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Abstract

We present high-spectral-resolution M-band spectra from iSHELL on NASA'’s Infrared Telescope Facility along
the line of sight to the debris disk host star HD 32297. We also present a Gemini Planet Imager H-band
polarimetric image of the HD 131488 debris disk. We search for fundamental CO absorption lines in the iSHELL
spectra of HD 32297, but do not detect any. We place an upper limit on the CO column density of
~6 x 10" cm 2. By combining the column density upper limit, the CO mass measured with the Atacama Large
Millimeter/submillimeter Array (ALMA), and the geometrical properties of the disk, we estimate the scale height
of the CO to be <2 au across the radial extent of the disk (~80-120 au). We use the same method to estimate the
CO scale height of three other edge-on, CO-rich debris disks that all have CO observed in absorption with the
Hubble Space Telescope as well as in emission with ALMA: (3 Pictoris, HD 110058, and HD 131488. We compare
our estimated CO scale heights of these four systems to the millimeter dust scale heights and find that, under the
assumption of hydrostatic equilibrium, there is a potential correlation between the CO and millimeter dust scale
heights. There are multiple factors that affect the gas vertical structure such as turbulence, photodissociation with
weak vertical mixing, as well as where the gas originates. One possible explanation for the potential correlation
could be that the gas and dust are of a similar secondary origin in these four systems.

Unified Astronomy Thesaurus concepts: Debris disks (363); Circumstellar disks (235); Circumstellar gas (238);
Circumstellar matter (241); Infrared spectroscopy (2285)
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1. Introduction

Debris disks are dust-dominated planetary systems consisting
of planets, planetesimals, and dust. The dust is thought to be
continuously replenished through collisions between planetesi-
mals that have been perturbed into eccentric and inclined orbits
by planets within the disk (Wyatt 2008; Hughes et al. 2018).
Classically, debris disks are expected to be gas free, but
millimeter observations in the past decade have found CO to be
present in ~20 debris disk systems (e.g., Lieman-Sifry et al.
2016; Marino et al. 2016; Moor et al. 2017; MacGregor et al.
2018; Rebollido et al. 2022.) If the planetesimals in debris disks
contain ice, then their destruction could liberate gas-phase
molecules into the circumstellar environment and the gas and the
dust would originate from the same population of planetesimals
(Kral et al. 2017). However, the gas present in debris disks could
also be remnant of the protoplanetary disks, as long gas densities
are high enough that shielding from UV photons significantly
increases the photodissociation lifetime of CO (e.g., Kospdl et al.
2013; Nakatani et al. 2021). Whether the gas in debris disks is
remnant from the protoplanetary disk or of second generation,
released from collisions between minor bodies, is still an open
question, especially for the most gas-rich debris disks.

Original content from this work may be used under the terms

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

Submillimeter observations of debris disks from observa-
tories like the Atacama Large Millimeter/submillimeter Array
(ALMA) have found ~20 systems that possess CO gas (e.g.,
Kospél et al. 2013; Matra et al. 2017; Moor et al. 2017;
MacGregor et al. 2018). These observations typically trace cold
gas that is several tens of au away from the central star
(Lieman-Sifry et al. 2016; Marino et al. 2016; Matra et al.
2017). Across the population of debris disks with cold gas
detected, the measured CO masses span a range of 5 orders of
magnitude from ~107° M., to ~10~" M, (Kral et al. 2017;
Moor et al. 2019). The debris disks that are the most CO-rich
are found around young (10-50 Myr) A-type stars (Kdspal
et al. 2013; Moor et al. 2019), while lower-CO-mass debris
disks (<10~* M) have been found around a range of spectral
types from G- to A-type stars (Lieman-Sifry et al. 2016).

A limiting factor to the amount of CO in a debris disk is the
photodissociation timescale due to interstellar UV photons. For
unshieldled CO molecules, their photodissociation lifetime is
~120yr (Visser et al. 2009). This short lifetime makes it difficult
to explain the origin of the gas in debris disks with large CO
masses using the model of second-generation gas production
(Smirnov-Pinchukov et al. 2022). Recent theoretical studies have
shown that neutral atomic carbon gas (C I) produced through the
photodissociation of CO can provide shielding from UV photons,
prolonging the CO gas lifetime in debris disks (Kral et al. 2019;
Marino et al. 2020). This neutral carbon does not experience
significant radiation pressure from the central star and can


https://orcid.org/0000-0002-5885-5779
https://orcid.org/0000-0002-5885-5779
https://orcid.org/0000-0002-5885-5779
https://orcid.org/0000-0002-8382-0447
https://orcid.org/0000-0002-8382-0447
https://orcid.org/0000-0002-8382-0447
https://orcid.org/0000-0001-5638-1330
https://orcid.org/0000-0001-5638-1330
https://orcid.org/0000-0001-5638-1330
https://orcid.org/0000-0001-9352-0248
https://orcid.org/0000-0001-9352-0248
https://orcid.org/0000-0001-9352-0248
https://orcid.org/0000-0002-4388-6417
https://orcid.org/0000-0002-4388-6417
https://orcid.org/0000-0002-4388-6417
https://orcid.org/0000-0003-4705-3188
https://orcid.org/0000-0003-4705-3188
https://orcid.org/0000-0003-4705-3188
https://orcid.org/0000-0001-9834-7579
https://orcid.org/0000-0001-9834-7579
https://orcid.org/0000-0001-9834-7579
https://orcid.org/0000-0002-2989-3725
https://orcid.org/0000-0002-2989-3725
https://orcid.org/0000-0002-2989-3725
https://orcid.org/0000-0002-9133-3091
https://orcid.org/0000-0002-9133-3091
https://orcid.org/0000-0002-9133-3091
mailto:kworthe1@jhu.edu
http://astrothesaurus.org/uat/363
http://astrothesaurus.org/uat/235
http://astrothesaurus.org/uat/238
http://astrothesaurus.org/uat/241
http://astrothesaurus.org/uat/2285
https://doi.org/10.3847/1538-4357/ad1511
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ad1511&domain=pdf&date_stamp=2024-02-16
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ad1511&domain=pdf&date_stamp=2024-02-16
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 962:166 (15pp), 2024 February 20

accumulate over time (Ferndndez et al. 2006; Brandeker 2011).
Similarly, neutral oxygen, another photodissociation product of
CO, does not experience significant radiation pressure from the
star. Thus, carbon and oxygen are expected to be the dominant gas
species in CO-rich debris disks (e.g., Roberge et al. 2006;
Brandeker 2011). At high gas densities, self-shielding can also
extend the photodissociation lifetime of CO and allow the number
of CO molecules to build over time (Kral et al. 2019). These
shielding scenarios can allow for second-generation CO to
accumulate to larger masses (wl()_z—lO_1 M_). While these
studies show that high CO mass of secondary origin is possible in
debris disks, they are not able to rule out the possibility of the gas
being of primordial origin.

CO-rich debris disks that are edge-on (i >80°) provide a
unique opportunity to study cold CO gas in both emission at
submillimeter wavelengths and absorption at IR fundamental
band (M band) and UV A-X bands. Four such CO-rich, edge-on
debris disks exist: HD 32297, (3 Pictoris, HD 110058, and HD
131488 (Matra et al. 2017; Moér et al. 2017; MacGregor et al.
2018). Three of these systems (3 Pic, HD 110058, and HD
131488) have CO detected using absorption-line spectroscopy
(Roberge et al. 2000; Troutman et al. 2011; Brennan et al. 2023).
All four systems have detections of volatile atomic gas (e.g., C
and O) either in absorption with the Hubble Space Telescope
(HST; Roberge et al. 2006; Brennan et al. 2023) or in emission
with Herschel or ALMA (Brandeker et al. 2016; Cataldi et al.
2020). There is potentially another similar system, 49 Ceti (A1V,
~40Myr; Houk & Smith-Moore 1988; Zuckerman &
Song 2012) that is not discussed in our analysis. 49 Ceti is a
CO-rich debris disk seen in emission with ALMA (Nhung et al.
2017), but has a nondetection of CO in absorption with HST
(Roberge et al. 2014). 49 Ceti, however, is not as edge-on as the
other four, as its disk has a measured inclination of 79° in
thermal emission with ALMA (Hughes et al. 2017).

