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Abstract

Gas has been detected in a number of debris disks. It is likely secondary, i.e., produced by colliding solids. Here,
we report ALMA Band 8 observations of neutral carbon in the CO-rich debris disk around the 15–30Myr old
A-type star HD 32297. We find that C0 is located in a ring at ∼110 au with an FWHM of ∼80 au and has a mass of
(3.5±0.2)×10−3M⊕. Naively, such a surprisingly small mass can be accumulated from CO photodissociation
in a time as short as ∼104 yr. We develop a simple model for gas production and destruction in this system,
properly accounting for CO self-shielding and shielding by neutral carbon, and introducing a removal mechanism
for carbon gas. We find that the most likely scenario to explain both C0 and CO observations is one where the
carbon gas is rapidly removed on a timescale of order a thousand years and the system maintains a very high CO
production rate of ∼15M⊕Myr−1, much higher than the rate of dust grind-down. We propose a possible scenario
to meet these peculiar conditions: the capture of carbon onto dust grains, followed by rapid CO re-formation and
rerelease. In steady state, CO would continuously be recycled, producing a CO-rich gas ring that shows no
appreciable spreading over time. This picture might be extended to explain other gas-rich debris disks.

Unified Astronomy Thesaurus concepts: Exoplanet formation (492); Submillimeter astronomy (1647); Radio
interferometry (1346); Atomic spectroscopy (2099); Debris disks (363); Circumstellar gas (238)

1. Introduction

A considerable fraction of main-sequence stars are sur-
rounded by dusty disks known as debris disks (e.g., Hughes
et al. 2018). They are analogous to the asteroid belt and the
Kuiper Belt in the solar system, and are often interpreted as
leftover products from the planet formation era. The observed
dust is secondary, i.e., produced from the collisional destruc-
tion of larger (asteroidal or cometary) bodies. Observations of
debris disks can constrain the composition of these bodies as
well as the evolution and dynamics of extrasolar systems.

A subsample of debris disks, mainly surrounding young A-type
stars, are observed to contain gas besides the dust. The Atacama
Large Millimeter/submillimeter Array (ALMA) has been instru-
mental in increasing the sample of gaseous debris disks by
providing sensitive observations of CO emission (e.g., Kóspál et al.
2013; Lieman-Sifry et al. 2016; Moór et al. 2017). Today, about
20 gaseous debris disks are known. The observed CO masses show
a large spread. In some systems, the CO column density is so low
that CO is not self-shielded against photodissociation by the

interstellar radiation field (ISRF; e.g., Marino et al. 2016; Matrà
et al. 2017b, 2019). As a consequence, CO is photodissociated on a
short timescale (∼120 yr; Visser et al. 2009) and is therefore
secondary, produced from the destruction of icy, cometary bodies
(e.g., Kral et al. 2017). On the other hand, a few disks contain CO
masses comparable to protoplanetary disks (e.g., Kóspál et al.
2013; Moór et al. 2017). Such high CO masses have been difficult
to explain in a secondary scenario. Thus, it was suggested that these
are “hybrid” disks, i.e., disks where secondary dust and primordial
(i.e., leftover from the protoplanetary phase) gas coexist (Kóspál
et al. 2013; Moór et al. 2017; Péricaud et al. 2017). However, Kral
et al. (2019) and Marino et al. (2020) recently suggested that even
these disks can be explained by secondary gas production if
shielding of CO by neutral carbon is taken into account. Carbon is
continuously produced from CO photodissociation. Eventually, the
carbon column density can be high enough to attenuate dissociation
of CO, allowing a large CO mass to build up.
This process might be at work in the debris disk around HD

32297. Located at a distance of 132.3±1.0 pc (Bailer-Jones
et al. 2018), its spectral type has been described as A5–A717
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17 Torres et al. (2006) determined the spectral type to be A0, but this was
found to be too hot in several subsequent papers.
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(Fitzgerald et al. 2007; Donaldson et al. 2013; Rodigas et al.
2014), and its age has been estimated to be 15 Myr (Rodigas
et al. 2014) and <30Myr (Kalas 2005). The dust component of
the disk has been studied in considerable detail, both in
scattered light (e.g., Boccaletti et al. 2012; Currie et al. 2012;
Asensio-Torres et al. 2016) and thermal emission (e.g., Maness
et al. 2008; Donaldson et al. 2013; MacGregor et al. 2018). Gas
has been observed in the form of CO (Greaves et al. 2016;
MacGregor et al. 2018), C II (Donaldson et al. 2013), and Na I
(Redfield 2007). Because the 12CO emission is optically thick,
Moór et al. (2019) recently used observations of the 13CO and
C18O isotopologues to constrain the total CO mass. They argue
that the large CO mass can indeed be explained by secondary
CO production combined with C shielding.

