface brightness around the peak surface brightness location.
The resulting surface brightness profiles can be found in Figure 6.

To measure the brightness asymmetry between the east and
west extensions, we place apertures at similar separations from
the star on either side of each disk. For the high-inclination disks,

we place a single rectangular aperture on the east and west
extensions of the disk, while for the low-inclination disks, we
place two to three square apertures covering the front of the disk
to the disk ansae on either side. In all cases, the height of the
aperture is determined by the measured average FWHM of the
disk, while the length/placement of the rectangular apertures are
determined by the S/N of the disk (i.e., the apertures are placed
where the S/N is the highest, again, at a similar separation from
the star on either side of the disk). Once the aperture(s) are
determined and placed, we then average the flux over the
aperture(s) for both our image and uncertainty maps in each band
to determine 1o uncertainties. The average surface brightness can
then be compared between the east and west extensions to
determine whether or not a surface brightness asymmetry is
present. The surface brightness asymmetry for each disk can be
found in Figure 7, which is defined as the brighter extension
divided by the dimmer extension. We find 16/23 disks have a
significant brightness asymmetry (i.e., by 30 in at least one
band), which is well over half the disks in our sample.

3.3. Disk Color

For the disks in our sample that have multiwavelength
observations, we can also measure the disk color between
bands. Given that the scattering properties of dust grains
determine the disk color, these color measurements can give us
information about the dust grain properties in the disk such as
dust composition, minimum grain size, and porosity. While it is
difficult to untangle these dust grain properties from the disk
color alone, we can still use these results to compare the disk
color of our sample in NIR wavelengths to look for trends, as
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Table 3
Parameters for the Best-fitting Inclined Ring Model Using H-band Data
Name R, (au) 6, (au) oy (au) i (deg) PA (deg)
AU Mic 9.91+09! 0.20+392 —0.02+3%2 86.00+09! 126.68790!
8 Pic 27067518 026798 1.8275% 88.9075% 3224759
CE Ant 27.13400! —0.8610%4 0.867004 15.107993 91.02+9%
HD 30447 75.431048 —6.537933 2921013 81.471593 33.561 537
HD 32297 105.8571:62 —4.58+03° —0.58+013 88.261004 47631092
HD 35841 39.12+938 1054933 —2.49%913 83.271939 167.475993
HD 61005 50.215917 0.68919 —1.7943%7 85.4170:0¢ 70.8009
HD 106906 107.98+0% 20.67119 —3.207539 85.3479% 104.00333
HD 110058 59.56+)%47 8.191 104 2.54*{%3 87.0670%3 158.55+9:48
HD 111161 72.48+008 —1.447018 —0.6640:0 59.783008 83.29700%
HD 111520 91.42+13:40 —2.247F1338 —1.80703% 89.4570%7 165.66791]
HD 114082 28.501449 —2.95+029 —1.48+319 83.321934 105017993
HD 115600 44.024738 —0.04%733 —1.017217 82.97+132 24.20+094
HD 117214 2.77°9% —0.197018 0415928 69.57+048 180.511313
HD 129590 45501048 —1.897538 4967513 84.117938 120.28+0:9%
HD 131835 89.62108) —4.6079%% 11017933 75.94+0% 60.817092
HD 145560 81.23+0:9¢ 0.861013 3335013 41912948 39.515908
HD 146897 51847042 —6.3379% —4.087511 8599001 114.62+92
HD 156623 52.561052 2.10%047 1.6879% 34707548 102.8610%
HD 157587 81.24+09% —0.65%012 1324012 64.02+094 127.713349
HD 191089 46.96+001 —1.205083 0.3579% 61.855008 71.4043:9
HR 4796 A 7771598 0.587549 —1.56%0:5% 7615409 26431093
HR 7012 8.77+3:98 2.764997 0.08+3:04 72427533 113.80°3%

well as compare the disk color between the east and west
extensions to determine if any asymmetries are present.

To measure the disk color, we start with the same process as
measuring the surface brightness asymmetry, where the flux on
either side of the disk is averaged over the same apertures used
previously. This averaged flux is then converted to magnitudes
and compared between a pair of bands. Finally, the difference in
stellar magnitude between the same pair of bands is measured
and subtracted from the difference in magnitude of the disk (i.e.,
J-H = Amag(J g — Hgig)-Amag(Jgur—Hgo). This is done to
eliminate the bias introduced by the color of the star. The average
disk color (averaged across the whole disk) can be found in the
top plot of Figure 8. In this case, a negative value indicates a blue
disk color, meaning that the dust grains scatter more efficiently at
shorter wavelengths, while a positive value indicates a red disk
color, meaning that the dust grains scatter more efficiently at
longer wavelengths. Lastly, a O value indicates a gray or neutral
disk color, meaning that the scattering efficiency has no
preference between short and long wavelengths, and can be the
result of a large minimum dust grain size (on the order of a
couple of microns or greater; Boccaletti et al. 2003).

In addition to the average disk color, we also measure the
difference in color between the east and west extensions. The
lower plot of Figure 8 shows the absolute value of the
difference in disk color between the east and west extensions.
Here, a value of 0 means that no asymmetry is present. We find
that 3/12 disks have significant color asymmetries of 30 or
greater in at least one band (HD 61005, HD 110058, and HD
157587), while two additional disks have color asymmetries
with a significance between 20 and 30 (HD 111520 and HD
114082). In the case of an axisymmetric disk with a uniform
distribution of dust grains, we would expect no difference in
disk color between the east and west extensions. Therefore, an
asymmetry in the disk color may be the result of an asymmetric

distribution of dust grains. For example, a bluer east extension
may suggest that a population of small dust grains has been
released or redistributed to this area of the disk. Such an event
could occur due to recent collisions in the disk or possibly an
interaction with the interstellar medium (ISM; Debes et al.
2009).

4. Discussion

For a discussion of results for each specific disk system,
along with a comparison to the literature, we refer the reader to
Appendix C. Here we discuss the limitations of our model, as
well as broader trends found in our sample.

4.1. Ring Model Limitations

While our ring model for fitting the vertical /radial offset
profiles is simplistic and allows us to efficiently derive
geometrical properties for our large sample of disks, this
simplicity comes with some caveats and limitations.

For one, our ring model assumes a radially narrow ring,
which is likely not the case for many of the disks in our sample.
This caveat may lead to poor fits, such as for 3 Pic, and may
also have led to exaggerated offsets along the major axis in
some cases. For radially narrow disks, such as HR 4796 A,
measurements of §, are more robust. As mentioned in
Section 3.1, our simplistic model also has an effect on the
measured offset along the minor axis, or é,, where ¢, tends to
be exaggerated for disks with high inclinations (275°) as we
are only fitting the front side of the disk. This influenced our
decision to not take into account ¢, for the high-inclination
disks in our discussion of disk morphologies, as it is difficult to
untangle whether these offsets are real, or simply an effect of
our chosen model and other properties of the disk.
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Figure 5. The vertical or radial offset from the star for each disk as a function of separation from the star, represented by the dark blue data points. Each disk is rotated
by its measured PA minus 90°; therefore negative separations define the east side of the disk, while positive separations define the west side of the disk. Orange curves

represent the best-fitting narrow, inclined ring.

The S/N of the observations should also be taken into
account, as low S/N observations may also lead to poor fits of
our ring model, creating small offsets that do not exist, such as
in the case of AU Mic. We do find that the several disks with
the largest 6, measurements have higher S/N observations,
which supports the conclusion that these disks are indeed either
eccentric or harbor another geometrical asymmetry, such as a
warp. However, future follow-up for these disks with low S/N
observations will be needed to confirm our results.

In summary, our simple ring model is most effective for
radially narrow disks, and for low-inclination disks where we
can fit both the front and back sides of the disk. Even in the

case of high-inclination disks, and for most radially broad disks
in our sample, this method is still successful in confirming
inclination, PA, and disk radius, while ¢, measurements are
also still useful for determining possible asymmetric geome-
tries that may not be fully captured with more complex
modeling, especially when taken into consideration with other
factors such as surface brightness asymmetries.

4.2. Trends in Brightness Asymmetry

Our large sample size allows us to look at overall trends that
may have implications on debris disk properties and evolution.
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Here, we look at trends seen in the measured brightness
asymmetry derived in Section 3.2.

Comparing the average brightness asymmetry (brighter side/
dimmer side) between all disks, three disks have significant
brightness asymmetries over 1.5 (HD 61005, HD 111520, and
HD 131835), two disks have significant brightness asymmetries
between 1.2 and 1.5 (AU Mic and HD 106906), six disks have
significant brightness asymmetries between 1.1 and 1.2, and six
disks have significant brightness asymmetries <1.1. The
majority of disks have brightness asymmetries where the
brighter side is <1.2 times brighter than the dimmer side, while
a small handful of disks have particularly large brightness
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asymmetries >1.2. Out of the disks with the largest brightness
asymmetries, HD 106906 is the only disk that has strong
evidence of planet-induced eccentricity (e.g., Nesvold et al.
2017; Crotts et al. 2021). It is unclear if the other three disks are
eccentric, although all three have complex morphologies (i.e.,
multiple rings, clumps, warps, and radial asymmetries) suggest-
ing that they are being actively perturbed by some mechanism.

When comparing the average brightness asymmetry between
filters for disks with multiwavelength observations, we find that
the average asymmetry is 1.754+0.04 in the J band,
1.16 £ 0.03 in the H band, and 1.16 £0.05 in the K1 band.
Excluding HD 61005, which is an outlier in the J and Kl
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Figure 7. Brightness asymmetry between the east and west extensions for each disk in all three wavelengths. Values of 1 represent no brightness asymmetry. Red data

points represent a significant asymmetry of >3o.

bands, changes these values to 1.24 +0.04, 1.12 +0.03, and
1.03 £ 0.05, respectively. In both cases, the J band has a
significantly higher brightness asymmetry on average than the
H and K1 bands. When excluding HD 61005, the K1 band has
the lowest brightness asymmetry on average. These results
suggest that the brightness asymmetry is strongest in the
smallest dust grains and decreases with increasing wavelength /
particle size. This result aligns with trends seen between short
and long-wavelength observations, where disks appear to be
more asymmetric at optical/NIR wavelengths and more
symmetric at submillimeter/millimeter wavelengths.

4.3. Effects of Stellar Age and Temperature

In Section 3, we mainly focused on what our analysis
showed for each disk; however, with such a uniform analysis
on a large sample of disks, we can also use our results to look
for larger-scale trends. In this section, we focus on debris disk
properties, such as asymmetries and disk color, as a function of
stellar temperature and age, to see if any correlations may
inform us about debris disk environments and evolution.

4.3.1. Brightness and Color Asymmetry

In Figure 9, we plot the measured brightness asymmetry in
each band versus the stellar age and temperature. From
Figure 9, there does not appear to be a significant trend
between the degree of brightness asymmetry with either the
stellar age or temperature. While at first glance it may appear as
if there is a tentative trend between brightness asymmetry and
stellar temperature in the J and K1 bands, this is simply due to
our small sample size of observations in these bands along with
one outlier (HD 61005).

Figure 10 shows the disk color asymmetry plotted versus
stellar age and temperature. Similar to the brightness
asymmetry, no strong trends are seen between disks with a
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color asymmetry and the age of the system or stellar
temperature. This result, along with the brightness asymmetry,
suggests that asymmetric disks can be present regardless of the
system’s age or stellar temperature, although it should be kept
in mind that the average age of our sample is fairly young (less
than 100 Myr). Again, it is important to note our small sample
size for measured disk colors given the small sample of disks
with J- and K1-band observations, therefore these results may
not show the entire picture.

4.3.2. Average Disk Color

In the previous section, we compare the brightness
asymmetry and disk color asymmetry with stellar age and
temperature, but we can also compare the disk color itself with
these two parameters. As the disk color is the result of dust
grain properties in the disk, as described in Section 3.3, trends
between the disk color and the stellar age or temperature may
be informative about the evolution of dust grains in these
systems.

Figure 11 (top) shows, similar to the disk asymmetries, no
significant trends between disk color and stellar age, demon-
strating once again that the age of the system does not have a
drastic effect on the properties of debris disks in our sample.
This is not the case with respect to the stellar temperature. A
trend is suggested in the bottom plot of Figure 11, strongest in
the H and K1 bands, whereas we transition from cooler to
hotter stellar temperatures, the disk color becomes increasingly
gray /red. Calculating the strength of the correlation between
the H- and K1-band colors with temperature, we find a Pearson
correlation coefficient of 0.6 with a p-value of 0.05, meaning
that the correlation is significant at the 20 (95%) confidence
level. Similar trends have been seen in other color studies, such
as with the Hubble Space Telescope (HST; Ren et al. 2023).
Such a trend is also expected; as the stellar temperature
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Figure 8. Top: average disk color of each disk, between all three wavelengths. Disks with a negative value have a blue color, while disks with a positive value have a
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asymmetry by >30.

increases, so does the blowout size of the system, i.e., the dust
grain size where the force of radiation pressure is equal to the
force of gravity. Because larger dust grains are more efficient at
scattering at longer wavelengths compared to small dust grains,
this leads to a redder disk color. Additionally, dust grains on
the order of several microns or larger can exhibit a gray color,
while disks with a larger population of small dust grains will
tend toward a blue color.