By combining column density measurements from absorp-
tion-line spectroscopy and CO mass measurements from
emission at millimeter wavelengths, we can constrain the
vertical distribution of the gas provided that the geometry of the
disk is known (inclination, inner and outer radii). The four
systems listed above are thus ideal for this measurement of gas
vertical structure. Currently, 3 Pic is the only one of these four
systems that has a measurement of the CO scale height from
ALMA (Matra et al. 2017).

The vertical structure of a debris disk is an important observable
because it may reflect the inclination distribution of planetesimals
in a system. The vertical distribution of the planetesimals has been
suggested to be a probe of the velocity dispersion of the solid
bodies in a disk and therefore the dynamical excitation from
potentially unseen planetary-mass companions (Brown 2001;
Hughes et al. 2018). Thus, the vertical structure of extra-solar
planetesimal belts can provide evidence for the gravitational effects
of unseen planets. Millimeter-sized dust probed by ALMA is
expected to trace the location of the parent planetesimal belt, as
particles of these sizes are not strongly affected by radiation forces
(Wyatt 2008). The micron-sized dust grains in debris disks traced
by scattered-light images from high-contrast imaging instruments
like Gemini Planet Imager (GPI) and SPHERE are affected more
strongly by radiation forces and will migrate outwards beyond the
parent planetesimal belt with time (Wyatt 2008). Radiation forces
can also increase the orbital inclinations of micron-sized dust
particles (Thébault 2009), so the vertical distribution of the micron-
sized dust does not trace the vertical distribution of the parent
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planetesimal belt as well as the millimeter-sized dust. It is thus
expected, if the CO in debris disks originates from collisions
within the same planetesimal belt as the dust, that the CO and
millimeter-sized dust should have similar spatial distributions and
vertical structures (Kdspal et al. 2013; Hughes et al. 2018).
Measuring the spatial distribution of the millimeter-sized dust and
gas is a potential method to investigate the origin of gas in debris
disks.

In this paper, we present Infrared Telescope Facility (IRTF)
iSHELL observations looking for fundamental rovibrational
transitions of CO in absorption toward HD 32297 in the M band
that resulted in a nondetection. We also present GPI H-band
polarimetry observations of the HD 131488 debris disk. We
constrain the scale height of the gas in HD 32297 and three other
debris disks in Section 3. In Section 4, we discuss our findings
about the vertical structure of the gas and dust in these four
systems, and in Section 5 we conclude and summarize.

2. Observations and Analysis
2.1. iSHELL Observations

We used the iSHELL instrument, an immersion grating echelle
spectrograph (Rayner et al. 2022), on the NASA IRTF to search
for fundamental CO absorption toward the HD 32297 debris disk.
We observe our science target star, HD 32297 (AOV, K =7.594)
first followed immediately after by observations of the nearby (6°)
bright star HD 35468 (B2V, K = 2.32), which we used to remove
the telluric lines from the HD 32297 spectrum. A total of
107 minutes of data were taken for HD 32297 using the M1
grating setting (4.52-5.25 um) with a slit width of 0”75, providing
a spectral resolution of R~ 60,000 (Banzatti et al. 2022). This
wavelength range and spectral resolution allows us to search for
fundamental R-branch and P-branch rovibrational absorption lines
from circumstellar CO. The average airmass across the total
integration time on HD 32297 was 1.1. We used the same
observational setup as HD 32297 to observe HD 35468, and the
total integration time for HD 35468 was 56 s. The average airmass
across the total integration time for HD 35468 was also 1.1. All the
observations were taken with an ABBA nod pattern to remove the
thermal sky background to first order.

We reduce the data using Spextool v5.0.3 (Vacca et al. 2003;
Cushing et al. 2004). The reduction process includes flat-fielding,
nonlinearity correction, pair subtraction, aperture extraction, telluric
correction, and wavelength calibration. The wavelength calibration
is done using telluric features and an atmosphere transmission
model described in Cushing et al. (2004). For spectral extraction,
we use an aperture radius equal to 170. To correct the telluric lines
from the target spectrum, we divide the spectrum of HD 32297 by
that of our telluric calibrator star. The spectrum of HD 32297
before the telluric correction has a signal-to-noise ratio (S/N) of
~21 on order 111 (4.63—4.68 um), which contains the CO
rovibrational lines of interest. The final telluric-corrected spectrum
of HD 32297 has a S/N of ~20 across 4.63-4.68 um, and the
spectrum of the telluric standard HD 35468 has a S /N of ~60 over
the same wavelength range.

We do not detect the CO R(0), R(1), R(2), and R(3) or the P(1),
P(2), and P(3) lines in absorption toward HD 32297. The portion
of the iSHELL spectrum of HD 32297 that contains these CO
transitions, from 4.63 to 4.70 um, is shown in Figure 1. The green
dashed lines show the expected positions of each of the
fundamental CO lines after correcting for the Doppler shift due
to Earth’s orbital velocity on the night of the observations and the
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Figure 1. Telluric-corrected iSHELL spectrum of HD 32297 from 4.63 to 4.70 ym (blue) in normalized flux units. The telluric standard (black) and the not-telluric-
corrected HD 32297 spectrum (red) are also plotted in normalized units. The telluric-corrected HD 32297 spectra is offset by 0.5 units. The dashed green vertical lines
show the expected locations of the CO v = 1—0 R(1)-R(3) and P(1)-P(3) CO lines after correcting for the Doppler shift created by the radial velocity of the star and
Earth’s orbital motion. We do not detect any of the CO lines in absorption. The orange error bar shows the standard deviation of the 50 data points around the R(0) CO
line and is offset from the spectrum vertically for clarity. The red box shows the region used to calculate the standard deviation.

radial velocity of HD 32297, which is 20.6 km s ! in the
barycentric frame (MacGregor et al. 2018). HD 32297 has a LSRK
velocity of 5304 0.1 km s ™.

We use the nondetection of the CO R(0) absorption line in the
R ~ 60,000 iSHELL spectrum to place an upper limit on the
circumstellar CO column density of the HD 32297 debris disk.
We assume a Gaussian line profile with a depth equal to the
standard deviation (10) of the 50 data points (A =0.0007 pm)
centered on the expected location of the R(0) CO line
(~4.66 um), as shown by the orange point in Figure 1. This 1o
limit of the R(0) line is 0.055 in units of normalized flux and is
used to compute the 30 upper limit on the equivalent width and
column density. We use the average FWHM (0.0003 pm) of the
unsaturated telluric lines as the width of the CO lines in
calculating the upper limit on equivalent width since we expect
the CO lines to be spectrally unresolved.

We estimate a 30 upper limit on the equivalent width of the
R(0) line to be 1.4 x 10~ um. We then calculate an upper limit
on CO column density in the ith state using the relation

w

=—, (D
—13 2
8.85 x 10713 X

where W is the equivalent width of the line, 8.85 x 1073 cm is the
classical electron radius, A is the wavelength of the line, and f;; is
the oscillator strength of the transition; see Table 1 for the line
parameters used to calculate the column density. Assuming that the
CO is in LTE, the total column density of CO is given by
. Ei/kT
Nw = D0 @
i

where N; is the column density of the ith state, Q is the
rovibrational partition function, E; is the energy of the ith state,
T is the gas temperature, and g; is the statistical weight of the

Table 1
CO Line Parameters

Line Wavelength f Column Density
(urm) (107 (em™?)
R(0) 4.6575 11.420 <2 x 10"
R(1) 4.6493 7.6267 <3 x 10"
R(2) 4.6412 6.8760 <2 x 10"

Note. Oscillator strengths (f) for each transition are taken from Goorvitch &
Chackerian (1994).

ith state. We use a temperature of 30 K for the column density
upper-limit calculation, which is the temperature that was used
for the CO mass calculation from the ALMA observations of
HD 32297 system (MacGregor et al. 2018). At 30 K, the 30 CO
column density upper limit using the R(0) (~4.66 um) CO
absorption line toward HD 32297 is 6 x 10"°cm 2. For
comparison, the line of sight to 3 Pic has a measured CO
column density of 2 x 10" cm ™2 in the IR (Troutman et al.
2011) and 6 x 10" cm ™2 in the UV (Roberge et al. 2000).
We also estimate the column density upper limit of CO
without assuming that the gas is in LTE, since this assumption
may be incorrect. Instead, we follow an approach similar to that
in Troutman et al. (2011), where the total column density of
CO seen in absorption in the 3 Pic disk was equal to the sum of
the measured column density of the R(0), R(1), and R(2) lines.
This was because the CO lines were optically thin at mid-IR
wavelengths, the R(2) line was subthermally populated, and no
other higher-energy transitions of CO were detected, indicating
that the gas was too cold to populate higher-energy states. So
the total column density of CO toward ( Pic in the mid-IR was
equal to the sum of the column density of those three
transitions. For HD 32297, we also expect the gas to be cold
and only the lowest-energy levels to be populated like in 3 Pic,
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midplane of the GPI image from the west side (see Section 2.2). These vertical cuts

were averaged to compare with the GPI PSF in the H band (see Figure 3). The
black dashed line shows the vertical location of the star in the image.
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because both § Pic and HD 32297 are similar spectral type and
both disks have similar radial distributions. We estimated the
equivalent width upper limits of the R(1) and R(2) lines with
the same method as the R(0) line described above. The line
properties used in this calculation are shown in Table 1. The 30
equivalent width upper limits for the R(1) and R(2) lines are
39% 107> and 3.1 x 107> um, respectively. We then used
Equation (1) to calculate the 30 column density upper limit for
all three CO lines and summed all three upper limits together to
get a total CO column density upper limit. This gives a total
CO column density upper limit of 7 x 10" ecm™? for HD
32297. This is similar to the column density upper limit
inferred from assuming the gas is in LTE (6 x 10" cm™2), so
the method for calculating the column density upper limit for
HD 32297 does not affect the following analysis.

2.2. GPI Observations

We obtained GPI (Macintosh et al. 2014) observations of the
HD 131488 debris disk in the H band using polarimetry mode on
2015 September 1. Our observing sequence included a total of 58
60 s exposures with a seeing of 0765 and a mean airmass of 1.21.
Throughout the imaging sequence, the half-wave plate (HWP) was
rotated between position angles of 0°, 22.5°, 45°, and 67.5°.

We reduced the observations with the GPI Data Reduction
Pipeline (DRP; Perrin et al. 2014) following the same procedure as
outlined in Perrin et al. (2015). The data reduction involved dark
subtraction, correction for instrument flexure, microphonics noise,
and bad pixels. Each frame was then assembled into a polarization
data cube, including two image slices, one of which was the left-
handed circularly polarized light and the other the right-handed
circularly polarized light. We then used polarized differential
imaging (PDI), where the two orthogonal polarization states are
differenced at the various HWP rotation angles to cancel out the
unpolarized light from the central star. This results in a Stokes data
cube with the I, Q,, U, polarization states. The final GPI Stokes O,
image of the HD 131488 debris disk produced from PDI is shown
in Figure 2.
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Figure 3. Average of the vertical cuts of the HD 131488 GPI image (orange)
with a cut of the GPI PSF at the H band showing its resolution element (blue).
The best-fit Gaussian profiles of the PSF (black) and disk (red) are shown as
dashed lines. The profiles are plotted such that the baseline of their Gaussian
fits match. The vertical cut of the disk has a FWHM consistent with that of the
GPI PSF, so the disk is vertically unresolved in scattered light in the H band.

We measured the vertical structure of the HD 131488 debris
disk in scattered light from the GPI H-band polarimetry-mode
image and compared it to the GPI point-spead function (PSF) at
the H band. To represent the GPI PSF, we used an archival
unocculted H-band integral field spectrograph (IFS) observation of
the binary star system HD 6307 (De Rosa et al. 2020) taken on the
same night as the HD 131488 observations. We use the brightest
of the two stars in the system (F5, H = 7.65) to represent the PSF.
We reduce the HD 6307 data using the GPI DRP following the
procedure described in Perrin et al. (2015) to produce a final H-
band data cube. We estimated the profile of the GPI PSF at the H
band by collapsing the IFS data cube along the wavelength axis
and then taking a line cut through the PSF center.

To measure the scale height of the disk in the GPI image, we
first rotated the image by 96°, corresponding to the position angle
measured by Modr et al. (2017), to ensure that the midplane is
aligned with the horizontal axis. We then took vertical cuts of the
disk at each column of pixels from 0”25 to 0”7 from the central
star on the west side of the disk shown in Figure 2. We only took
vertical cuts of the west side of the disk because there appears to be
a bend in the disk at around —0”5 from the central star on the east
side. We do not comment further on this apparent bend or whether
it is statistically significant because that is beyond the scope of this
paper. We only mention it here because we avoid this area when
taking the vertical cuts, since it could affect the measurement of the
vertical profile. Because the individual vertical cuts are low S/N,
we averaged all the vertical cuts from the west side of the disk to
get a higher S/N vertical profile.

As discussed in Matra et al. (2017), vertical cuts observed on
sky at any midplane location of the disk will tend to trace the
vertical profile at the outer radius of the disk. By averaging the
vertical profiles shown in Figure 2, we are measuring the on-
sky vertical profile at the outer radius of the disk and
comparing this to the GPI PSF to check if it is vertically
resolved. Averaging the vertical cuts is likely not biased by the
vertical cuts at different disk radii, because all the vertical cuts
will tend to trace the vertical structure at the outer disk radius.
The vertical cuts are not shifted to be aligned with the disk
spine before averaging because we are not able to fit for the
spine of the disk with the low-S /N individual vertical cuts. The
average of the vertical cuts is shown in Figure 3.
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Table 2
Stellar Parameters of the Four Targets
Source M, Distance Age ALMA i Scattered-light i Mco References
Mc) (pe)* (Myr) (deg) (deg) Ms)
HD 32297 1.7 133 <30 88.4 4 0.1 88.7510:%2 74413 %1072 {,2, 14,15, 17)
8 Pic 1.8 19.4 23-29 86.6 + 0.4 85277938 34+05x%x107° (3,4,5,6,13)
HD 131488 1.9 152 10-20 8513 NA 89+15x107? (7, 8, 10, 16)
HD 110058 1.8 130 12-18 85.5723 >80 0.07336 ©, 11, 12, 16, 18)
Notes.

? Distances from Gaia Collaboration et al. (2018).

References. (1) Kalas (2005), (2) Duchéne et al. (2020), (3) Nielsen et al. (2016), (4) Matra et al. (2019), (5) Matra et al. (2017), (6) Gray et al. (2006), (7) Moér et al.
(2017), (8) Melis et al. (2013), (9) Saffe et al. (2021), (10) Song et al. (2012), (11) Pecaut & Mamajek (2016), (12) Hales et al. (2022), (13) Millar-Blanchaer et al.
2015, (14) MacGregor et al. (2018), (15) Debes et al. (2009), (16) Smirnov-Pinchukov et al. (2022), (17) L. Matra et al. (2023, private communication), (18)

This work.

We measured the FWHM of the average of the vertical cuts
of the disk to be 0707 £+ 0701 and the FWHM of the GPI PSF
at the H band to be 0”060 £ 07006. The FWHM of the PSF of
GPI at the H band is within the uncertainties of the FWHM of
the average of the vertical cuts of the disk. Therefore, we do not
vertically resolve the HD 131488 debris disk with GPI, and we
are only able to place an upper limit on its scale height in
scattered light. At a distance of 152 pc (Gaia Collaboration
et al. 2021) and with the angular resolution of GPI, the scale
height upper limit for the HD 131488 debris disk in scattered
light is ~5—6 au. Assuming a disk outer radius of 115 au (see
Section 3.3), this gives an upper limit on the aspect ratio of
H/r <0.05.

Before performing forward modeling of scattered-light
images, both Duchéne et al. (2020) and Crotts et al. (2021)
found that, through a similar vertical-cut analysis, the vertical
profile of their respective disks was larger than the instrument
PSF. Because we do not find that the disk vertical profile for
HD 131488 is spatially resolved, we do not forward model the
disk to measure the vertical profile, and instead we report a
scale height upper limit based on the the measured FWHM of
the GPI PSF. Since the disk is unresolved vertically, forward
modeling would not provide a better constraint on the scale
height and would similarly just give an upper limit.