While the trend between disk color and stellar temperature is
strongest in the H and K1 bands, this trend weakens in the J-H
and J-K1 bands. However, this may be due to several disks that
break this trend. The two most notable disks are HD 32297 and
HD 115600, both of which are around hotter stars (7700
and 7000 K), but have exceptionally strong blue colors in the
J-H and J-K1 bands. In both cases, the disk color becomes
significantly more gray or red in the H and K1 bands, making
them more in line with the overall trend. The strong blue color
seen at short wavelengths for these two disks suggests that
a larger population of small dust grains is present than would
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be expected for a debris disk orbiting a star of temperature
>7000 K. One explanation is that these disks may have recently
undergone a large/violent collision, producing dust grains
smaller than the blowout size for which radiation pressure has
not had enough time to blow out these small grains.

However, a recent large collision may not even be necessary,
as studies have shown that bright debris disks (Lgisk/Ly >
107?) around F and A spectral-type stars (as for HD 32297 and
HD 115600), with high collisional activity, can naturally
produce large amounts of submicron-sized dust grains that will
leave a detectable signature (Thebault & Kral 2019). Thebault
& Kral (2019) show that the halo for these disks can contribute
up to ~50% to the total disk flux at short wavelengths, while
decreasing toward longer wavelengths. Additionally, small
unbound grains can turn the disk color from red to blue. This
may explain the strong blue colors in the J-H and J-K1 bands,
which then become significantly less blue in the H and K1
bands. We note that the enhanced blue color is not observed for
all bright debris disks around hot stars (i.e., HD 110058). In
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Figure 9. Top: brightness asymmetry vs. stellar age. Bottom: brightness asymmetry vs.

fact, the HD 110058 debris disk, which has the hottest host star
for a disk with multiwavelength observations, is the only disk
in our sample that is strongly red between all three
wavelengths. Either another factor is affecting the color of this
disk (such as composition), or the submicron-sized grains have
been successfully blown out of the system. Either way, these
examples show how the disk color is affected by the stellar
temperature, and can also be used to help understand the
mechanics of a collisional cascade in certain disks.

4.4. Disks with Large Aspect Ratios

In Section 3.1, we measured the vertical FWHM (or radial
FWHM depending on the inclination) using our Gaussian
fitting procedure and used the average FWHM to roughly
estimate the aspect ratio. Plotting these aspect ratios versus
inclination showed several debris disks that had a larger
vertical aspect ratio compared to other disks of similar
inclination (highlighted by the red square in Figure 4). To
understand the underlying reason for this discrepancy, we
compare the aspect ratio with other disk and system parameters.

In Figure 12, we show the aspect ratio plotted versus the
stellar temperature for disks with i > 70°, where the color of
each data point represents the reference radius, Ry, for each
disk. The four disks that have particularly high aspect ratios
compared to other disks with similar inclinations are high-
lighted by the red-dashed square box, 3 Pic, HD 110058, HD
114082, and HR 7012. One reason these disks may have a high
aspect ratio is the combination of their inclinations and the way
we measure the aspect ratio, where there may be some
backscattering from the far side of the disk that is contributing
to the vertical width. However, there are two things noticeable
in Figure 12, with respect to the four highlighted disks, that are
not related to disk inclination. One, these disks are around
relatively hotter stars (7700-8200 K) compared to other disks
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stellar temperature.

in our sample with high inclinations, and two, these four disks
are more radially compact in terms of R), with Ry < 40 au.
Additionally, three out of these four disks (3 Pic, HD 110058,
and HR 7012) also have detectable amounts of CO (Dent et al.
2014; Schneiderman et al. 2021; Hales et al. 2022). HD 114082
has no gas detection, with only an upper limit on the CO mass
of <5 x 107° (Kral et al. 2020).

The fact that these four disks have multiple factors in common
can help us understand what is causing these disks to have a
large vertical aspect ratio. While all four disks are around hotter
stars, and three out of four have detectable amounts of CO, two
other disks also meet these criteria, HD 32297 and HD 131835
(stellar temp =7700 and 8100 K), but do not have a high
vertical aspect ratio. This suggests that the stellar temperature
and the existence of a gas disk, either together or individually,
are not the root cause of a disk becoming vertically thick. In fact,
Kral et al. (2020) found that gas in debris disks should have the
opposite effect, making the disk more vertically thin due to the
settling of small dust grains. Looking more closely at HD 32297
and HD 131835, one thing that distinguishes these two disks
from the other four is that they are both more radially extended
in terms of Ry (Ry =98.4 and 107.7 au). In addition to this, AU
Mic, which has a smaller Ry of 30.2au and is around an M
dwarf, has a small vertical aspect ratio. This suggests that the
combination of a higher stellar temperature and a small R are
requirements for creating a disk that has a particularly large
aspect ratio, where dust closer to the star is puffed up (i.e., has a
high-inclination dispersion) due to the higher temperatures.

While this scenario makes physical sense, it is not
necessarily the full story. For instance, it is not clear why
these disks have small R, values, as Esposito et al. (2020; first
reported in Matra et al. 2018) shows that there is a positive
correlation between stellar luminosity and R,. This means that
as the stellar temperature/luminosity increases, we would
expect a peak dust density radius farther out from the star,
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Figure 10. Top: disk color asymmetry vs. stellar age. Bottom: disk color asymmetry vs. stellar temperature.

making these four disks outliers. One possible explanation
could be that due to the high inclination of these disks, it is
difficult to measure the exact peak radius, leading to an
underestimation of R,. While HR 7012 is undoubtedly
compact, this cannot be easily said for the other three disks,
which extend well beyond their measured values of Ry in
scattered light. However, in the case of HD 110058 and HD
114082, Atacama Large Millimeter/submillimeter Array
(ALMA) observations also show relatively compact disks,
with a peak radius of millimeter-sized grains at 31 and 24.1 au,
respectively (Kral et al. 2020; Hales et al. 2022), consistent
with their measured R in scattered light within uncertainties.
The ( Pic disk is the most uncertain, where both the small
grains in scattered light and large grains as seen by ALMA
extend way beyond R,, which is near the measured inner
radius, and is more consistent with being radially broad. While
we do measure a consistent disk radius of 27.06 au, this is at the
edge of GPI's FOV, and therefore it is possible for the disk
radius to lie beyond this distance.

Another explanation for these disks being more compact in
terms of Ry could be due to shaping from planet or stellar
companions. In the case of HR 7012, as mentioned previously,
the system has a stellar companion located >2000 au from the
main star (Torres et al. 2006), which has been suspected to be
the cause of the disk’s significant truncation; however, this has
yet to be confirmed. For HD 110058, there is evidence of a warp
past 40 au, which suggests perturbation from a planet compa-
nion. If there is a planet that is orbiting closely outside of this
warp, this could lead to a truncation of the disk. That being said,
a planet could cause a similar warp inside of the disk, similar to
the ( Pic system, where Pearce et al. (2022) predict that a
sculpting planet of mass >0.5 4= 0.4 My, with semimajor axis
<8 £ 8 au is sufficient to create a warp at 40 au. While a planet
is known to exist in the HD 114082 system (Engler et al. 2022;
Zakhozhay et al. 2022), this planet is within 2 au of the star,
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making it dynamically uncoupled from the disk. However, as
seen in Engler et al. (2022), there is a clear opening within the
inner radius of the disk, likely meaning that there are additional
planets closer to the disk edge, and given that the disk is radially
narrow, this suggests that there may also be a shepherding planet
outside of the outer disk edge. Finally, § Pic is also known to
have two planets, 3 Pic b and c, (Lagrange et al. 2010, 2019).
These planets are very likely perturbing the disk and have even
been directly linked to the known disk warp located at ~50 au
(Mouillet et al. 1997). While this may not fully explain the small
Ry value, Matra et al. (2019) found using ALMA observations
that the vertical structure of the disk is best fit with two
Gaussians rather than one, suggesting the existence of both a
cold and hot population of dust grains. The authors state that this
distribution of dust grains is not consistent with stirring from G
Pic b alone, but could be the result of another unseen planet
migrating outward toward the inner disk edge.

4.4.1. Aspect Ratio and Particle Size Distribution

While an unknown planet may be puffing up the ( Pic disk, in
the case of HR 7012, there is strong evidence of the disk being
the result of a high-speed collision between large planetesimals.
While the disk is shown to harbor SiO and CO as a result of
these collisions (Lisse et al. 2009; Schneiderman et al. 2021),
another piece of evidence is the disk’s dust grain size distribution
power law (g) of 3.95 (Johnson et al. 2012). This power law is
steeper than the typical power law for a collisional cascade of
q = 3.5 (Dohnanyi 1969), where lab work has shown that a high
g-value is consistent with what is expected for the aftermath of a
giant hypervelocity impact (Takasawa et al. 2011). This
motivates us to look more closely at the effects of g on the
vertical aspect ratio, alongside Ry and stellar temperature. For
disks that have measured g-values in the literature (see Table 4),
we plot these values versus their measured aspect ratios, which
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Figure 12. Aspect ratio for the disks in our sample with i 2> 70° as a function of
stellar temperature. The color of each point represents Ry in astronomical units,
as indicated by the color bar, taken from Esposito et al. (2020). The four disks
highlighted within the red-dashed square are the same four disks highlighted in
Figure 4.

can be seen in the left plot Figure 13. We note that most of these
g-values are measured by extrapolating from millimeter to
centimeter observations; however, some disks only have
measured g-values from radiative transfer modeling of scattered
light observations and/or the SED. Plotting aspect ratio versus g,
we find a tentative positive trend between g and the vertical
aspect ratio, where the average g-value for disks with an aspect
ratio 220.25 is ~3.74, while the average g-value for disks with an
aspect ratio <0.25 is ~3.20. While the disks with ¢ = 3.5 are on
average more compact in terms of Ry, there otherwise does not
seem to be a correlation between g and Rj. The left plot in
Figure 13 is similar to that in Figure 12, however, we replace R,
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with ¢. Doing so, we find that regardless of the stellar
temperature (in contrast to the findings in MacGregor et al.
2016), g appears to increase with the vertical aspect ratio.
Measuring the statistical significance of the correlation between
the aspect ratio and g, we derive a Pearson correlation coefficient
of 0.6 with a p-value of 0.05. When removing 3 Pic, which
appears to be an outlier, the Pearson correlation coefficient
increases to 0.7 with a p-value of 0.01. These values show that
the correlation between aspect ratio and ¢ is significant; however,
it is important to keep in mind that our sample size is small.

A steep g-value suggests a large population of the smallest
dust grains in the system, and as mentioned before, can be a
sign of a giant hypervelocity collision between planetesimals.
The two disks with the largest g-values are HD 114082 and
unsurprisingly, HR 7012, both of which have large vertical
aspect ratios. While HR 7012 is highly suspected to have a
recent giant impact, the same is not true for HD 114082. Unlike
the HR 7012 disk, the HD 114082 disk has no significant
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amount of gas detected (Kral et al. 2020). Additionally, past
studies of the disk have found a relatively large minimum dust
grain size of between 5 and 10 ym (Wahhaj et al. 2016; Engler
et al. 2022), which is larger than the expected blowout size of
2.4 um and is supported by our findings of the disk being
neutral in color, again inconsistent with a giant impact scenario.
Other studies have shown that a steep g-value (between ~3.65
and 4) can simply be the result of collisions between similar-
sized bodies in the strength regime (Pan & Schlichting 2012),
meaning that the collisional bodies are held together by their
material strength rather than by gravity. Analytical and
numerical calculations indicate that rocky bodies do not
become dominated by self-gravity until they reach a size of
~1 km (Wyatt et al. 2011), suggesting that collisions in these
two disks are primarily between smaller bodies. This is
expected for HR 7012, as the fine dust is expected to be from
the sub-sequential collisions between submillimeter size dust
grains rather than the initial giant impact (Johnson et al. 2012).
When studying the aspect ratio of our sample of debris disks,
there are clear trends that have emerged. The stellar temper-
ature, the disk’s radial extent, and the distribution of dust grain
sizes, all appear to affect the vertical aspect ratio. Further study
is needed to explore the relationship between the vertical aspect
ratio and these other system parameters, in order to help better
understand the processes that are occurring in these disks.

4.5. Polarized Intensity Profiles

One interesting observation when comparing the surface
brightness profiles shown in Figure 6 side by side, is the
similarity between the profile shapes for the disks in our sample.
For the majority of high-inclination disks, the surface brightness
profiles peak at separations closer to the star before gradually
decreasing with increasing stellar separation. In the cases of HD
32297 and HD 106906, the surface brightness profile peaks
closest to the star, with a second, smaller peak at larger stellar
separations. Several disks have more flat surface brightness
profiles, such as AU Mic, HD 61005, and HD 30447, although
AU Mic and HD 61005 extend beyond GPI's FOV. For the low-
inclination disks, again all the surface brightness profiles are very
similar in that the surface brightness gradually decreases from the
star before peaking again at the disk ansae. One outlier is HD
191089, where the surface brightness stays fairly flat with
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separation from the star. However, this disk is relatively low in
S/N compared to the other low-inclination disks in our sample.
These surface brightness profiles can provide information about
the disk scattering phase function (SPF), suggesting that the SPF
is very similar between disks. Other studies have also made this
observation (e.g., Hughes et al. 2018) when comparing the SPF
of several debris disks, solar system comets, and zodiacal dust. In
another example, J. Hom et al. (2023, in preparation) find that by
using the same generic SPF, derived from the SPF of bodies in
our solar system (i.e., the rings of Saturn/Jupiter and multiple
comets), they were able to achieve low residual models for
multiple debris disks a part of our GPI sample, further supporting
a universal SPF. Such similarity of the SPF between debris disks
and zodiacal dust implies that the dust in the majority of debris
disks are porous aggregates, such as with cometary dust.