3. Disk Vertical Structure

The nondetection of CO in absorption toward HD 32297 is
surprising given that the inclination of the dust disk is well
measured to be nearly edge-on and HD 32297 has one of the
largest CO masses of debris disks, 3 orders of magnitude larger
than that of 3 Pic (see Table 2). The inclination measured from
the GPI scattered-light image is 88.887001° (Duchéne et al.
2020) and the ALMA dust continuum image is 88.4° + 0.1°
(L. Matra et al. 2023, private communication). HD 32297 is
more edge-on and has a higher CO gas mass than (3 Pic (see
Table 2), which has CO detected in absorption in the M band
(Troutman et al. 2011). One possibility for the nondetection of
CO around HD 32297 with iSHELL is that the scale height of
the CO is small, resulting in a low number of molecules along
the line of sight to the star.

3.1. CO Column Density Estimation

We estimated the scale height upper limit for HD 32297
using the measured column density upper limit and assuming
that the gas in the disk is in hydrostatic equilibrium. In

hydrostatic equilibrium, the gas number density can be written

as
S (2
n= mH e(zﬂz) ,

where z is the distance above the disk midplane, X is the
surface density profile, and H is the scale height and in
hydrostatic equilibrium is defined as

3 1/2
= MR @)
HGMy

3)

Here, R is the distance from the star, y is the mean molecular
weight, k is the Boltzmann constant, Ty is the gas temperature
that corresponds to the CO scale height, G is the gravitational
constant, and M, is the stellar mass. Ty does not directly
represent the kinetic temperature of the gas, but is rather a
parameterization of the CO scale height, as it represents the
temperature required for CO to have a certain scale height
above the midplane. For the calculation of Ty, we assumed a
mean molecular weight of y = 14 My, where My, is the mass of
the hydrogen atom. We chose this value of p as it corresponds
to a disk dominated by atomic carbon and oxygen, photo-
dissociation products of CO, and is commonly used to describe
the mean molecular weight of gas in debris disks (e.g., Kral
et al. 2017; Matra et al. 2017).

For the (8 Pic debris disk, atomic carbon was found to be
~70 times more abundant than CO with the HST/Space
Telescope Imaging Spectrograph (STIS; Roberge et al. 2000)
and oxygen ~6-13 times with the Far-Ultraviolet Spectro-
scopic Explorer (Roberge et al. 2006). Cataldi et al. (2018)
found that C I emission seen with ALMA has a similar spatial
distribution of CO in the 3 Pic disk, suggesting that the atomic
and molecular gas is likely well mixed. We also tested other
values of mean molecular weight of 1 =2.35 My, corresp-
onding to primordial gas in a protoplanetary disk (Kimura et al.
2016), as well as p equal to the mass of the CO molecule. We
discuss the effects of assuming different values of p in
Section 3.2.

The assumption of hydrostatic equilibrium may not be
correct because, as suggested by Marino et al. (2022), the scale
height might not reflect hydrostatic equilibrium, but rather
strong photodissociation of the upper layer and weak vertical
mixing. We choose to assume hydrostatic equilibrium to be
able to compare with previous studies in the literature that also
assume hydrostatic equilibrium for gas in debris disks (e.g.,
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Table 3
Disk Properties Used in Column Density Calculations
System Measured CO R;, Measured CO R, CO Column Density Rou Dust References
(au) (au) (crnfz)
HD 32297 78.5 + 8.1° 122 +3° <6 x 10" 122 a,2, 11
8 Pic 50+5 160 £ 5 6.3+0.3 x 10" 150 (3,4, 5,6)
HD 131488 35411 140 £ 11 1265973 x 10'® 115 (7, 8,9)
HD 110058 74432 80 & 12 5011139 x 10" 70 (1,9, 10, 11)
Notes.

# The CO inner and outer radii are not available in the literature, so dust inner and outer radii are used instead.
References. (1) This work, (2) MacGregor et al. (2018), (3) Matra et al. (2019), (4) Dent et al. (2014), (5) Matra et al. (2017), (6) Roberge et al. (2000), (7) Moér et al.
(2017), (8) Smirnov-Pinchukov et al. (2022), (9) Brennan et al. (2023), (10) Hales et al. (2022), (11) Lieman-Sifry et al. (2016).

Chen & Kamp 2004; Hughes et al. 2008; Matra et al. 2017,
Cataldi et al. 2018; Hales et al. 2022). If the gas in these disks
is not in hydrostatic equilibrium, then our scale height
estimates may not be accurate, which is a potential limitation
to this method.

We assumed a surface density profile of

% = $oR3/2 )

as in Weidenschilling (1977) and Hughes et al. (2017). We
solved for Xy by integrating the surface density profile across
the radial extent of the disk and equating it to the CO mass
measured with ALMA shown in Table 3. Once >, and the
inclination of the disk from the line of sight (i) are known, we
estimated the column density of the gas using

1 R“‘"Z_-2~z 2

N = f Zesin ()R"/2H dR, (6)
mco COS lm Rn H

where N is the column density, mco is the mass of the CO
molecule, R;, is the inner disk radius, and R, is the outer
radius of the disk as in Chen & Kamp (2004). We estimated the
column density as a function of Ty, for each of the four systems,
HD 32297, 3 Pic, HD 110058 and HD 131488, by numerically
integrating Equation (6) across a range of Ty values using the
disk parameters listed in Tables 1 and 2. We solved for Ty in 8
Pic, HD 110058, and HD 131488, and the upper limit for 7 in
HD 32297 by setting the predicted column density as a function
of Ty equal to the measured column densities of the three
targets with CO absorption detected and the column density
upper limit of HD 32297 (see Figure 4). The values we
estimated for Ty for each of these four systems were then used
to determine the CO scale height as a function of distance from
the star using Equation (4). These scale heights are shown in
Figure 5. For HD 32297, this method of using the total CO
mass from C'®0 emission, the disk inclinations measured from
scattered-light and ALMA images, and assuming the gas is in
hydrostatic equilibrium constrains the scale height of CO to be
<2 au across the disk radial extent. In this model, if the CO
scale height was larger than 2 au, we would have detected CO
absorption in our iSHELL spectrum, based on the column
density upper limit. Even though our upper limit is ~3 times
the CO column density detected in ( Pic, we are able to
constrain the CO scale height from our iSHELL upper limit
under the assumptions listed above. This is because the HD
32297 disk is more edge-on by ~2° and the CO mass is 3

orders of magnitude greater for HD 32297 than [ Pic, so the
nondetection of CO absorption constrains the scale height.

A possible complication of this method is the optical depth
of the CO lines used to compute the CO mass of these targets.
If the CO lines are optically thick, this would make the CO
masses derived from ALMA that we used in the calculation of
column density and scale height lower CO mass limits. To
overcome this, we used CO masses for HD 131488 and HD
32297 that are derived from optically thin C'*0 emission from
Modr et al. (2017, 2019). For 3 Pic, the CO emission seen with
ALMA was found to be optically thin (Matra et al. 2017),
enabling an accurate measurement of the CO mass. For HD
110058, the CO mass is derived from forward modeling 2co
and '*CO lines (Hales et al. 2022), so the optical depth of the
lines is taken into account in the uncertainty on the total disk
CO mass. We propagated this uncertainty in CO mass in the
uncertainty in the CO scale height. The CO masses for each of
these disks is shown in Table 2.

Another possible complication of this method, in the case of
(8 Pic, is the discrepancy between the observed column
densities of CO in ( Pic at IR and UV wavelengths. The CO
column density from the IR (Troutman et al. 2011) is ~3 times
larger than that from the UV (Roberge et al. 2000). A possible
explanation for this discrepancy is that some of the UV
absorption lines are saturated, providing an underestimate of
the total CO column density (Troutman et al. 2011). We
include this discrepancy of CO column density toward 3 Pic as
a source of uncertainty in the CO scale height calculation.