4.6. Sources of Disk Morphologies

While we cannot make any definitive statements of whether
or not planets exist in some of these systems without direct
detection of said planets, we can take all of our analyses and
results for each disk to help determine which scenario the disk
morphology is most consistent with, whether that be interaction
with a companion or another mechanism. To do so, it is
important to understand how different mechanisms affect the
disk in different ways.

Planets by themselves can affect the disk morphology in
numerous ways. This can be seen in studies, such as that of Lee
& Chiang (2016), where they show that a single 10 M, planet
on an eccentric orbit can create multiple different morphologies
observed in multiple debris disks, such as the needle and the
moth. In addition to these outcomes, planets can create other
features such as eccentric disks, brightness asymmetries, gaps,
rings, and warps. If a planet lies close to the disk edge, it can
also effectively stir the disk as discussed in the previous
section. For example, Pearce et al. (2022) use disk stirring
along with disk sculpting arguments to predict the masses of
potential planets in a large sample of debris disks. It should be
noted that interactions with stellar companions (if present), as
well as stellar flybys, can also perturb debris disks similarly to
planets. While planets can effectively sculpt debris disks, it is
unclear whether or not a significant color asymmetry would
appear solely as a result of planet—disk interactions, although
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Figure 14. Here we show the average brightness asymmetry across all bands vs. the measured major axis offset or ¢, in astronomical units. Dark blue data points are
disks with multiwavelength observations, while light blue data points are disks with H-band observations only. Orange-shaded regions represent the parameter space
where disks have brightness asymmetries that are consistent with the direction of the major-axis offset.

such interactions may result in additional collisions, populating
the disk with small grains, and would change the scattering
angles in the case of induced eccentricity on the disk.

For disks with a significant disk color asymmetry, other
mechanisms may explain what is happening in the disk. Two
mechanisms that have been commonly used to explain
perturbed disks are interactions with the ISM (Debes et al.
2009) and large-scale collisions in the disk (Jackson et al.
2014). Both these scenarios can alter the distribution of dust
grains, which could cause a disk color asymmetry. In the case
of an ISM interaction, if the disk passes through a dense region
of the ISM, this can cause preferentially small dust grains to be
blown out in the opposite direction of the system’s motion. If
small grains are redistributed from one side of the disk to the
other, this can cause one side of the disk to become brighter
and bluer in color than the other, especially at shorter
wavelengths. Additionally, this can cause the bluer side to
also become more radially extended and create a needle- or
moth-like morphology, depending on the viewing angle. On the
other hand, recent large impacts can generate a large amount of
small dust grains at the site of collision. These dust grains are
put on highly eccentric orbits, making the opposite side of the
disk more radially extended, while the collision site becomes a
pinched point through which the orbits of all the dust grains
must pass (Jackson et al. 2014). Such an event could cause the
side of the disk where the collision occurred to become more
blue (due to a concentration of small dust grains) as well as
become significantly brighter than the opposite side. For the
three disks with brightness asymmetries and color asymmetries
(HD 61005, HD 110058, and HD 157587) the brighter side of
the disk is also bluer compared to the dimmer extension, as
would be expected for either an ISM or large impact scenario.

To visually summarize our findings of asymmetries found
for each disk, we plot the average brightness asymmetry
between all bands, measured in Section 3.2, as a function of the
offset found along the major axis shown in Figure 14. The
orange-shaded regions represent the area of parameter space
where the brightness asymmetry is consistent with the direction
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of the major axis offset (i.e., a brighter west side should be
closer to the star and vice versa) as in the case of an eccentric
disk. We find the majority of disks have brightness asymme-
tries as expected for an eccentric disk, although there are a
handful of disks that have brightness asymmetries that are not
consistent with an eccentric disk. A majority of the inconsistent
disks do not have multiwavelength observations.

Going a step further, we place each disk into one of six
categories based on its brightness asymmetry, major-axis
offset, whether or not the brightness asymmetry is consistent
with the offset direction, expected brightness asymmetry based
on the offset, and the disk color asymmetry. This information
can be found in Table 5, and will be discussed further in the
subsequent sections. To calculate the expected brightness
asymmetry, we use the relationship between the surface
brightness and the radius of the star (i.e., 1/r2). However,
given that the scattering angles change when the disk is offset
from the star, the disk SPF also affects the expected brightness
asymmetry. With this in mind, we also calculate the
contribution from the SPF using the generic SPF derived in
J. Hom et al. (2023, in preparation). This is an approximate
estimation as the SPF of the debris disks in our sample may not
necessarily conform to this generic SPF, such as the case with
HR 4796 A (see Figure 6 in Hughes et al. 2018), although, as
mentioned in Section 4.5, the similarities between surface
brightness profiles suggest this is a fair assumption. In general,
the effect of the SPF partially cancels out the expected
brightness asymmetry based on 1/ #* alone, as the opposite side
of the disk (apocenter) becomes brighter due to the change in
scattering angles. Our approximate estimation of the expected
brightness asymmetry in Table 5 is represented as a range
between the expected brightness asymmetry based on 1/r*
alone, and when taking into account the contribution from the
SPF. For a fair comparison, we recalculate the surface
brightness asymmetry for each disk (and each band) at the
same radii as we calculate for the expected brightness
asymmetry, focusing on stellar separations midway between
the star and the measured disk radius to avoid the effects of
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Table 5
Summary of Asymmetry for Each Disk

Name o, (au) Brightness Asymmetry Consistent w/ Offset Direction? Expected Brightness Asymmetry Disk Color Asymmetry
@ (@) 3 “@ () )
Category 1

HD 32297 —4.51 1.13 £0.05 Yes 1.03-1.08 0.03 £ 0.04
HD 106906 20.67 1.28 +0.04 Yes 1.17-1.43 0.09 +0.05
HD 146897 —6.31 1.20 £0.15 Yes 1.10-1.25 0.05 £0.03
HD 156623 2.24 1.05 +0.02 Yes 1.03-1.07 N/A
HR 4796 A 0.58 1.02 £0.02 Yes <1.01 N/A
Category 2

HD 61005 0.69 1.82 £0.09 Yes 1.01-1.03 0.70 £0.15
HD 110058 7.80 1.23 £0.03 Yes 1.11-1.28 0.28 £ 0.04
HD 111520 —2.24 1.78 £ 0.09 Yes 1.02-1.05, 1.09-1.25 0.15 £ 0.06
HD 117214 —0.19 1.14 £0.05 Yes <1.01:1 N/A
Category 3

3 Pic 0.0 1.04 4+ 0.02 N/A
CE Ant —0.86 1.01 £0.02 Yes 1.03-1.05 N/A
HD 115600 0.0 1.01 £ 0.05 0.0 +0.04
Category 4

HD 114082 —2.95 1.14 £ 0.04 No 1.08-1.21 0.19 £ 0.07
HD 129590 —-1.91 1.09 £ 0.06 No 1.03-1.08 0.10 £ 0.06
HD 157587 —0.65 1.18 + 0.05 No <1.01 0.30 + 0.08
Category 5

AU Mic 0.19 1.95 £0.20 No 1.01-1.04 N/A
HD 30447 —6.53 1.19 £ 0.08 No 1.06-1.17 N/A
HD 131835 —4.54 1.11 £ 0.06 No 1.04-1.10 N/A
HR 7012 2.74 1.94 £ 0.49 No 1.32-1.87 N/A
Category 6

HD 35841 1.03 1.08 £0.13 Yes 1.02-1.05 0.04 £0.08
HD 111161 —1.09 1.04 £0.07 No 1.01-1.03 N/A
HD 145560 0.86 1.02 £0.05 <1:1.01 N/A
HD 191089 1.20 1.08 £ 0.12 Yes 1.02-1.05 0.07 £0.12

Note. Column (3) lists the brightness asymmetry measured in the H band, while column (5) lists the range of expected brightness asymmetries based on the 1/ P
relationship and the SPF. Column (6) lists the average disk color asymmetry for each disk. The table is organized by disks with similar asymmetries or features. See

Section 4.6 for descriptions of each category.

limb brightening at the ansae and noise close to the star. The
average surface brightness asymmetry can be found in Table 5.
For simplicity, we focus on the major-axis offsets to calculate
the expected brightness asymmetries.

4.6.1. Category 1: Eccentric Disk

In this first category, the debris disks are consistent with
having an eccentric disk. This means that the derived
brightness asymmetries are consistent with the direction of
the major-axis offset, the expected brightness asymmetry is
consistent with the measured asymmetry, and finally, these
disks do not present a significant disk color asymmetry. Five
disks fall into this category: HD 32297, HD 106906, HD
146897, HD 156623, and HR 4796 A.

While HD 32297 is close to being axisymmetric, we place it
in category 1 as we derive a significant offset of ~4 au, which is
present in both the J and H bands. The derived offset is also still
consistent with the insignificant brightness asymmetry given the
large disk radii. On the other hand, the HD 106906 disk is very
asymmetric, with a massive disk offset along the major axis of
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~20 au and a significant brightness asymmetry. Despite such a
large disk offset, the measured brightness asymmetry is still
consistent within the range calculated for the expected brightness
asymmetry. If confirmed, the HD 146897 disk also has a large
offset relative to the derived disk radius, making it one of the
more eccentric disks in our sample. Given the small disk radii,
measuring the brightness asymmetry between the star and the
disk radius requires us to average the disk surface brightness
close to the star, resulting in a high uncertainty measurement of
1.20 £ 0.15 (i.e., the west side of the disk is 1.20 £ 0.15 times
brighter than the east side). Despite this high uncertainty, the
expected brightness asymmetry of ~1.10-1.25 is consistent with
the measured brightness asymmetry.

For both the HD 156623 and HR 4796 A disks, we derive
brightness asymmetries of 1.05 £0.02 and 1.02 £ 0.02 between
the star and disk radius. For both disks, the expected brightness
asymmetries derived at the same radii are consistent with these
measured brightness asymmetries within 1o. These two values
are significantly lower than the brightness asymmetries measured
across the entire disk in Section 3.2 (1.1140.02 and
1.17 £ 0.02, respectively). This is due to the brightness
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asymmetry being strongest near the disk ansae for both disks, as
can be seen in Figure 6. For the HR 4796 A disk, Olofsson et al.
(2019) found that with the derived eccentricity of ~0.02, their
model was unable to match the surface brightness at the ansae,
leading to the conclusion that dust may be released preferentially
near the east disk ansae due to more frequent collisions. A
similar scenario could be the case for HD 156623, although more
complex modeling may find that our derived eccentricity is
sufficient enough to produce the brightness asymmetry along the
entire disk.

A common explanation used to explain an eccentric disk is
perturbation from an eccentric planet. For the HD 32297 debris
disk, Lee & Chiang (2016) have shown that a planet on an
eccentric orbit can create the double wing feature seen in the
disk halo with HST. This requires the azimuth of the planet to be
close to 0°, which can explain why the disk appears close to
axisymmetric. For the planet to sculpt the inner edge of each
disk, Pearce et al. (2022) derive a minimum planet mass and
maximum separation of 1.1794 M up and 7078 au for HD 32297,
and 2.0 £ 0.4 and 43f; for HD 146897; however, this is not
including the measured eccentricity from this study. The radially
narrow ring of the HR 4796 A disk may be the result of a
shepherding planet inside the planetesimal belt, as described in
Olofsson et al. (2019). However, in the case of HD 156623, no
inner clearing is observed as the polarized intensity is detected
down to the FPM, meaning that either a planet is shaping the
disk from within the FPM or outside the disk, or another source
is causing the disk to become eccentric. Using an orbital
separation of 10 au, Pearce et al. (2022) find a planet mass of 0.6
My, is required to sculpt the disk. Given that the HD 156623
disk is gas-rich, if the gas disk is eccentric, this can force the dust
disk to become eccentric as well (Lin & Chiang 2019), a
scenario that has also been used to help explain the moth-like
wings of HD 32297. However, such a scenario still requires a
perturber, such as a planet, to make the gas disk eccentric.

The HD 106906 system is the only one in this category with
a known planet. Past studies have shown that perturbation from
the planet HD 106906 b can replicate the observed disk
morphology and has a consistent orbit (Nesvold et al. 2017;
Nguyen et al. 2021; Moore et al. 2023). Other studies have
shown that the disk morphology is also well created by a recent
catastrophic collision taking place in the disk’s east extension
(Jones et al. 2023), making it an alternative scenario for the
disk asymmetries, although no other evidence of a large
collision has been found.

4.6.2. Category 2: Eccentric Disk + Additional Explanation Needed

Category 2 consists of debris disks in our sample that are
consistent with an eccentric disk, but either have a significant
color asymmetry in at least one or more bands and/or have
measured brightness asymmetries much larger than expected.
The four disks that fall under this category are HD 61005, HD
110058, HD 117214, and HD 111520.

The HD 61005 and HD 111520 disks have two of the largest
brightness asymmetries in our sample; however, the estimated
major-axis offsets are too small to explain these large brightness
asymmetries. Even if we take the estimated 11 au offset based
on the polarized surface brightness profile for HD 111520
(Crotts et al. 2022), this only creates a brightness asymmetry of
~1.09-1.25 (compared to the measured 1.78 £ 0.09 averaged
between bands). It is possible that the expected brightness
asymmetry would change when taking into account the full
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eccentricity (i.e., if both the offset along the major and minor
axes were well constrained), as well as the argument of
pericenter, although this is difficult to do empirically for such
high-inclination disks. In the case of HD 61005, the moth-like
halo suggests an argument of pericenter close to 0, meaning that
the disk eccentricity would be primarily along the minor axis,
and therefore should not cause a large brightness asymmetry
along the major axis. The halo of the HD 111520 disk shows
more radial asymmetry, including the warp, fork-like structure,
and difference in radial extent, suggesting that the argument of
pericenter is much farther from zero, and that an offset along the
major axis is required. Dynamical modeling of the system may
help to uncover the true orientation of the disk in order to create
such asymmetries.

In Jones et al. (2023), the authors try to explain the
morphology for both disks with a recent giant collision;
however, neither disk is fully consistent with this scenario. In
the case of HD 111520, while a giant collision can create a fork-
like structure as observed, the orientation of the fork is incorrect,
where the micron-sized grains align with the lower fork rather
than between the two forks as would be expected. We would
also expect the site of the collision (i.e., the east extension) to be
the brighter side, whereas we observe the opposite. For HD
61005, while a large collision can create the moth-like structure
of the disk halo, Jones et al. (2023) note that the brightness ratio
between the two sets of disk wings is incorrect, as well as the
secondary wings are not as straight as seen in observations. The
disk halo morphology may be better explained by interaction
with a planet companion on an eccentric orbit, where Lee &
Chiang (2016) show that such a planet can create moth- and bar-
like morphologies, although the bar morphology requires a steep
dust grain size distribution close to the blowout size. HD 111520
disk’s morphology may also be explained by a planet—disk
interaction, as the halo shows a clear 4° warp beyond 1”7
(Crotts et al. 2022), a planet—disk interaction may also be able to
create the fork-like structure (Pearce & Wyatt 2014).

An interaction with the ISM is another mechanism that may
be affecting either disk. This is a scenario that has been used to
help explain HD 61005, and has been shown to be able to
create both a moth- and needle-like morphology (Debes et al.
2009; Maness et al. 2009). Given that HD 61005 proper motion
(corrected for solar reflex motion) is nearly perpendicular to the
disk wings, this may be another explanation for the disk’s
morphology. Additionally, the proper motion also points
slightly more west compared to the major axis (~19°2 from
perpendicular), which may be able to explain the disk color
asymmetry, which is found to be significant in the J and H
bands, although further study is needed to confirm this. On the
other hand, to create the more needle-like morphology of HD
111520’s disk halo, the proper motion should be pointing away
from the west extension. However, after correcting for solar
reflex motion, the proper motion is also near perpendicular to
the disk, essentially ruling out this scenario.

Similar to the HD 61005 disk, the HD 117214 disk also has
an insignificant offset along the major axis (along with the minor
axis), while having a significant brightness asymmetry. It is
unclear from our data alone what the source of this brightness
asymmetry is, as we are unable to perform a multiwavelength
analysis for this disk. A deeper analysis of the polarized intensity
data alongside the total intensity observations (presented in
Esposito et al. 2020) may help offer additional information about
the disk morphology as a whole. Finally, the HD 110058 disk is
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one of the most asymmetric in our sample, with a large
brightness asymmetry, possible eccentricity, disk color asym-
metry, and warp. While the disk offset may be the result of an
asymmetric disk geometry due to the warp, especially given that
past studies find no eccentricity, the warp itself suggests that the
disk is being perturbed by a planet companion. If the disk is
eccentric, the expected brightness asymmetry is consistent with
the observed brightness asymmetry. However, the disk also has
a significant disk color asymmetry in the J-H and J-K1 bands,
where the east extension is relatively more blue than the west
extension, although the strong overall red disk color suggests a
larger minimum dust grain size, on the order of 21 um
(Boccaletti et al. 2003). Further analysis of recently published
HST observations (Ren et al. 2023) may provide additional
information.

4.6.3. Category 3: Additional Geometrical Asymmetries

Category 3 contains debris disks that have other geometrical
asymmetries (rather than an eccentric disk) that may be
contributing to their surface brightness asymmetries or are
signs of dynamical perturbation from a companion. This
category includes (3 Pic, CE Ant, and HD 115600.

In the case of § Pic and CE Ant, other morphological
asymmetries may be responsible for the brightness asymmetries
observed. For 3 Pic, a massive clump of gas and dust resides in
the brighter west extension. While this clump mainly resides
outside of GPI's FOV, at ~52 au, the brightness asymmetry
caused by the clump may extend within GPI’s FOV as Han
et al. (2023) show the clump to extend down to ~35 au (at the
edge of GPI's FOV). Han et al. (2023) also show that this
clump is likely stationary, which is consistent with a recent
giant impact scenario. For CE Ant, as mentioned previously
and as can be seen in Figure 17, the disk contains a spiral arm
in the southwest quadrant. As our chosen apertures partially
cover this area, it is possible that the extra flux from the spiral
arm is contributing to the observed brightness asymmetry as
measured in Section 3.2. When measuring the surface bright-
ness only at radial separations halfway between the star and the
disk radius, we find no significant brightness asymmetry. The
existence of this spiral arm also suggests the presence of a
planet companion, which hopefully could be imaged in future
observations such as with JWST.

The HD 115600 disk is close to axisymmetric with no
measured offset, significant brightness asymmetry, or signifi-
cant color asymmetry. However, after measuring the vertical
offset profile, we find a tentative warp beyond ~0”45, where
the east extension bends downward and the west extension
bends upward. This makes the HD 115600 disk similar to the
HD 110058 disk, which has a confirmed warp, and suggests
that a planet on an inclined orbit, relative to the disk, is present
in the system. Better resolved observations of the disk, or
observations of the disk halo such as with HST, will be useful
to confirm the existence of the warp.

4.6.4. Category 4: Inconsistent with Eccentricity + Color
Measurements

Category 4 includes debris disks that are inconsistent with an
eccentric disk, meaning that their brightness asymmetries are
not consistent with the direction of the major-axis offset.
Additionally, these disks have multiwavelength observations,
which allow us to perform color measurements to see whether
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or not any asymmetries in the disk color are present. The three
disks that fall in this category are HD 114082, HD 129590, and
HD 157587.

The HD 114082 and HD 129589 disks are similar in that
they both present significant brightness asymmetries in the K1
band (where the east side is brighter than the west side), but not
in the H band. Additionally, in both cases, the disk offsets
derived from our geometrical fitting support an offset along the
major axis in the opposite direction as would be expected to
create the observed brightness asymmetries. Given this
discrepancy, neither disk has strong disk color asymmetries
with significance above 30, making it unclear what is causing
the brightness asymmetry specifically in the K1 band for either
disk. For the overall disk color, both disks exhibit a neutral to
red disk color in the H and K1 bands, meaning the disk is
brighter at longer wavelengths, and suggests that the minimum
dust grain size in these systems is on the order of a few microns
or larger. As discussed previously, the estimated minimum dust
grain size for HD 114082 is found to be between ~5 and
10 um (Wahhaj et al. 2016; Engler et al. 2022), which is
consistent with the near-neutral disk color observed based on
calculations from Boccaletti et al. (2003).

Unlike the previous two disks, the HD 157587 disk has a
significant color asymmetry, most notably in the J-K1 bands,
where the brighter east extension is relatively bluer than the
west extension. This color asymmetry is only significant in the
J and K1 bands, due to the fact that we only measure a
significant brightness asymmetry in the J band, where H- and
K1-band observations are consistent with being axisymmetric
within 30. This could suggest that the smallest grains in the
system may be perturbed, whereas the larger grains are less so.
Such a phenomenon could be the result of an ISM interaction,
although the proper motion of the system, after correcting for
solar reflex motion, is pointing toward the perpendicular
relative to the disk's major axis when we would expect it to be
pointing more toward the west extension. Shorter wavelength
observations, such as with HST, would be useful to determine
if any structures in the disk halo could help distinguish the
source of the color asymmetry in the HD 157587 disk.

4.6.5. Category 5: Inconsistent with Eccentricity + No Color
Measurements

Category 5 contains disks that have measured major-axis
offsets and/or brightness asymmetries, but the disk offset is in
the opposite direction as expected to create the measured
brightness asymmetry. Additionally, these disks do not have
multiwavelength observations to show whether or not they have
disk color asymmetries. This category includes the following
disks: AU Mic, HD 30447, HD 131835, and HR 7012.

For the disks AU Mic, HD 30447, HD 131835, and HR
7012, all four have either tentative (in the case of HR 7012) or
significant brightness asymmetries, although the measured
offset is in the opposite direction from what would be expected
for an eccentric disk. For AU Mic, the low S/N of the data and
spatial scale of the disk make it unfeasible to measure an offset
accurately. However, there is evidence that suggests AU Mic
may have been impacted by a recent catastrophic collision
resulting in the fast-moving ripples that have been observed
(Chiang & Fung 2017). HR 7012 is another disk that has likely
experienced a recent catastrophic collision, as discussed in the
previous sections. Surprisingly, with our GPI observations, we
derive a disk offset that leads to a very large eccentricity, while
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there is also the possibility of a large brightness asymmetry,
albeit it is still consistent with no asymmetry within 2¢. If this
brightness asymmetry does exist, it would not be consistent
with the direction of the derived offset, nor is it consistent with
the expected brightness asymmetry. Given that previous
observations with SPHERE show the disk to be axisymmetric,
the asymmetries seen with GPI may be simply due to
unremoved noise close to the FPM.

Both the HD 30447 and HD 131835 disks have significant
brightness asymmetries, with a brighter east extension, but both
also have derived offsets that suggest that the west extension is
closer to the star. The HD 30447 disk is an interesting case, as
the peak polarized intensity occurs close to the star in the east
compared to the star in the west, suggesting that the east
extension could in fact be closer to the star. Given the low S/N
of the H-band observations, we may not be able to accurately
measure the major-axis offset of the disk. It is also possible that
the measured offset is due to a geometrical asymmetry other
than an eccentric disk. New HST observations show the
geometry of the disk halo to also be asymmetric, where the east
extension extends farther radially compared to the west
extension (Ren et al. 2023). A more in-depth analysis of the
HST observations, and possibly future higher-resolution
observations of the disk in the NIR will be useful to better
constrain the disk geometry. The case for HD 131835 is
similar. The GPI observations have fairly low S/Ns, making it
more difficult to measure the disk geometry. Given the
evidence for multiple rings and a broad parent disk, it is also
possible that the disk geometry is more complicated than can
be captured with our simple ring model. Again, higher-
resolution observations in scattered light will be useful in better
constraining the full disk geometry.

4.6.6. Category 6: Most Axisymmetric

This final category simply consists of disks that are the most
axisymmetric and do not have any strong evidence of harboring
asymmetries. The disks that fall into this category are HD
35841, HD 111161, HD 145560, and HD 191089. While there
are small measured offsets for HD 111161 and HD 145560,
these are insignificant taking into account the lower S/Ns of
these two observations. The HD 35841 and HD 191089 disks
also have measured offsets, but again, these offsets are very
small (<1 au). Additionally, none of these disks have
significant brightness asymmetries, while the HD 35841 and
HD 191089 disks also do not have significant color
asymmetries. Despite being near axisymmetric, three out of
four disks have clear cavities within their inner radii, while the
HD 35841 disk also appears to have an inner cavity in total
intensity (see Esposito et al. 2020), meaning that these disks
may still be carved by planets, and are worth following up with
instruments, such as JWST, that have the ability to find planets
in these systems.

4.6.7. Summary of Planet—Disk Interactions

In this section, we briefly summarize which disks may be
perturbed and/or shaped by planets based on our findings and
results from previous studies.

Both Category 1 and 2 disks have disk morphologies
consistent with planet—disk interactions. All nine disks are
consistent with being eccentric, which can be caused by a
planet on an eccentric orbit. Several of these disks also exhibit

21

Crotts et al.

other morphological features that are consistent with planet—
disk interactions. For example, both HD 110058 and HD
111520 have confirmed warped disks (Kasper et al. 2015;
Crotts et al. 2022), which can be caused by a planet on an
inclined orbit relative to the disk. Several of these disks also
have disk halos consistent with perturbation from an eccentric
planet, in the case of the moth- and needle-like halos of HD
32297, HD 61005, HD 106906, and HD 111520. However,
other mechanisms can cause these morphologies as well, such
as an ISM interaction or a recent giant impact. There is also the
question of whether or not any asymmetries, such as
eccentricity, may be carried over from the protoplanetary disk
phase, as debris disks are thought to be progenitors of high-
mass, structured protoplanetary disks (Michel et al. 2021).
While disks in Category 1 can be solely explained by an
eccentric disk, disks in Category 2 (HD 61005, HD 110058,
HD 111520, and HD 117214) need further investigation to
understand their higher-than-expected surface brightness
asymmetries and/or their disk color asymmetries.