We used direct measurements of the inner and outer radius of
the gas for § Pic, HD 110058, and HD 131488 from ALMA
CO observations (Matra et al. 2017; Mo6r et al. 2019; Hales
et al. 2022) to estimate the column density along the line of
sight to the star. For HD 32297, we used the inner and outer
radii of the dust since the radial distribution of the gas and the
dust was found to be similar, and no direct measurement of the
radii of the gas was made (MacGregor et al. 2018). 3 Pic and
HD 32297 have inclinations measured from both scattered-light
images and ALMA continuum images in the literature (Millar-
Blanchaer et al. 2015; Matra et al. 2019; Duchéne et al. 2020).
For the system (HD 110058) with a precise inclination
measured from ALMA CO observations, we used this
inclination. Otherwise, we used the inclinations from the
ALMA continuum images of these sources, but determined the
uncertainties in inclination from the difference between the
scattered-light and ALMA inclination measurements. The
inclinations measured from ALMA and GPI for these systems
are consistent within +1.5° and 2-30 of each other (see
Table 2). We include this discrepancy in inclination of these
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Figure 4. CO column density as a function of scale height temperature (Ty) for the four systems assuming that the CO is well mixed with C and O so the gas has
1 = 14 My. The blue line shows the column density for the best-fit disk parameters from Tables 1 and 2, while the orange and green lines show the lower and upper
bounds of the CO column density estimates using the uncertainties of the disk properties. We list the inclinations corresponding to each curve as we find that the
uncertainty in disk inclination is the dominant source of uncertainty in the estimation of the CO column density. The horizontal black dashed lines show the CO
column density upper limit for HD 32297 and the measured CO column densities for 3 Pic, HD 131488, and HD 110058. The gray shaded area shows the uncertainty
in the column density measurements. We determine 7 for each of these four systems by finding the intersection point of the blue curves and black dashed lines, and
the uncertainty in Ty is found by finding the intersection of the measured column densities with the green and orange curves. The estimated Ty values are shown in
Table 4. For HD 32297, the model column densities reach up to 1 x 10'® cm™2, but we only show up to 1 x 107 cm™? to more clearly show the intersection of the

column density upper limit.

disks from scattered-light and ALMA images in the uncertainty
propagation for the estimated CO scale height, so this
inclination uncertainty is represented in the estimated CO scale
height uncertainty. HD 110058 and HD 131488 do not have
inclinations measured from scattered light presented in the
literature, so we used ALMA-measured inclinations. For HD
110058, we determined the outer radius using ALMA archival
data, as this value is not currently present in the literature (see
the Appendix).

3.2. Estimated CO Scale Height

We find that HD 131488 has the largest CO scale height,
followed by HD 110058, § Pic, and HD 32297. For (3 Pic, the
derived Ty values correspond to a temperature that is
significantly larger (the error bars do not overlap) than the
excitation temperature measured from UV and IR absorption-
line spectroscopy (see Table 4). This large Ty value suggests
that the 3 Pic scale height cannot be solely explained by the

measured gas temperature. 3 Pic is the only one of these
systems to have a CO scale height measured with ALMA.
Figure 3 in Matra et al. (2017) shows the CO scale height of 3
Pic to be between ~5 and 12 au at the outer edge of the disk.
Using our method and the assumptions listed above, we
estimate a CO scale height of 7'} au at the outer edge of the 3
Pic disk, which is consistent with the CO scale height measured
in Matra et al. (2017), giving some confidence that this method
of CO scale height estimation is reasonable. For HD 110058
and HD 131488, the CO excitation temperature is within the
uncertainties of the estimated value of Ty because the
uncertainty in disk inclination creates a large uncertainty in
Ty (see Figure 4). HD 110058 and HD 131488 have excitation
temperatures measured from rovibronic bands of CO absorp-
tion with HST/STIS (Brennan et al. 2023). Therefore, we
cannot definitively conclude that T7j is greater than the
excitation temperature for HD 110058 using the assumption
of a mean molecular weight of p = 14 My and with the current
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Figure 5. Estimated CO scale height as a function of distance from the central
star for each of the four systems. The CO scale height shown here for HD
32297 is an upper limit. The scale heights shown here do not depend on the
assumption of mean molecular weight, because all combinations of ;. and Ty
shown in Table 4 give the same scale height.

measurements of the disk geometry. If the inclination of the
HD 110058 disk is less than ~87° then Ty would be
significantly larger than the measured excitation temperature.
We test three different values of mean molecular weight (1)
in estimating the CO scale heights and T} values of these
systems. They are u equal to the mass of the CO molecule, u
corresponding to a disk dominated by atomic C and O (u=
14 Mp), and p for a primordial gas disk dominated by H, where
=235 My. The assumption of p does not change the
estimated CO scale height because, by numerically integrating
Equation (6) and equating it to the observed column density of

KTy .
P GM*) from Equation (4)

all at once. Thus, the estimated scale height as a function of
radius does not depend on our assumption of p (all
combinations of 7y and p shown in Table 4 for the same
system give the same scale height). However, the value of Ty
that we estimate does depend on the value of  we assume. A
larger value of u corresponds to a larger Ty value for a given
scale height. The different 7} values for different assumptions
of u are shown in Table 4.

CO, we solve for the entire quantity (

3.3. ALMA Continuum

We compared the estimated CO and millimeter dust scale
heights in these four systems to look for similarities between
the gas and dust scale heights. We used the literature values of
the dust scale height of § Pic (Matra et al. 2019), HD 110058
(Hales et al. 2022), and HD 32297 (L. Matra et al. 2023, private
communication, Progam: 2021.1.01477.S) from ALMA con-
tinuum images. We estimated dust scale heights from the
publicly available visibility data of HD 131488 in Band 6
(Moér et al. 2017). To estimate the dust scale height, we
modeled the visibilites using a similar method to Matra et al.
(2019), where we used RADMC-3D (Dullemond et al. 2012) to
compute the radiative transfer at 1.33 mm. We did this using
the code Modeling Interferometric Array Observations (MIAO;
Luca Matra).'® We assumed a dust radial temperature profile of
blackbody grains around HD 131488 with a stellar luminosity
of L, =15.5 L, (Melis et al. 2013). We assumed the same dust
grain properties as in Matra et al. (2019). We assumed a dust

10 https://github.com/dlmatra/miao
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density distribution that is axisymmetric, Gaussian in both
radial and vertical profiles, and has a constant aspect ratio
h=H/r, where H is the scale height and r is the disk radius.
This density distribution is described by the equation

2
~—R2 @ 2>

p = Ype 22 ,
N2 hr

where r is the radius, z is the height above the midplane in
cylindrical coordinates, % is the aspect ratio (H/r), R is the
central Gaussian disk radius, and o is the radial Gaussian width
of the disk. The radial FWHM of the disk is computed from o
and is represented by AR, and ¥, is a normalization factor
proportional to the mass of the disk. In the visibility fitting, A,
R, AR, ¥, as well as disk inclination and position angle are all
left as free parameters. Once we created the image of the model
belt with RADMC-3D, we produced model visibilities by first
shifting the belt by R.A. and decl. offsets, which we leave as
free parameters in the fit. We then multiplied the image by the
primary beam of the observations and Fourier transformed the
model image to produce complex model visibilities that we
evaluated at the u—v locations sampled by the observations, as
described in Marino et al. (2016). The model visibilities were
then fit to the data with a Monte Carlo Markov Chain (MCMC)
method implemented through the emcee package (Foreman-
Mackey et al. 2013). The MCMC was run with 90 walkers for
4000 steps, and we used the emcee package to infer the
posterior distribution of each parameter. For each parameter we
assumed uniform priors, listed in Table 5. To determine the
uncertainties (o) on the visibility data points, we used the same
method as Matra et al. (2019), which used the visibility weights
(w) delivered by ALMA, where o, ., = 1/, /w,,—,. We left the
scaling of the weights to be a free parameter to ensure that the
visibility uncertainties are correct in the absolute sense (e.g.,
Marino et al. 2018; Matra et al. 2019, 2020).