Not every disk in our sample may be eccentric or highly
asymmetric, but many disks in our sample still exhibit cavities
within their inner radii, showing that the material in this region
has been cleared by some mechanism. This includes disks from
all categories, including HD 114082, HD 129590, HD 157587,
CE Ant, HD 30447, HD 117214, HD 131835, HR 4796 A, HD
111161, HD 145560, and HD 191089, where CE Ant and HD
131835 also harbor multiple rings. These disks make good
candidates for searching for planets within their cavities, such
as with JWST. Additionally, the HD 114082 disk is radially
compact, suggesting that the disk may be sculpted by a planet
orbiting outside of the disk as well. Two disks from the above
list with other possible planet-induced features are CE Ant and
HD 30447, where CE Ant harbors a spiral arm, tentatively
detected in our GPI data, while HD 30447 has a needle-like
halo as seen in HST observations presented in Ren et al.
(2023). Finally, two additional disks that have evidence of
perturbation from a planet are 3 Pic and HD 115600. Both
disks are fairly axisymmetric as observed with GPI, although (3
Pic is known to have multiple asymmetries on larger scales,
which have been shown to be connected to the known planets
in the system. Similar to 3 Pic, as well as HD 110058 and HD
111520, HD 115600 has a tentative warp toward its outer edges
as seen with GPI, which if confirmed suggests perturbation
from an unseen planet with an inclination relative to the disk.

In summary, the majority of disks show at least one sign of
planet—disk interactions through their morphologies, such as
inner gaps, eccentric disks, spiral arms, and warps. A number
of disks in our sample also have brightness asymmetries, some
of which are not consistent with an eccentric disk, along with
asymmetries in disk color, showing that other mechanisms may
be shaping debris disks as well. Future observations with new
and upcoming instruments will hopefully have the potential to
detect the disk-perturbing planets in these systems.

5. Conclusions

In this study we present a uniform, empirical analysis
of 23 GPI debris disks in polarized intensity, using multi-
wavelength J-, H-, and K1-band observations. Through this
analysis, we fully characterize each disk morphology by
measuring the disk geometry, vertical/radial width, multi-
wavelength surface brightness, and disk color. We also derive
any asymmetries present in the disk by measuring disk offsets
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along the major and minor axes, as well as asymmetries in the
surface brightness and disk color. While we analyze each disk
individually, we also come to the following broader
conclusions:

1. The majority of our disks present at least one asymmetry.
For example, we find 16 out of 23 disks present a
significant brightness asymmetry of at least 30 between
the east and west extensions in at least one band. Out of
the disks with multiwavelength data, three out of 12 disks
also present a significant disk color asymmetry between
the east and west extensions between at least one pair of
bands. Additionally, we confirm the warp for the HD
110058 disk, while finding a tentative warp for the HD
115600 disk.

2. Comparing the surface brightness and disk color
asymmetries with stellar temperature and age, we find
no significant trends. We do, however, find a tentative
trend between the overall disk color and stellar temper-
ature, where the disk color becomes increasingly red/
gray as the stellar temperature increases. We find this
trend is strongest in the H-K1 bands, where several disks
around hotter stars are strongly blue in the J-H and J-K1
bands, breaking the trend. This can be explained by
natural collisional evolution, where studies have found
that bright debris disks around F and A spectral-type stars
can naturally produce a high density of submicron-sized
dust grains.

3. We find four disks to have significantly higher vertical
aspect ratios compared to other debris disks at similar
inclinations. This includes the disks 3 Pic, HD 110058,
HD 114082, and HR 7012. Comparing the aspect ratios of
our sample with other disk/system properties, we find that
a combination of stellar temperature and disk radius is
correlated with the vertical width, as the four disks
mentioned above are all around higher temperature stars
and are radially compact with Ry <40au. While the
estimation of Ry is most uncertain for 5 Pic, planet/stellar
companions may be responsible for the radially compact
nature of HD 110058, HD 114082, and HR 7012.
Additionally, we find a positive correlation between the
vertical aspect ratio and the dust grain size power law, g,
where the vertical aspect ratio appears to increase with g.
While a high g-value can be a sign of a giant hypervelocity
collision, a high g-value can also be the result of collisions
between similar-sized bodies in the strength regime.
Further analysis is needed to better understand the
relationship between ¢ and the vertical aspect ratio.

4. Categorizing each disk based on their derived asymme-
tries, we find the following: 5/23 disks are consistent
with an eccentric disk, 4/23 disks are consistent with an
eccentric disk, but need further explanation for their
higher-than-expected brightness asymmetries and /or disk
color asymmetries, 3/23 disks have geometrical/surface
brightness asymmetries not necessarily associated with an
eccentric disk, 8/23 disks need further follow-up to
determine the source of their brightness asymmetries, and
4/23 are most consistent with being axisymmetric.

Disks that are consistent with an eccentric disk, or harbor
another geometrical asymmetry, such as a warp or spiral (about
half of our sample), may be the result of planet—disk
interactions. While not every disk in our sample is significantly
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asymmetric in terms of surface brightness and/or disk
geometry, this does not necessarily mean there are no signs
of sculpting by a planet. For example, at least 10 out of 23
disks also show clear gaps within their inner radii, suggesting
that possibly one or multiple planets are present and clearing
out the material in these regions. To summarize, almost every
disk in our sample features at least one asymmetry, while the
majority of disks also present an asymmetry or feature that is
suggestive of the perturbation of a planet companion. These
disks provide great candidates to search for planets with current
and upcoming instruments, such as JWST NIRCam, in order to
better understand exoplanetary architectures and how they
evolve over time.
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Appendix A
S/N Maps and Vertical/Radial Offset Profiles

We present here additional figures of the debris disks in our
sample. Figure 15 shows S/N maps of each disk in the J, H,
and K1 bands. These are created by dividing the noise maps
derived from U, from our Q,, images (see Section 2. Every disk
is scaled between an S/N of 0 and 5. Figure 16 shows the best-
fitting ring models overlaid on top of the H-band data. Each
disk is rotated by its measured PA of —90°, so that the disk's
major axis is horizontal in the image.
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Figure 15. Top: S/N maps for each disk with multiwavelength observations. The circles represent the size of the FPM in the J, H, and K1 bands (0709, 0”12, and
0”15, respectively), and the crosses represent the location of the Bottom: S/N maps for the remaining disks with observations in the H band only. The circles
represent the size of the FPM in the H band (0”12), and the crosses represent the location of the star.
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Figure 16. H-band observations rotated by their PA minus 90° and overlaid with their best-fitting ring model (orange curves).

Appendix B reference, we simply rotate each disk clockwise/counter-

East versus West Frame of Reference clockwise so that the disk's major axis is horizontal in the

Throughout this paper, we refer to the two extensions of each image. The degrees rotated are equal to the disk PA minus 90°.

disk as the east and west sides/extensions. These definitions In Table 6, we list the angle each disk is rotated, as well as the

are based on a consistent frame of reference, rather than the change in cardinal directions from the original frame of
original cardinal directions. To create the new frame of reference to the new frame of reference.
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Table 6
Degrees Each Disk is Rotated to Create a Consistent Disk Orientation and
Frame of Reference between All 23 Disks, i.e., Disk Emission Left of the
Star = the East Side, Disk Emission Right of the Star = the West Side

Disk Degrees Rotated Cardinal Change

AU Mic 36.7 SE — E,NW — W
[ Pic —57.8 NE — E, SW — W
CE Ant 1.02 E—-EW->W

HD 30447 —56.4 NE — E, SW - W
HD 32297 —42.4 NE — E, SW — W
HD 35841 71.5 SE — E, NW — W
HD 61005 —19.2 NE — E, SW — W
HD 106906 14.0 SE — E, NW — W
HD 110058 68.6 SE — E,NW — W
HD 111161 —6.7 E—-EW->W

HD 111520 75.7 SE — E, NW — W
HD 114082 15.0 SE — E,NW — W
HD 115600 —65.8 NE — E, SW — W
HD 117214 90.5 S—-EN->W

HD 129590 30.3 SE — E,NW — W
HD 131835 —29.2 NE — E, SW - W
HD 145560 —50.5 NE — E, SW — W
HD 146897 24.6 SE — E,NW — W
HD 156623 12.9 E—-EW->W

HD 157587 37.7 SE — E, NW — W
HD 191089 —18.2 NE — E, SW — W
HR 4796 A —63.6 NE — E, SW — W
HR 7012 23.8 SE — E,NW — W

Note. Positive values represent clockwise rotation, while negative values
represent counterclockwise rotation. Column (3) shows the change in cardinal
directions to east and west for both sides of each disk.

Appendix C
Individual Disk Results

In the previous sections, we describe the methods used in
this study, as well as the results of these methods when applied
to our sample of GPI disks. In this section, we discuss the
summary of our empirical analysis for each disk, and compare
our results to those in the literature. We focus mainly on new
and/or the most interesting results, while more minor results
such as the inclination and PA are not highlighted unless they
deviate significantly from previous results or in the cases where
the disk is not well studied.

C.1. AU MiC

The AU Mic debris disk is one of only two disks in our
sample that resides around an M-type star. Debris disks
resolved around M-type stars in general are fairly rare given
observational biases. AU Mic is a particularly interesting
system, as the disk shows peculiar clumps of dust moving
outward from the star (Boccaletti et al. 2018), along with two
known planets recently discovered through the transit and
radial velocity methods (Plavchan et al. 2020; Martioli et al.
2021).

The GPI observations for AU Mic are very low S/N, as can
be seen in Figure 15, and the disk extends beyond GPI's FOV,
making it difficult to obtain consistent values for the disk
geometry. For example, we obtain a value of ~86° for the
inclination, when the literature reports an inclination between
88° and 90°. We also measure a small disk radius of ~10 au.
While this value is consistent within the large uncertainties of
previous inner radius measurements, the most recent ALMA
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data suggests an inner radius around 22 au, more than twice our
disk radii measurement (Vizgan et al. 2022). While it may
simply be that we are unable to probe the true disk radius,
given that the disk extends outside GPI's FOV, our derived
radius could be a sign of a second disk component. Most
recently, by using the code Frankenstein, which can
deproject disks at any inclination to reveal their radial
distribution, Terrill et al. (2023) find a second smaller peak
in intensity at 10 au using ALMA observations. While this is a
tentative detection, the same result has been found in multiple
other studies in support of a second disk component around
10 au (Daley et al. 2019; Marino 2021; Han et al. 2022).

In the H band, we find that the west side of the disk is about
1.4 times brighter than the east side. This brightness asymmetry
can also be observed in the most recent SPHERE data
(Langlois et al. 2021; Olofsson et al. 2022), in which the disk
is better resolved. Currently, no literature reports any disk
offsets or eccentricities, consistent with the almost zero offset
detected with our ring fitting. However, with the low S/N and
high inclination, it is very unlikely we would be able to
constrain a disk offset along the major axis. This does not
necessarily mean that no offset exists, especially given that
there is a clear brightness asymmetry; however, millimeter
observations with ALMA show an axisymmetric disk (Vizgan
et al. 2022), suggesting that this brightness asymmetry and any
possible disk offsets are only present in smaller grains. Whether
this asymmetry is tied to planets in the system is unclear. The
known planets in this system orbit very close to the star,
making them dynamically decoupled from the disk, and efforts
to search for additional planets farther out have yielded no
candidates (Gallenne et al. 2022). A much more likely scenario
would be that the distribution of dust grains in the disk is being
altered. Although we do not have multiwavelength observa-
tions to test this, other studies have shown that the outward-
moving clumps of small dust in the system may be the result of
a combination of stellar winds and a catastrophic collision
(Chiang & Fung 2017). This would explain why the disk is
highly asymmetric at shorter wavelengths, while being more
axisymmetric at longer wavelengths.

C.2. B PIC

The (§ Pic debris disk is one of the most well-studied and
well-known debris disks to date. Because the system is close
(19.44 au), and the disk is particularly bright compared to other
debris disks, 0 Pic was the first debris disk to ever be imaged
(Smith & Terrile 1984). The disk also hosts multiple interesting
features, including a warp, brightness asymmetry, radial
asymmetry, and a clump seen in ALMA observations to name
a few (Kalas & Jewitt 1995; Heap et al. 2000; Telesco et al.
2005; Janson et al. 2021). In addition to this, the disk is one of
only a handful of resolved disks with directly imaged planets, 8
Pic b and c (Lagrange et al. 2010, 2019), which can be directly
linked to the disk’s perturbed morphology (Chauvin et al.
2012).

While 3 Pic is known to have several asymmetries, the GPI
observations show a fairly axisymmetric disk. We detect only a
modest brightness asymmetry with a stronger west extension.
Our vertical offset fitting also finds no significant offset along
the major axis. For other aspects of the disk geometry, we find
some discrepancies between our results and previous results in
the literature. For one, our obtained inclination of 88°9 is
several degrees higher than previous estimates of ~85°. This
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Figure 17. CE Ant (TWA 7) overlaid with surface brightness contours to help
highlight the spiral arm first detected in the SPHERE observations (Olofsson
et al. 2018). The red box defines the location of the spiral arm, which is only
marginally detected in our GPI data. The white circle represents the size of the
FPM, while the gray cross represents the location of the star.

difference may be the result of the 3 Pic disk not being radially
narrow, or that the disk extends farther out than GPI's FOV,
preventing us from fitting the entire vertical offset profile. In
either case, § Pic is an example of the limitations of our
modeling technique, and likely requires a more complex model
to capture the disk’s complex morphology.

Although the surface brightness and disk geometry appear
mostly axisymmetric, one interesting feature is 3 Pic’s vertical
width, where it has the highest aspect ratio of our entire sample.
This is consistent with previous measurements, where (3 Pic has
been found to have a relatively large vertical aspect ratio
compared to other debris disks (Olofsson et al. 2022). The
implications of [ Pic’s high aspect ratio are discussed in
Section 4.4.

C.3. CE Ant

First imaged by Choquet et al. (2016), CE Ant, also known
as TWA 7, is the lowest inclined disk in our sample, as well as
the only one where the entire back side of the disk is visible. It
is also the second disk that is around an M-type star. The CE
Ant disk is a very interesting case as it is one of only a few
debris disks with observed multiple rings in scattered light and
also exhibits a spiral arm (Olofsson et al. 2018; Ren et al.
2021), features that would otherwise be unobservable if the
disk was high inclination. Due to the FOV of GPI, we can only
see the inner ring.

Because the entire disk is visible, we are able to fit the full
disk geometry. While no eccentricity has been reported, we
detect small offsets along both the major and minor axes of
~0.86 au, leading to an eccentricity of 0.03. While this
eccentricity is small, we do measure a significant brightness
asymmetry, where the west side of the disk is ~1.13 times
brighter than the east side. This brightness asymmetry could be
the result of an eccentric disk; however, given that the spiral
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arm is located on the west side, this may also be contributing to
the surface brightness of the west extension. Although the
spiral arm is not strongly detected in the GPI observations,
likely due to being located toward the outer edge of the GPI's
FOV, Figure 17 shows the location of the spiral arm, which can
slightly be made out using surface brightness contours.

While we detect a small eccentricity and modest brightness
asymmetry, there are other reasons to believe that planets are
shaping the disk. For one, there is a stark inner clearing within
~0”5 (17 au). Additionally the disk harbors multiple rings and
a spiral arm, all of which are strong indications of one or more
planets shaping the disk.

C.4. HD 30447

The GPI observations in this study, first published in
Esposito et al. (2020), represent one of only two observations
of the HD 30447 debris disk. While these GPI observations are
of relatively low S/N compared to the rest of the sample, the
disk is still better resolved in polarized intensity compared to
previous HST observations (Soummer et al. 2014). From a
visual inspection, the disk appears to be highly inclined, with
an inner clearing within ~0”8.

Measuring the disk geometry, we obtain a radius of 75.43 au,
an inclination of 8147, and a PA of 213°56, consistent with
the measurements done by Esposito et al. (2020) within
uncertainties. Interestingly, we find a clear disk offset along the
major axis of 6.53 au, bringing the star closer to the west side
of the disk in the case of an eccentric disk. However, measuring
the surface brightness between the east and west extensions, we
find that the east extension is 1.13 times brighter than the west
extension, consistent with observations of the disk with HST
(Soummer et al. 2014). If this surface brightness asymmetry is
due to a pericenter glow (Wyatt et al. 1999; Pan et al. 2016), we
would expect the offset along the major axis in the opposite
direction. When analyzing the surface brightness profile, the
polarized intensity peaks between 0”75 and 1”15 from the star
in the east extension, while the polarized intensity in the west
extension peaks beyond 1”15, suggesting the east extension
may indeed be closer to the star than the west extension. One
explanation is that the derived offset could be the result of
another geometrical asymmetry rather than an eccentric disk, or
the data have too low S/Ns to properly constrain ..
Furthermore, more recent HST observations show the east
side of the disk halo to be more radially extended than the west
side (Ren et al. 2023), similar to the disk HD 111520
(discussed later in this section), where the brighter and possibly
closer side of the disk is more radially extended.

The HD 30447 debris disk appears to be perturbed in some
manner, while the surface brightness suggests an eccentric disk
with the east extension closer to the star, the disk geometry
suggests the opposite. To learn more about the source of these
asymmetries, multiwavelength, and higher S/N observations
are essential. A more in-depth analysis of the disk halo as
observed with HST, may also be helpful to understand the disk
structure as a whole.

C.5. HD 32297

Like 3 Pic, the HD 32297 debris disk has been studied in
great detail over the past two decades. Not only is it bright
compared to the majority of other disks in our sample, but it
also has one of the strongest detections of gas emission
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(Donaldson et al. 2013; Greaves et al. 2016; MacGregor et al.
2018; Cataldi et al. 2020). In the optical, the disk halo can be
seen, which extends to at least 1800 au (Schneider et al. 2014),
and appears to have an interesting curved moth-like morph-
ology. This morphology was originally thought to have been
caused by an interaction with a dense portion of the ISM
(Debes et al. 2009), and is currently thought to be the result of
planet—disk interactions (Lee & Chiang 2016). Here we
introduce the first observations of the disk in the J and K1
bands.

We compare our geometrical results with those from
Duchéne et al. (2020), as they performed a similar ring model
fitting to the vertical offset profile. We have, however, included
two extra parameters, the PA and 6,. While Duchéne et al.
(2020) found no offset along the major axis, we find a
significant offset of 4.6 au toward the east, bringing the west
side of the disk closer to the star. To confirm this offset, we also
fit a model to J-band observations, which has a similarly high
S/N, and find that the vertical offset profile also exhibits a
~4.6 au offset. Our results still lie within the 30 upper limit on
the eccentricity of 0.05 (Duchéne et al. 2020), as the derived
offset leads to an eccentricity of 0.04.

Similar to past studies, we find no evidence of a significant
brightness asymmetry in any of the three bands. We also find
no evidence of an asymmetry in disk color, although the disk
appears to be very blue in the J-K1 and J-H bands, while being
close to neutral in the H-K1 bands, as was similarly found in
Bhowmik et al. (2019). This is likely caused by the drastic
increase in surface brightness in the J band, compared to the H
and K1 bands. Overall, while the HD 32297 debris disk may
have a slight offset along the major axis, the eccentricity of the
disk is modest at most, and is otherwise axisymmetric.

C.6. HD 35841

The HD 35841 debris disk is a slightly more compact, highly
inclined disk that has only been detected so far in the NIR and
in the optical with HST (Soummer et al. 2014), although
newer-/higher-resolution observations with HST have been
presented in Ren et al. (2023). While an in-depth study has
already been done with the H-band data (Esposito et al. 2018),
we present here the J- and Kl1-band data for the first time,
allowing for a multiwavelength study.

For the disk geometry, we find a disk radius of 39.12 au.
Interestingly, this radius is within the estimated inner radius of
59.8 au based on radiative transfer modeling (Esposito et al.
2018). Given the high inclination of 83° (slightly lower than
the estimated inclination of 85° from Esposito et al. 2020), it
may simply be that it is difficult to probe the inner radius.
Therefore, the minimum radius may actually be closer to the
star than what is determined with radiative transfer modeling.
We also derive an offset along the major axis of ~1 au toward
the east extension, although, considering the S/N, this small
offset is unlikely to be significant.

No significant brightness asymmetry is found, consistent
with previous measurements (Esposito et al. 2018). Addition-
ally, no disk color asymmetry is found between the east and
west extensions. While Esposito et al. (2018) found a slight
blue color between the H-band and HST observations, between
the J, H, and K1 bands, the disk presents a neutral color in
polarized intensity. Overall, the HD 35841 debris disk is found
to be axisymmetric.
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C.7. HD 61005

HD 61005 is another well-studied disk, with multiwave-
length observations and an interesting morphology. In the
optical, as observed with HST, the disk halo has a swept-back
morphology, giving it the nickname the moth (Hines et al.
2007). This feature, similar to HD 32297, was originally
thought to have been caused by an interaction with the ISM,
although later simulations done by Lee & Chiang (2016) and
Jones et al. (2023) show that this morphology can also be
created by a planet—disk interaction and a recent giant impact.
NIR observations with SPHERE and GPI also show a large
brightness asymmetry, with the east side being twice as bright
as the west side (Esposito et al. 2016; Olofsson et al. 2016). On
the other hand, ALMA data show a millimeter belt that is fairly
axisymmetric. Here we discuss the results from our multi-
wavelength GPI data.

Unfortunately, we did not detect the significant offset along
the major axis detected with the SPHERE observations
(Olofsson et al. 2016), which led to an estimated eccentricity
of ~0.1. Given that the SPHERE observations have a higher
S/N compared to the GPI observations and that the disk extends
beyond GPI’s FOV, we may not have the sensitivity to detect
this offset. We do, however, detect the brightness asymmetry in
all three bands, with the east extension being much brighter than
the west extension. We find in the H band, which has the highest
S/N out of the three bands, that the east side is ~1.6 times
brighter than the west side. This brightness asymmetry is much
greater in the J and K1 bands, where the east side is 6.3 and
2.6 times brighter, respectively. However, it is important to note
that these two observations are relatively low S/N, and therefore
these brightness asymmetry measurements may not be exact. In
addition to a large surface brightness asymmetry, we also find a
significant color asymmetry over 3¢ in the J-H and J-K1 bands
between the two sides of the disk. All three measurements show
a distinctly blue disk color, which is consistent with past
measurements (Esposito et al. 2016).

Whether or not these asymmetries are associated with an
interaction with the ISM, a planet—disk interaction, or another
source has been highly debated. Both an interaction with the
ISM and a planet on an eccentric disk could cause the moth-
like wings seen in the disk halo (Debes et al. 2009; Esposito
et al. 2016). An ISM interaction could also cause the disk color
asymmetry, with the east side being more blue than the west
side. A recent collision between two large objects may also
cause the observed brightness asymmetry and tentative disk
color asymmetry; however, ALMA observations do not show
any significant clumps, and no gas disk is detected (Olofsson
et al. 2016; MacGregor et al. 2018). In this case, planet—disk
interactions or an ISM interaction are more likely scenarios, as
a combination of the two could cause the majority of
asymmetries seen, such as the moth-like halo, brightness
asymmetry, eccentricity, and possibly a disk color asymmetry.
While the millimeter observations appear to be axisymmetric,
residuals in the best-fitting models employed by MacGregor
et al. (2018) suggest that the millimeter-sized grains may
indeed have some eccentricity, although this would require
detection of the star to confirm.

C.8. HD 106906

The HD 106906 debris disk system is the only debris disk in
our sample with a massive, directly imaged planet orbiting
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outside of the disk (11 Mjy,,, 735 £5 au; Bailey et al. 2014;
Daemgen et al. 2017). The disk itself appears perturbed, with a
moderate brightness asymmetry seen in scattered light with
GPI, SPHERE, and HST (Kalas et al. 2015; Lagrange et al.
2016), and most recently has been found to have a significant
eccentricity (Crotts et al. 2021). Additionally, HST observa-
tions show that the outer disk halo is radially asymmetric,
where the northwest extension extends significantly farther
than the southeast extension in a needle-like fashion (Kalas
et al. 2015). Although the origin of the planet is still debated,
what is clear is that the disk’s asymmetries align with being
perturbed by the outer planet on an eccentric orbit.

While our geometrical fitting agrees mostly with the analysis
done in Crotts et al. (2021), we derive a slightly larger disk
radius and 6, of 107 and 20 au compared to 104 and 16 au,
respectively. This may be due to the unique shape of HD
106906’s disk spine as it has a distinct “S” shape. This “S”
geometry can be caused by either an eccentric disk or another
geometrical asymmetry such as a warp; however, given that
there is no detected warp, this led to the conclusion that the
disk is rather eccentric. In terms of our simple ring modeling, it
is clear that the “S” shape of the disk geometry can be fit well
with multiple different models; however, either way, a large
offset along the major axis is always required. Keeping a lower
limit on the eccentricity of 0.16 as set by Crotts et al. (2021)
still makes it one of the most eccentric disks in our sample.

We also confirm the brightness asymmetry in all three bands.
This brightness asymmetry is very modest given the large
eccentricity; however, as Crotts et al. (2021) show, the SPF for
an eccentric disk can offset the expected brightness asymmetry
based solely on the radial separation of the disk from the star.
In terms of the disk color, we find the disk has a blue color that
becomes increasingly gray at longer wavelengths, consistent
with the findings in Crotts et al. (2021). Similarly, we do not
find a significant color asymmetry.

C.9. HD 110058

The HD 110058 debris disk is one of the most asymmetric
disks in our sample. Along with GPI, HD 110058 has been also
imaged with HST, SPHERE as well as with ALMA (Kasper
et al. 2015; Hales et al. 2022; Ren et al. 2023; Stasevic et al.
2023). In scattered light, a definite warp has been detected
toward the outer edges of the disk (Kasper et al. 2015; Stasevic
et al. 2023), reminiscent of the warp detected in the outer
regions of the HD 111520 debris disk (Crotts et al. 2022), and
also similar to the warp featured in 3 Pic (Heap et al. 2000).
While perturbation from a planet companion is a strong
candidate for this warp, no planets yet have been detected.

While the disk’s warp has only been seen so far in total
intensity observations, we are also able to detect it in polarized
intensity, which we highlight in Figure 18. We find the warp to
occur beyond 0”35 or 40 au, as well as find the southeast warp
to have an angle of ~15°, similar to what has been found in
previous studies (Kasper et al. 2015). From our geometrical
fitting, we find that the MCMC favors two slightly different
models: a disk with a 5 au offset toward the east extension and
a disk with an 8 au offset toward the west extension. While
these are contrasting models, the model with the 8 au offset has
a much higher log-likelihood and therefore we use this offset to
estimate the eccentricity of 20.13. This is a significantly high
eccentricity, and is in contradiction to the low eccentricity
(e<0.035) estimated in Kasper et al. (2015) based on
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Figure 18. Top: vertical offset profiles of HD 110058 and HD 115600, which
show tentative warps in their vertical offset profiles. Bottom: HD 115600
overlaid with surface brightness contours to help highlight the warp detected in
the vertical offset profile beyond 0”4. The red solid line represents the vertical
offset profile derived in Section 3.1 and plotted above. The red-dashed line
represents an extension of the warp to show the angle of the warp on both sides
of the disk. The white circle represents the size of the FPM, while the gray
cross represents the location of the star.