The best-fit parameters from the visibility modeling of HD
131488, which are the 50" 34th percentiles of their marginalized
posterior distributions, are shown in Table 5. The HD 131488
continuum image and the best-fit model is shown in Figure 6.
The posterior distributions of the model parameters are shown
in Figure 7. As shown in the corner plot, there is a degeneracy
between the disk inclination and the aspect ratio . The best-fit
aspect ratio is & = 0.087 04, which is consistent with an upper
limit on the scale height at the lower end of the uncertainty
(corresponding to lower inclinations). If the disk inclination,
however, is =84°, then the aspect ratio of the disk would be
h 2 0.08. Higher-angular-resolution ALMA images could
potentially ameliorate this issue and provide a better measure-
ment of the millimeter dust scale height.

If the disk is inclined such that the vertical structure is
resolved, we can estimate the millimeter dust scale height at the
outer edge of the disk for comparison with the estimated CO
scale height at the disk outer edge. As done in Hales et al.
(2022), we calculate the outer radius of the disk as
Rouw=R+ AR/2, which gives Ry = 11575 au. The dust
scale height at the outer disk radius, from our best-fit 4 and
assuming an inclination >84°, is H = 973 au. This calculation
does not consider that the scale height may be unresolved and
thus an upper limit. Instead, it assumes the disk has an
inclination >84° and thus % > 0.08. However, this might not

(N
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Table 4
Excitation Temperatures and T Values Using Different Mean Molecular Weights of the Gas

Source T, UV T, IR Tu(p = C+0)* Tu(p = CO) Tu(pe = Hp) References
HD 32297 NA NA <5K <10K <2K 6]

8 Pic 15.840.6 K 15+£2K 40739 K 801¢ K 7K 1,3, 4
HD 110058 723K NA 88079 K 17007130° K 15013 K 1,2
HD 131488 4578 K NA 10053 K 200199 K 20180 K a,2)
Notes.

 These results for T}, are shown in Figure 4.

References. (1) This work, (2) Brennan et al. (2023), (3) Troutman et al. (2011), (4) Roberge et al. (2000).

Table 5
Best-fit Model Parameters
Parameter Unit Best-fit Value Prior Range
R au 9314 [45, 110]
AR au 4373, (8, 100]
Frert mly 3.05] [0.1, 5.0]
Inclination degrees 8513 [70, 90]
Position angle degrees 96ﬂ [0, 180]
h N/A 0.08+0:5¢ [0.005, 0.2]

actually reflect the true scale height of the disk because the
visibility modeling found that the scale height is still consistent
with an upper limit, depending on the inclination.

Matra et al. (2019) measured the average scale height of 3 Pic
across the disk midplane to be 8.2au with a single vertical
Gaussian fit. Matra et al. (2019) found that a double Gaussian is
a better fit to the vertical structure of the 3 Pic disk than a single
Gaussian profile, but we used the measurement from the single
Gaussian profile to be consistent with the method we used to
measure the scale heights for HD 32297, HD 110058, and HD
131488. The vertical Gaussian fit from the visibility modeling of
the the HD 32297 ALMA continuum data, which has an angular
resolution of 0705, gave an aspect ratio of H/r = 0.015 =+ 0.002.
At the dust outer radius of 122 au, this gives a scale height of
1.83 £ 0.2au (L. Matra et al. 2023, private communication).
Forward modeling of the visibilities for HD 110058 yielded an
aspect ratio of h = 0.177005 (Hales et al. 2022) with a
degeneracy with the disk inclination. However, modeling of
the gas as well as scattered-light images suggested that the disk
has an inclination >80° (Esposito et al. 2020; Hales et al. 2022).
With this constraint on the inclination, Hales et al. (2022) found
that the disk is vertically thick with a vertical aspect ratio of
h=0.13-0.28. The angular resolution of the scattered-light
observations is better than that of the ALMA continuum, and the
inclination measured from forward modeling the CO is also
more precise than that of the ALMA continuum, suggesting that
the disk does have i > 80°. Because of this, we used the aspect
ratio of 4 = 0.13-0.28 from Hales et al. (2022) for HD 110058.

3.4. Trends between Millimeter/Micron Dust and CO Scale
Heights

We search for a trend between the estimated CO scale
heights and the ALMA dust scale heights for these four
systems. Figure 8 shows the ALMA dust scale height plotted as
a function of the CO scale height we estimated from
absorption-line spectroscopy. To facilitate comparison between

the CO and the millimeter dust, the estimated CO scale height
shown in Figure 8 is calculated at the dust outer radius. We find
that for each of the four systems, the estimated CO scale height
and the dust scale height are consistent within the uncertainties
(see Table 6), suggesting that the dust and CO have similar
vertical distributions in each of the systems. The uncertainties
in the CO scale height are determined by propagating the
uncertainties in inclination and radial distribution of each disk
through the calculation of the gas scale height.

To quantify any potential correlation between the estimated
CO scale height and the millimeter dust scale height, we
performed a Monte Carlo simulation of 10,000 iterations to
sample the uncertainty range of the dust and estimated CO
scale heights of each system. At each iteration, we sampled a
Gaussian distribution of the CO and dust scale heights for each
of the four systems, where the center of the Gaussian is the
best-fit scale height and the Gaussian o is the uncertainty (as
shown in Figure 8). We then calculated a Pearson’s r value and
a p-value at each iteration to check for a positive correlation.
From this Monte Carlo simulation, we produced a distribution
of 10,000 r and p-values. The probability distributions of the r
and p-values are shown in Figure 9. These probability
distributions were calculated such that the integral of all of
the bins is equivalent to 1.

We determine a Pearson’s r value from this Monte Carlo
simulation of » = 0.80 £+ 0.25, where 0.80 is the median of the
distribution and 0.25 is 1o. With the distribution of 10,000 r
values, we estimate a standard error on the r value of 0.0025.
This r value suggests that there is a positive linear correlation
between the estimated CO scale heights and the millimeter dust
scale heights of these four systems. We are able to rule out
Pearson’s r of r=0 at the 30 level. We found a p-value of
p=0.08 = 0.11, where 0.08 is the median and 0.11 is the 1o of
the distribution. The probability distribution of the p-values
peaks below 0.05; however, the distribution of p-values makes
it so we are unable to definitively conclude that the correlation
is statistically significant at the 5% level. Because of this, we
conclude that there is a potential correlation between the
estimated CO scale heights and the millimeter dust scale
heights in these four systems, since we cannot say for certain
that the correlation is statistically significant. We also call this a
potential correlation because the scale height of the HD 131488
millimeter dust is consistent with an upper limit from the
forward modeling. This potential correlation is also based on
the assumption that the CO is in hydrostatic equilibrium in
these four systems, which, as discussed above, may not be a
correct assumption.

To trace the vertical distribution of the micron-sized dust
grains in these disks, we also look for trends in scale height of
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Figure 6. Left: ALMA 1.33 mm continuum image of HD 131488. The contours show £2, 4, 6, and 10 times the image rms. The dashed lines show the negative contours,
while the solid lines show the positive contours. The circle shows the size of the primary beam. Second from left: best-fit 1.33 mm model continuum image for the HD 131488
disk. Third: residual image of the HD 131488 image and the best-fit model image, after convolving with the primary beam. The solid lines show positive contours that are 2
times the image rms, and the dashed lines show the negative contours that are 2 times the rms. Right: deprojected real and imaginary visibilites (blue) with the best-fit model
visibility (yellow). The deprojection is done using the best-fit model geometry as well as averaging the visibilities in bins of 30 k.

the scattered-light images. A value of the scattered-light scale
height is reported for § Pic in Millar-Blanchaer et al. (2015).
Duchéne et al. (2020) report a scattered-light scale height for
HD 32297, however they do not definitively conclude that they
vertically resolved the HD 32297 disk with GPI, so we treat
this scale height as an upper limit. From our GPI H-band
image, we put an upper limit of the scale height of HD 131488
in scattered light to be < ~5-6 au. Similarly, HD 110058 is not
vertically resolved in the H band with SPHERE and has a scale
height upper limit of < ~4 au in scattered light (Kasper et al.
2015). The micron-sized dust scale height is plotted as a
function of estimated CO scale height in Figure 10 (see Table 6
for values). We do not see the same trend as with the millimeter
and estimated CO scale heights, however three of the scattered-
light scale heights are upper limits, so it is difficult to identify
any trends.