SPHERE data. It is possible that this offset along the major
axis is a result of the asymmetric geometry due to the warp
rather than the disk being eccentric.

When looking at the brightness asymmetry in all three bands,
we find an interesting trend. While no significant brightness
asymmetry is seen in the K1 band, there is a significant
brightness asymmetry in the J and H bands. In the J band, the
east extension is 1.7 times brighter than the west extension;
however, in the H band, the east extension is only 1.2 times
brighter than the west extension, meaning that the brightness
asymmetry is most significant at shorter wavelengths. This may
be a result of dust grain properties, as we also find a significant
disk color asymmetry between the J and H bands, where the
east extension is relatively bluer than the west extension. This
may suggest that the dust grain properties (such as minimum
size, composition, and/or porosity) or the distribution of dust
grains are in some way being altered. In general, the disk
exhibits a strong red color between all three bands, suggesting a
larger minimum dust grain size on the order of 1 to several
microns, assuming a porosity of zero (Boccaletti et al. 2003).
This is consistent with the 2 ym blowout size for the system.

In summary, the HD 110058 debris disk serves as a very
interesting candidate for further investigation. The disk is
clearly being perturbed by some mechanism. While a planet is
a likely candidate for the observed warp and possible
eccentricity, further work is required to understand if perturba-
tion from a planet is enough to create a disk color asymmetry,
or if another mechanism is needed.

C.10. HD 111161

The HD 111161 debris disk is one that has not yet been
studied in great detail. From visual inspection, the disk appears
to be a low-inclination ring that has highly forward scattering,
as only the front side of the disk is visible. There is also a
cleared gap within the disk’s inner radius.
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Comparing our disk geometry results to previous measure-
ments, we find a disk radius of ~72.5 au, which is consistent
with the estimated inner radius of 71.479-3< au (Esposito et al.
2020). We find a PA of ~83°3, which is also similar to
previous measurements done in Esposito et al. (2020) using
radiative transfer modeling (83°2752), while our derived
inclination is slightly lower (~59°8 compared to 62°1703).
Our geometrical fitting does favor a slight disk offset along
both the major and minor axes of 1.4 and 0.66 au; however,
these observations are of relatively low S/N.

Estimating the brightness between the east and west
extensions, we find no evidence of a significant brightness
asymmetry within 3o, which is consistent with small to no disk
offset. Unfortunately, this disk only has H-band data, meaning
that we were unable to perform disk color measurements.

C.11. HD 111520

The HD 111520 debris disk is one that presents multiple
different asymmetries. Previous studies have shown the disk to
have a large brightness asymmetry, radial asymmetry, and disk
color asymmetry, as well as a warp at 1”7 from the star and a
bifurcation feature on the west side of the disk (Padgett &
Stapelfeldt 2015; Draper et al. 2016; Crotts et al. 2022). While
we are performing a similar analysis on the GPI J-, H- and K1-
band polarimetric observations as Crotts et al. (2022), the
analysis presented here allows us to compare the HD 111520
disk to the rest of the disks in our sample.

Comparing our geometrical fitting with the same fitting done
in Crotts et al. (2022), we come to similar conclusions. While
the disk radius is still difficult to constrain given the high
inclination of the disk, we get a consistent result with a disk
radius of 91.4au or ~0”84. Again, similar to Crotts et al.
(2022), we find that an offset along the major axis is also
difficult to constrain and is consistent with zero. Our derived
inclination of 89°5 is slightly higher than what was measured
previously for the H band; however, it still is consistent with
the disk being less than 2° from edge-on.

Within our sample, the disk has one of the highest brightness
asymmetries in all three bands, ranging from a west/east
brightness ratio of ~1.4:1-1.8:1. Similar to Crotts et al. (2022),
we find the disk to present a strong blue color between all three
bands. While we do measure a disk color asymmetry, this
asymmetry is only significant by 20.

C.12. HD 114082

HD 114082 is the most recent system to have a resolved
debris disk and a known planet (Engler et al. 2022; Zakhozhay
et al. 2022). Similar to AU Mic, the planet has been observed
via the transit and radial velocity method, where the planet
found has a mass of 8 My, orbits at a distance of 0.51 au, and
has a possible large eccentricity of 0.4 (Zakhozhay et al. 2022).
The disk lies much farther out from the star compared to the
planet, and is fairly compact, similar to the HD 110058 disk.

With the higher S/N K1-band data, we find the disk to have
a radius of ~28.5 au, which is consistent with the inner radius
estimated at 28.7739 (Wahhaj et al. 2016). Engler et al. 2022).
We also derive a small offset of 3 au (0703) along the major
axis, bringing the west side of the disk closer to the star;
however, this is roughly twice as large as the 2o offset placed
by Wahhaj et al. (2016). Additionally, no significant offsets are
found using SPHERE observations (Engler et al. 2022).
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For the surface brightness, we find no significant brightness
asymmetry in the H band. However, we do find a small but
significant brightness asymmetry in the K band, with the east
side being 1.13 times brighter than the west side, in contrast to
the derived offset from the geometrical fitting, suggesting that
the measured offset may not be due to an eccentric disk. A
similar finding was observed in the SPHERE data, where
Engler et al. (2022) report a brightness asymmetry in the K-
band IRDIS observations, but not in the H-band IRDIS
observations. While this brightness asymmetry is thought to
be a result of instrumental noise, the fact that it is also observed
with GPI suggests that this feature may be real. Along with the
brightness asymmetry, a small color asymmetry is also
observed in the H and K1 bands where the east side is
relatively more red than the west side; however, this asymmetry
is only significant within 2o.

While this system has a known planet, the planet is too close
to the star to be dynamically coupled with the disk (0.5 au
compared to 25 au). On the other hand, the disk has one of the
highest vertical aspect ratios in our sample, similar to the HD
110058 debris disk, which may indicate stirring from another
companion closer to the disk.

C.13. HD 115600

Previous studies of the HD 115600 disk with GPI and
SPHERE have shown the disk to be asymmetric with a
moderate to high eccentricity, although this is mainly based on
total intensity observations (Currie et al. 2015; Gibbs et al.
2019).

In polarized intensity we find no disk offset along the major
axis, suggesting that the disk is not eccentric. We do, however,
detect a tentative warp in the disk geometry, where the east
extension bends downward beyond 074, while the west
extension bends upward beyond 074 (see Figure 18). This is
very similar to the HD 110058 debris disk, which hosts a
similar warp, while not being necessarily eccentric. This may
explain why the disk was found to be highly eccentric in Currie
et al. (2015), who performed a similar geometrical analysis, as
an asymmetric geometry, such as a warp, can translate into a
significant offset that can be interpreted as an eccentric disk.
Further observations, such as with HST, can help confirm the
existence of this warp.

We find no surface brightness asymmetry between the east
and west extensions in any of the three bands, supporting the
findings of a non-eccentric disk. We also find no asymmetry in
the disk color between the two sides of the disk. The overall
disk color in the J-K1 and J-H bands is strongly blue, with
values between —(0.6 and —1, while in the H and K1 bands, the
disk color jumps to red, somewhat similar to the HD 32297
disk. This large jump in disk color, from strongly blue to red, is
discussed in Section 4.3.2.

C.14. HD 117214

The HD 117214 debris disk has been described as
axisymmetric, with no asymmetries currently reported in the
literature. While the disk has not been found to be eccentric, we
do find a very small offset along the major axis of ~0.19 au,
but it is consistent with 0 au within 20. Overall, the disk
geometry is in line with being axisymmetric, as has been
observed in Engler et al. (2020). Despite the axisymmetric disk
geometry, we do find a significant brightness asymmetry where
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the west side is ~1.15 times brighter than the east extension.
This brightness asymmetry is unlikely to be due to a pericenter
glow as we find no significant disk offsets. Multiwavelength
observations in the future will be useful to help confirm this
brightness asymmetry and better understand what mechanisms
are prevalent in the disk.

C.15. HD 129590

The HD 129590 debris disk is one of the few disks around a
G-type star that has been found to harbor a detectable amount
of gas (Kral et al. 2020). Along with low-resolution ALMA
observations, the disk has also been observed in the H and YJ
bands with SPHERE, IRDIS, and IFS (Matthews et al. 2017).
Here we present the first K1-band observations, alongside H-
band polarimetric observations with GPIL.

Analyzing the geometry, we find a disk radius of 45.5 au,
which is smaller than the estimated R, of 66.9 au, and may be
closer to the inner radius, which is estimated to be <40 au
(Matthews et al. 2017). We also find the inclination is much
higher than the estimated inclination of ~75° based on the total
intensity SPHERE data in Matthews et al. (2017). However,
modeling done by Olofsson et al. (2022) found a more
comparable inclination of 82°. The disk spine fitting does
support a small offset along the major axis of ~1.9 au, placing
the star closer to the west extension, although such an offset has
no precedent in the literature.

Comparing the surface brightness between the H and K1
bands, we find the disk to be brighter in the K1 band and the disk
to have a red color. While no significant brightness asymmetry is
found in the H band between the east and west extensions, we do
find that the east side of the disk is about 1.1 times brighter than
the west side in the K1 band. This brightness asymmetry is
contradictory to the offset measured in our geometrical fitting,
and we additionally find no significant color asymmetry.

C.16. HD 131835

The HD 131835 (HIP 73145) debris disk is another disk in our
sample with strong CO detections. This gas disk is co-located
with the dust disk, and is found to likely arise from secondary
origins (Kral et al. 2019; Smirnov-Pinchukov et al. 2022). The
dust disk is moderately inclined and appears to have an inner gap
within ~75 au, with evidence for two inner/warmer rings (Hung
et al. 2015b; Feldt et al. 2017). In this study, we reanalyze the GPI
H-band observations first presented in Hung et al. (2015a).

Through the disk geometry, an offset of 4.6 au is detected
along the major axis, bringing the star closer to the west
extension and leading to a minimum eccentricity of 0.05.
However, such an offset/eccentricity is not reported for other
observations, and Hung et al. (2015a) ruled out an eccentricity of
>(0.2 at 1o. Therefore, if the disk is indeed eccentric, it is not
likely to be significantly greater than 0.05. The HD 131835 disk
is also reported to be radially broad (Hung et al. 2015a), and has
a relatively low S/N in our GPI observations, meaning that our
narrow ring model may not be the best method for deriving disk
offsets. Additionally, the disk has been found to possibly consist
of three concentric rings (Feldt et al. 2017), further complicating
the overall disk geometry. See Appendix C.24 for further
analysis related to multiple rings in the system.

In agreement with Hung et al. (2015a), we also find a
brightness asymmetry with the east extension being brighter
than the west, although we find this asymmetry to be larger at
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1.7:1 compared to 1.3:1 when averaging the flux over our
selected apertures. This brightness asymmetry appears only in
the GPI polarized intensity data, as SPHERE observations do
not show a similar brightness asymmetry (Feldt et al. 2017);
however, this difference may be due to disk self-subtraction,
introduced by the PSF-subtraction process, as the SPHERE
observations are in total intensity. Longer wavelength observa-
tions with ALMA also appear axisymmetric, although the disk
is not well resolved (Feldt et al. 2017). Additionally, a brighter
east extension contradicts the measured disk offset, which
places the star closer to the west extension, assuming the offset
is due to eccentricity. Future, higher-resolution imaging will be
useful to confirm the observed brightness asymmetry.

C.17. HD 145560

The HD 145560 system harbors a low-inclination debris
disk, which can be described as a narrow ring with an inner
clearing within 68 au. As of now, the disk has only been
imaged with GPI and with low-resolution ALMA observations,
making it one of the less studied disks in our sample. We
compare our results with another analysis done using the same
GPI H-band data (Esposito et al. 2020; Hom et al. 2020).

While other studies used radiative transfer modeling to
derive disk geometrical properties, we used our radial offset
fitting. We derive a disk radius of 81.2 au, which is located near
R measured in Esposito et al. (2020) at 85.3 au. We also derive
an inclination of 4199 and a PA of 39°5. Both these values are
slightly smaller than the measurements derived from radiative
transfer modeling (Esposito et al. 2020; Hom et al. 2020) of
43°9 and 41°5, but are still consistent within 2¢ uncertainties.
Our model prefers a small offset along the major axis of
~0.86 au, leading to a small eccentricity of >0.01. However,
we do derive a larger offset along the minor axis of 3.3 au,
which brings the estimated eccentricity up to ~0.04. We
otherwise find the disk to be axisymmetric, with no brightness
asymmetry measured in the H band, which would be expected
for the derived small offset along the major axis.

C.18. HD 146897

The HD 146897 system, also well-known as HIP 79977,
harbors a highly inclined debris disk that has also been observed
with SPHERE and SCEXAO on board the Subaru telescope
(Thalmann et al. 2013; Engler et al. 2017; Goebel et al. 2018).