4. Discussion
4.1. Origin of the Disk Scale Heights

The inclination distribution of the bodies in our Kuiper Belt has
been used to constrain the dynamical evolution of our solar system.
The high inclination of the “hot” population of Kuiper Belt objects
can be explained by gravitational interactions with a slowly
migrating Neptune (Nesvorny 2015). More generally, the inclina-
tion of planetesimals in a disk can be excited by secular
perturbations from planetary-mass bodies within the disk (e.g.,
Dawson et al. 2011) as well as scattering from gravitational
interactions with planets (e.g., Brown 2001).

For § Pic, Matra et al. (2019) suggest that the high
inclination of the millimeter-sized dust observed with ALMA
could be caused by gravitational interactions with planet-mass
bodies within the system. The ( Pic system has two known
planets: 3 Pic b (Lagrange et al. 2010) and § Pic ¢ (Lacour
et al. 2021). However, Matra et al. (2019) require an additional
planet to explain the inclination distribution of the millimeter-
sized dust. If both the millimeter-sized dust and CO in debris
disks are produced from the same population of planetesimals,
then it is possible that the CO scale height in debris disks can
also be altered by the presence of planets. The Ty and
corresponding CO scale height values that we estimate for (3
Pic, and possibly HD 110058 and HD 131488 could thus be
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due to dynamical excitation, potentially from unseen planets
currently below the detection limit of direct imaging, because
they cannot be explained by the measured gas excitation
temperature alone.

The vertical structure of the micron-sized dust in a debris disk
can be additionally impacted by radiation pressure and
collisional interactions between dust grains within the disk.
The micron-sized dust grains are thus not expected to be
vertically flat and are predicted to have a minimum aspect ratio
of h/R = 0.04 (Thébault 2009). The millimeter-sized dust grains
are expected to remain settled at the midplane in the absence of a
perturbing body and thus have an aspect ratio of #/R < 0.04
(Thébault 2009). The scale heights of the millimeter-sized dust
particles of the disks that are vertically resolved with ALMA,
Pic, HD 110058, and HD 131488 all have aspect ratios
h/R > 0.04. Therefore, the vertical structure of the millimeter-
sized particles in these disks cannot be explained solely by
radiation forces and collisions among particles.

HD 32297. The GPI scattered-light images of HD 32297
(Duchéne et al. 2020) do not show evidence of strong disk—planet
interactions. Duchéne et al. (2020) found a scale height aspect ratio
of /R ~ 0.04 for the GPI image of HD 32297. This is consistent
with the predicted scale height created from radiation forces and
collisions between dust particles from Thébault (2009). The scale
height aspect ratio of the millimeter-sized dust from ALMA is also
relatively small, #/R ~ 0.015 (H ~ 1.8 at 120 au; L. Matri et al.
2023, private communication). Our estimated 30 CO scale height
upper limit of <2 au is consistent with the dust scale height from
ALMA. From the estimated CO scale height and T} upper limits
for HD 32297, we similarly find no evidence for perturbations by a
planet in the system. The estimated CO scale height can be
explained by a gas temperature less than 30 K, which is appropriate
at the location of the disk ~80-120 au (MacGregor et al. 2018).
Thus, our findings on the vertical structure of HD 32297 are
consistent with the GPI H-band image that suggested HD 32297 is
a dynamically “cold system.

B Pic. The scattered-light images of 3 Pic from HST/STIS
(Apai et al. 2015) and the Very Large Telescope/NaCo (Milli
et al. 2014) both show a warp in the inner disk. This warp has
been attributed to gravitational interactions with the directly
imaged planet 3 Pic b (Nesvold & Kuchner 2015). This warp
structure was not seen in ALMA continuum images, however
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the vertical structure of the millimeter-sized dust seen with
ALMA could potentially be due to interactions with planet-
mass bodies in the system (Matra et al. 2019). We found that
the estimated CO scale height is too large to be explained by
the measured CO excitation temperature alone (see Table 4),
and could thus potentially have the same origin proposed for
the scale height of the millimeter-sized dust seen with ALMA,
if the scale height of CO is at all related to the velocity
distribution of the planetesimals.

HD 110058. The scattered-light images of HD 110058 show
evidence for dynamical interactions in the structure of the disk.
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Images from both SPHERE and GPI show a counterclockwise
warp on both sides of the disk (Kasper et al. 2015; Esposito
et al. 2020), similar to the warp seen in the [ Pic disk in
scattered light. HD 110058 does not have any directly imaged
companions, but the warp and the extent of the disk in the GPI
polarized-light image suggests that any potential warp-
inducing substellar companion is likely interior to 40au
(Esposito et al. 2020). We, however, cannot conclude that
our estimated CO scale height for HD 110058 is greater than
the measured excitation temperature due to the large uncer-
tainties on the disk inclination and therefore the CO scale



THE ASTROPHYSICAL JOURNAL, 962:166 (15pp), 2024 February 20

= ; ;
<

— 16}

=

%D 14+ HD 110058

o

S 12 [

<

x» 107 HD 131488

-

% 8 Beta Pic

A

. 6

g

g 4}

£ HD 32207

= 2l+—e

= 2 4 6 ) 10 12 14 16

Estimated CO Scale Height (au)
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bars on their dust scale height; their uncertainties are too small to be seen in this
figure. The millimeter dust scale height of HD 131488 is also consistent with
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height. A more precise measurement of the disk inclination is
required to determine if our estimated CO scale height can be
explained solely by the measured excitation temperature.

HD 131488. The estimated Ty value and corresponding CO
scale height are within the uncertainties of the measured CO
excitation temperature from absorption in the UV with HST (see
Table 4). Although, if the disk inclination is less than 87°, then the
estimated 7y value would be larger than the measured excitation
temperature of the gas. The scale height from the ALMA
continuum data is consistent with an upper limit, but could
potentially be resolved vertically if the disk inclination is greater
than ~84°. This uncertainty in the inclination, and thus the dust
and gas scale heights, could potentially be resolved with higher-
angular-resolution ALMA data, such as in the upcoming ARKS
ALMA Large Program (2022.1.00338.L), but this is currently the
level of uncertainty we have with the given data.

4.2. Origin of the CO in these Systems

The leading explanation for the origin of the gas in debris disks
is that the gas is of secondary origin released from collisions
between minor bodies or outgassing (Marino et al. 2016; Kral et al.
2019). In this case, the dust and the gas in debris disks are expected
to have similar spatial distributions because they have the same
origin from collisions within a population of planetesimals (Kdspal
et al. 2013; Hughes et al. 2018). Another possibility is that the dust
in these systems is secondary while the gas is primordial from the
protoplanetary disk. The latter scenario was favored for the HD
21997 debris disk because the dust and the CO gas are not
colocated (Kdspal et al. 2013). The similar vertical distribution
does not definitively prove that the gas and the dust have the same
origin; however, to be consistent with the secondary-origin
scenario to first order, it is expected that the gas and dust would
have similar spatial distributions (e.g., Hughes et al. 2018; Kral
et al. 2019). There are other factors that can influence the scale
height of the gas and dust in disks such as turbulence, gas—dust
interactions, and photodissociation, so a similar vertical distribution
of gas and dust would not definitively prove a similar origin.

In protoplanetary disks, however, which are also subject
to turbulence and gas—dust interactions, the scale height of
the millimeter-sized dust is typically smaller than that of
the more vertically extended gas (e.g., Villenave et al. 2020;
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Olofsson et al. 2022; Villenave et al. 2022). Villenave et al. (2020)
conducted a survey of edge-on protoplanetary disks and found
that the typical scale height of the millimeter-sized dust was on the
order of a few au at a radial distance of 100 au, compared to the
gas in those systems, which has a typical scale height of 10 au at a
radius of 100 au. Thus, the scale height of the dust and gas in the
primordial dust and gas scenario are expected to be different.
Here, however, we find that the scale height of the gas and
millimeter-sized dust is consistent with each other, which is not
what is found in protoplanetary disks with primordial gas. Our
finding that the millimeter-sized dust scale height is potentially
correlated with the estimated CO scale height for 3 Pic, HD
32297, HD 110058, and HD 131488 could be consistent with the
scenario wherein the dust and the CO are of similar origin and
produced in the same location in the disk, although it does not
prove secondary origin of the gas.