In Engler et al. (2017), radiative transfer modeling was used
to determine the properties of the HD 146897 disk, comparing
two different models: one with a disk radius of 70 au, and one
with a disk radius of 40 au. While the disk model with a radius
of 70 au was found to be a better fit to the data, we derived a disk
radius of ~52 au, which is more consistent with the measured Ry
of 53 au derived in Goebel et al. (2018). Moreover, we find a
significant offset along the major axis of 6.3 au, placing the star
closer to the west extension. Considering a disk radius of 52 au,
this offset leads to a disk eccentricity of at least 0.12, which is a
significant eccentricity compared to the majority of our sample.
While previous observations do not report any eccentricity, 0.12
is still consistent with the upper limit of the eccentricity as set by
Thalmann et al. (2013) of ¢ <0.16.

Although Goebel et al. (2018) found the east extension to be
brighter than the west extension in total intensity, our polarized
intensity shows the west side to be moderately brighter than the
east in the J and H bands with a brightness asymmetry of
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Figure 19. HD 157587 observations in all three bands, overlaid with surface brightness contours to highlight the difference in the vertical width between the east and
west extensions at each wavelength. The white circles represent the size of the FPM, while the gray crosses represent the location of the star.

1.08-1. The reasoning for this difference could be an artifact
from disk self-subtraction with total intensity observations.
Taking into account the derived disk offset along the major
axis, an eccentric disk with the west side closer to the star is
more consistent with the measured brightness asymmetry.
While a 1.08:1 brightness asymmetry is small considering an
eccentricity of 0.12, one explanation could be similar to HD
106906, where the SPF partially cancels out the brightness
asymmetry caused by a 1/ #* relationship.

With our multiwavelength observations, we find that the disk
changes color when going from short to longer wavelengths.
While a red disk color is measured in the J and H bands, a
neutral color is measured in the J and K1 bands, and a blue
color in the H and K1 bands. the HD 146897 disk is the only
one in our sample to exhibit this behavior in disk color. When
comparing the disk color between the east and west sides of the
disk, we do not measure a significant disk color asymmetry
between any of the three bands.

This analysis reveals an interesting side of the HD 146897
debris disk. While previous studies depict the disk as being fairly
axisymmetric, our results suggest that the disk morphology may
actually be more complicated. Fitting the vertical offset or disk
spine suggests an eccentric disk, or at the very least, an
asymmetrical disk geometry. Measuring the surface brightness
also reveals conflicting information with previous observations,
suggesting a brighter west side rather than a brighter east side,
although this would be more consistent with our derived
offset along the major axis in the case of an eccentric disk.

C.19. HD 156623

HD 156623 is another debris disk system that is rich in gas;
however, the high density of gas leads to the speculation that
this disk may be a hybrid, where the gas may be partially of
primordial origin, i.e., a remnant of the protoplanetary disk
phase (Késpal et al. 2013). In this study, we are analyzing the
first scattered light observations of the disk taken in the H band
and first presented in Esposito et al. (2020).

We compare our empirical results for the disk geometry to the
results from Esposito et al. (2020), who uses radiative transfer
modeling. We derive a disk radius of ~52.6 au, which lies within
the derived critical radius, r., of 64.4 4+ 1.8 au (Esposito et al.
2020), where r. is the radius where the disk transitions from a
dust density power law of o, t0 . While our inclination is
consistent with previous measurements (~34°7 compared to
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34°9739), our estimated PA is slightly higher (102°9 compared
to 100°9719); however, these values are still consistent within 2¢
uncertainties. A small disk offset is measured along the major
axis of 2.1 au, leading to an eccentricity of 20.04 and bringing
the east side of the disk closer to the star. An additional offset is
measured along the minor axis of 1.68 au, which when taken into
account, increases the eccentricity to ~0.08. However, these
offsets may be exaggerated given that the disk appears radially
broad, with no gap observed outside of the FPM, we therefore
place an eccentricity of 0.08 as an upper limit.

Measuring the surface brightness reveals a moderate bright-
ness asymmetry, where the east side of the disk is 1.11 times
brighter than the west side. This is consistent with the small
offset measured, which places the star closer to the east
extension, possibly causing a slight pericenter glow (Wyatt
et al. 1999). Further scattered light observations will be useful
to help confirm these asymmetries.

C.20. HD 157587

The HD 157587 debris disk is the oldest system in our sample
with an estimated age of 165-835 Myr. So far, the disk has only
been observed with GPI and HST, where only the H-band
observations have been fully analyzed (Millar-Blanchaer et al.
2016b). In this study we include the J- and Kl-band
observations, adding a multiwavelength and disk color analysis.

Through our geometrical fitting, we derive an inclination that
is several degrees smaller than found in previous studies (64°
compared to ~68°-72°; Millar-Blanchaer et al. 2016b). While
Millar-Blanchaer et al. (2016b) found evidence for an
offset along the major axis placing the east side of the disk
closer to the star by ~1.6 & 0.6 au, our ring model fitting does
not find strong evidence for such an offset (Our results suggest
a 0.65 au offset in the opposite direction.) The reason for this
inconsistency may be an asymmetric disk morphology not
related to eccentricity. In the case of HD 157587, we find that
the east side of the disk is vertically broader than the west side
of the disk, where the weighted average FWHM for the east
side is roughly 0704 (4 au) greater than the weighted average
FWHM for the west side in the H band. This discrepancy may
have led to an offset along the major axis in the radial offset
profile using our method. We also plot the image of HD
157587 in each band, overlaid with surface brightness
contours, to visually show this difference in the vertical
FWHM in Figure 19.
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Similar to Millar-Blanchaer et al. (2016b), we also measure a
brightness asymmetry in the disk, with the east side being
moderately brighter than the west side. Our brightness
asymmetry measurements in the H band of 1.134+0.05 is
consistent with previous measurements of 1.15 £ 0.02 (Millar-
Blanchaer et al. 2016b). Conducting the same measurements in
the J and K1 bands, we find the brightness asymmetry to be
even stronger in the J band of 1.22 +0.03, whereas the K1
band does not show a significant brightness asymmetry within
20. This brightness asymmetry may partially be due to the
difference in vertical width between the east and west
extensions, as this feature is most prominent in the J and H
bands, while less prominent in the K1 band (see Figure 19). If
the brightness asymmetry is indeed due to an eccentric disk, it
is most likely that the offset along the major axis is toward the
opposite direction than what is measured in this study.

While overall the disk presents a blue to neutral disk color,
the east side of the disk is tentatively bluer in the H-K1 and J-H
bands, while being significantly bluer in the J-K1 bands. If
there are asymmetries in the dust grain properties, this may
provide an alternate explanation for the brightness asymmetry.

C.21. HD 191089

The HD 191089 debris disk consists of a dust ring from ~26
to ~78 au, and an extended halo out to 640 + 130 au as
observed with HST (Ren et al. 2019). The disk has been
observed at multiple wavelengths, from the optical with HST,
to the submillimeter with ALMA (Churcher et al. 2011;
Soummer et al. 2014; Ren et al. 2019; Kral et al. 2020). Along
with the already published H-band observations (Ren et al.
2019; Esposito et al. 2020), we also include J-band observa-
tions in our analysis.

We derive a disk radius of ~47 au, which is close to the
derived R, from radiative transfer modeling of the GPI H-band
observations (43.9 £0.3 au; Ren et al. 2019), as well as the
radius derived from millimeter observations (43.4 au; Kral
et al. 2020). Similarly, we do not detect a significant
offset along the major or minor axis, in agreement with the
results from Ren et al. (2019); however, a small offset of 1 au is
measured along the major axis.

We find no significant brightness asymmetry present in
either band. Calculating the disk color shows that the disk
presents a strong blue color in the J and H bands, meaning that
dust grains are more efficient at scattering light at shorter
wavelengths. We find no disk color asymmetry between the
two extensions, further supporting a fairly axisymmetric disk.

C.22. HR 4796 A

The HR 4796 A debris disk is one of the most well-studied
disks in our sample. The disk is a bright and distinctly narrow
ring, permitting the measurement of a complete SPF compared
with other debris disks (e.g., Milli et al. 2017, 2019). Given that
the disk is already well characterized, we use our polarized
H-band GPI observations simply as a confirmation of the disk
geometry and surface brightness.

We find a disk radius of ~77.7 au, which is consistent with
previous measurements using a similar geometrical fitting (e.g.,
Chen et al. 2020). While the disk is known to be eccentric,
ranging from 0.01 to ~0.08, depending on the observation and
reduction method (Perrin et al. 2015; Milli et al. 2017, 2019;
Olofsson et al. 2019, 2020; Chen et al. 2020), with our GPI
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polarized intensity observations, the derived offset along the
major axis and resulting eccentricity are on the smaller end
with an offset of 0.58 au and eccentricity of =0.01. Including
the 1.56au along the minor axis leads to an estimated
eccentricity of ~0.02, which is still on the low end of
measured eccentricities for the HR 4796 A disk.

Measuring the surface brightness of the disk as a function of
stellar separation, the surface brightness peaks close to the star,
followed by a second peak at the disk ansae before decreasing
toward the back side of the disk. Placing several square
apertures along the east and west extensions, we confirm a
modest brightness asymmetry, where the east extension is
~1.17 times brighter than the west extension, most of which
comes from near the east disk ansae.

C.23. HR 7012

The HR 7012 (also known as HD 172555) debris disk is one
of the warmest and most radially compact disks in our sample,
extending only ~0” 1 past the FPM. The disk appears to be in a
state of heavy bombardment, with strong traces of both SiO and
CO (Lisse et al. 2009; Schneiderman et al. 2021), along with
indirect and direct detections of exocomet transits (Kiefer et al.
2014, 2023). Here we compare our analysis of the disk
morphology using GPI H-band observations to previous
analysis using SPHERE/ZIMPOL observations (Engler et al.
2018).

We derive a disk radius of 8.8 au, consistent with SPHERE/
ZIMPOL measurements of Ry within 1o derived from a grid
model (10.3 4+ 1.7 au) and within 20 derived from a radiative
transfer model (11.3 4+ 1.7 au; Engler et al. 2018). This
measurement is also consistent with the measured inner radius
of 8 &2 au (Engler et al. 2018). While Engler et al. (2018) find
the disk to be axisymmetric, the GPI observations appear to tell
a different story. Fitting the vertical offset profile shows a
relatively large offset along the major axis of 2.76 au, which
would mean the disk is highly eccentric with e 2 0.31. Given
that the disk sits very close to the FPM, this asymmetric
geometry may simply be due to residual noise close to the star.

This is supported by the surface brightness profile and
brightness asymmetry, where the surface brightness profile
decreases symmetrically from the star out to ~0”4 within 1o
uncertainties. Additionally, averaging the flux over rectangular
apertures placed on the highest S/N regions of the disk yields
no significant brightness asymmetry within 20. While the disk
may not be as asymmetric as it would appear from the
polarimetric GPI observations at first glance, the disk does have
the third-highest vertical aspect ratio in our sample due to the
disk being so compact. This may be the result of the stellar
companion, CD-64 1208, located >2000 au from HR 7012
(Torres et al. 2006), which could cause the disk to become
truncated, depending on its orbit. However, given the large
separation of the stellar companion, it would be difficult to
confirm if this is the case.

C.24. HD 131835: Multiple Rings?

Using total intensity SPHERE/IRDIS observations in the H
band, Feldt et al. (2017) discovered that the HD 131835 disk
consisted of several concentric rings, features that are often
very difficult to detect in high-inclination disks (i = 75°-76°).
Using the H-band polarized intensity GPI observations, we
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Figure 20. Top: the FWHM profile as a function of stellar separation for the HD 131835 disk. Bottom: vertical offset profile for the HD 131835 disk, also shown in
Figure 5. The inner two orange-shaded regions show the locations of the disk gaps found in Feldt et al. (2017), with the addition of a possible additional gap outside

the two already known gaps found in this work.

look at the vertical structure to see whether or not these rings
are still present in our data.

In Figure 20, we replot the vertical offset profile, alongside
the vertical FWHM as a function of stellar separation. We then
plotted orange bars to represent the locations of the gaps found
in Feldt et al. (2017), which were found at 46-57 au
(~0"36-0744) and 71-85au (~0”55-0766). Doing so, we
find that the locations of these gaps strongly co-align with dips
in the vertical FWHM, as well as the vertical offset. In addition
to the two inner gaps discovered in Feldt et al. (2017), we find a
possible third outer gap located between ~101 and 123 au
(0778-0"95), where another dip in the vertical FWHM is
observed. This dip in the vertical FWHM also coincides with a
dip in the vertical offset at the same location on either side of
the disk. This gap is outside the outer ring observed with
SPHERE, although as these are total intensity observations, it is
possible that additional structure outside the outer ring was
subtracted during the PSF-subtraction process. While we
cannot definitively say whether or not this is a physical gap,
the fact that the locations of the two inner gaps found in Feldt
et al. (2017) align with dips in both the vertical FWHM and
vertical offset, helps to confirm that these structures are real.

In terms of other high-inclination disks, whether or not the
vertical FWHM and vertical offset profiles can be used as
probes for multiple rings/gaps is unclear without further
evidence. Wavy patterns in either profile could arise from other
factors such as a low S/N, and therefore may not be indicative
of a more complex structure. Further analysis is required to
explore the connection between the vertical structure and
evidence of rings/gaps, although this is beyond the scope of
our study.
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