We also looked to see if the scale height of the millimeter-sized
dust in these four systems differs from the scale height we derive
for CO. We found that the scale height of the dust and CO are
consistent with each other due to the 20%—60% error bars for the
estimated CO scale height. Having a better constraint on the
inclination and radial distribution of the gas in these disks would
give a more precise estimation of the CO scale height. For now, we
cannot conclude that the CO and millimeter-sized dust have a
different vertical distribution in these four systems.

4.3. Is Scale Height an Indicator of Secondary-origin Gas?

The 49 Ceti debris disk is also known to have CO gas from
ALMA (Moér et al. 2019) and absorption from atomic carbon,
but no absorption is seen from CO (Roberge et al. 2014). One
interpretation of the nondetection of CO in absorption toward
49 Ceti is that the scale height of the gas disk is not large
enough to overcome the disk inclination. Hughes et al. (2018)
suggests that the small scale height of the 49 Ceti gas is
because the mean molecular weight is larger than what is
expected from a primordial gas disk dominated by H,.

The HD 32297 debris disk differs from 49 Ceti in that it is more
edge-on with an inclination of ~88° compared to 79° (Hughes
et al. 2017). Thus, the nondetection of CO in absorption for HD
32297 is more constraining on the upper limit of the CO scale
height. The small scale height upper limit we find for HD 32297
could be due to a high-mean-molecular-weight gas disk, which
would support the secondary-origin hypothesis as suggested in
Hughes et al. (2018). However, a recent study showed that the gas
scale height might not be a useful probe of the mean molecular
weight of the gas in a disk (Marino et al. 2022).

Theoretical modeling done by Marino et al. (2022) found that if
vertical mixing in the disk is weak, the distribution of CO can be
biased toward the midplane, due to the higher shielding from UV
photons at the midplane of the disk where CO will have a longer
lifetime. The gas being distributed near the midplane of the disk
will result in a small CO scale height that may not be
representative of the true distribution of gas in the system. Thus,
the similarity we find between the estimated CO scale height and
the millimeter dust scale height might not be due to a similar origin
as the dust.

4.4. Scale Height in Scattered-light Images

The models presented in Olofsson et al. (2022) find that the
presence of second-generation gas in a debris disk of mass
0.1-1 Mg, can cause the micron-sized dust particles to settle
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Figure 9. Left: probability distribution of Pearson’s r values from the Monte Carlo simulation to search for a correlation between the estimated CO scale height and
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Table 6
Dust and Estimated CO Scale Heights of the Four Debris Disks
Source ALMA Dust Scale Height Scattered-light Scale Height Estimated CO Scale Height at Dust Outer Radius* References
HD 32297 1.8+0.2 <3.5 <2 (1, 2,5)
£ Pic 82402 137593 7+ (1,3,4)
HD 110058 1343 <4 11+ {, 6)
HD 131488 943 <6 879 ey

Notes. All scale heights in this table are in units of au.

# Dust outer radii are listed in Table 3.

References. (1) This work, (2) L. Matra et al. (2023, private communication), (3) Matra et al. (2019), (4) Millar-Blanchaer et al. (2015), (5) Duchéne et al. (2020), (6)
Kasper et al. (2015).
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vertically resolve the HD 110058 debris disk in scattered light with
SPHERE in the H band and reports a scale height upper limit of
<4 au. We place an upper limit of <6 au for the scale height of
HD 131488 in scattered light. For these two systems, the
millimeter dust scale height is 973 for HD 131488 and 1373 for
HD 110058. Because of the degeneracy with scale height and
inclination from the forward modeling, the ALMA dust scale
height for HD 131488 is consistent with an upper limit if the
inclination is less than 84°. For HD 110058, as well as HD 131488
if the inclination is greater than 84°, the millimeter-sized dust scale
height is larger than the micron-sized dust scale height.

HD 110058 and potentially HD 131488 are well described by
these models presented in Olofsson et al. (2022) because they have
CO masses in the range of ~0.1-1 M., and may have vertically
extended millimeter-sized dust and vertically compact micron-
sized dust. Additionally, the models of Olofsson et al. (2022) also
show that if the gas is of primary origin, dominated by H, and with
a gas mass greater than 1 M, the disk will appear flat in both
scattered-light and millimeter images and there will not be a
significant difference in the scale heights of the different dust sizes.
HD 110058 and HD 131488 being potentially vertically resolved
in ALMA continuum images and not vertically resolved in
scattered-light images is consistent with the secondary-origin gas
scenario presented by Olofsson et al. (2022).

5. Conclusions

We present high-spectral-resolution (R = ~60,000) M-band
iSHELL observations to search for circumstellar CO absorption
toward HD 32297 as well as GPI H-band polarimetry-mode
observations of the HD 131488 debris disk in scattered light.
Our main findings are as follows:

1. We do not detect any CO absorption with iSHELL, and
we measure a 30 column density upper limit of
<6 x 10" cm ™. We estimate the scale height of the
CO disk to be <2 au across its radial extent.

2. We find a potential correlation between the millimeter dust
scale heights measured from ALMA and the estimated gas
scale heights in four systems: HD 32297, (3 Pic, HD 110058,
and HD 131488. This finding is consistent with the
millimeter-sized dust and the CO having the same secondary
origin from collisions with planetesimals.

3. The estimated gas scale height for 3 Pic is too large to be
explained by the measured excitation temperature of the
gas alone. This large scale height could be created by
dynamical excitation from planetary-mass objects that
excite minor bodies into inclined orbits.

4. We find that HD 131488 is not vertically resolved in
scattered light with GPI at the H band. The vertical structure
of this disk seen in scattered light and potentially thermal
emission is consistent with the models of Olofsson et al.
(2022), where the micron-sized grains settle to the disk
midplane due to interactions with gas while the millimeter-
sized grains remain on inclined orbits.
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Appendix

To estimate the scale height of the gas in these four disks, the
inclination, CO mass, and CO radial distribution must be known.
For HD 110058, the outer radius is not reported in the literature. In
order to perform the analysis of the scale height of HD 110058, we
first use publicly available data cubes from the ALMA archive of
12CO and Hales et al. (2022) to measure the outer radius of the gas.

To determine the outer radius of the gas disk around HD
110058, we use the 12CO data cube from the ALMA archive
(Hales et al. 2022) to create a position—velocity (PV) diagram.
We construct a PV diagram across the horizontal axis of the
disk. Diagonal lines on the PV diagram represent different
orbital radii in the plane of the disk, and we fit diagonal lines to
the outer edge of the PV diagram to determine the disk radii.
We use a stellar mass of 1.84 M., and an inclination of 85.5°.
The inclination and stellar mass is derived from simultaneously
fitting the '>CO J=3—2 and J=2—1 and '>CO J = 3—2 lines
with a radiative-transfer model in Hales et al. (2022). To fit the
PV diagram, we first determine its outer edge. This is done by
finding, at every offset position, the velocity where the flux
drops below a 5o threshold, as was done in Seifried et al.
(2016). If there is no flux value above the 5¢ threshold for a
given offset position, we do not include that offset position in
the fitting. The PV diagram with the best-fit radii (black lines)
is shown in Figure 11. The two black diagonal lines in
Figure 11 represent the best-fit orbital radii of 7 and 80 au to the
edges of the PV diagram. The red curve shows a Keplerian
orbit with the stellar mass and disk inclination reported by
Hales et al. (2022). With this fit, we constrain the radial
distribution of the gas to be between 7 + 7 and 80 4= 10 au. This
measurement for the outer radius is used in the calculation of
the scale height of HD 110058.

10 https://astropy.org/
" hitps: / /matplotlib.org/

12 http://www.numpy.org/
13 https:/ /scipy.org/
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Figure 11. PV diagram of '>CO J = 3—2 emission around HD 110058. The
red lines show the Keplerian orbit with an inclination of 85.5° and a stellar
mass of 1.84 M. The black lines show different radii in the orbital plane of the
disk, corresponding to an R;, of 7 au and an R, of 80 au.
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