As carbon is the direct descendant of CO, and because of the
pivotal role it plays in shielding CO, observations of carbon are
an important tool to improve our understanding of gaseous
debris disks. In this paper, we present ALMA observations of
neutral carbon emission toward HD 32297. We attempt to
explain the observations with a secondary gas production
scenario. Our paper is structured as follows: in Section 2, we
describe our observations. In Section 3, we present the data
analysis and determine the spatial distribution and mass of the
neutral carbon. In Section 4, we present a model of gas
production and destruction. We discuss our results in Section 5
and summarize in Section 6.

2. Observations and Data Reduction

The HD 32297 disk was observed in a single pointing with
ALMA Band 8 receivers on 2018 May 22 during ALMA Cycle
5 (project ID 2017.1.00201.S, PI: Cataldi). An array of 47
antennas arranged in a compact configuration was employed,
with baselines ranging from 15 to 314 m. The total integration
time was 45 minutes (with 18 minutes on HD 32297), and the
median precipitable water vapor was 0.6 mm.

The spectral setup consisted of three spectral windows
centered at 480, 482, and 494 GHz, each with a bandwidth of
2 GHz and 128 channels to observe the dust continuum. The

fourth spectral window was covering the C I3P1–
3P0 line at

492.16 GHz, with 1920 channels, a channel spacing of 488 kHz
(0.30 km s−1), and an effective spectral resolution18 of
0.34 km s−1 (spectral averaging factor N= 2).
The data were calibrated by the ALMA Science Pipeline

within the Common Astronomy Software Applications package
(CASA) 5.1.1 (McMullin et al. 2007). J0522–3627 (bandpass,
flux) and J0505+0459 (phase) were observed as calibration
sources.
For further processing of the calibrated visibilities, we used

CASA 5.3.0. We used the task uvcontsub to subtract the
continuum emission from the spectral window covering the C I
line (the line was masked for the continuum fit). We produced
an image cube by employing the CLEAN algorithm with the
task tclean and natural weighting. The synthesized beam is
0 72×0 65 (96 au×86 au) with a position angle (PA) of
67°. The achieved noise level (measured by taking the standard
deviation of a sample of data points in a region of the cube
without line emission) is 1.7×10−17 Wm−2 Hz−1 sr−1

(21 mJy beam−1). Figure 1 (left) shows the moment 0 map of
the C I line, produced by integrating the data cube over the
(barycentric) velocities of 15.5–25.5 km s−1.
We also produced a continuum map (Figure 1, right) by

imaging all spectral windows combined (with the C I line
masked) using the tclean task with natural weighting. The
synthesized beam is 0 73×0 66 (97 au×88 au) with a
PA of 66°. The noise level (measured as above) is 2.0×
10−19 Wm−2 Hz−1 sr−1 (0.25 mJy beam−1).
The primary beam19 at 492 GHz has an FWHM of ∼12″.

This is significantly larger than the extent of the disk, so we do
not apply a primary beam correction. Given our shortest
baseline, the maximum recoverable scale20 of our observations
is ∼5″, i.e., larger than the disk’s extent. Thus, no significant
amount of flux should have been filtered out by the
interferometer.

Figure 1. Left panel: moment 0 map of the C I 492 GHz emission observed toward HD 32297. The stellar position is at (0, 0). Contours are drawn at intervals of 3σ,
with σ=7.3×10−11 W m−2 sr−1. Right panel: ALMA Band 8 continuum image at 487 GHz (616 μm). Contours are drawn at intervals of 5σ, with
σ=1.7×10−19 W m−2 Hz−1 sr−1. The synthesized beams are shown as white ellipses in the lower left.

18 See ALMA Cycle 6 Technical Handbook, Table 5.2, https://almascience.
nrao.edu/documents-and-tools/cycle6/alma-technical-handbook.
19 See ALMA Cycle 6 Technical Handbook, Section 3.2.
20 See ALMA Cycle 6 Technical Handbook, Section 3.6.
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3. Data Analysis and Results

3.1. Total C I and Continuum Emission

No significant asymmetries are visible in either the line or the
continuum image. Their appearance is consistent with a ring
viewed edge-on. We measure the total C I and continuum emission
using the images in Figure 1 by integrating all emission above 3σ.
To estimate the error, we collect flux samples by shifting the
integration region to parts of the image where no emission is seen.
We adopt the standard deviation of the flux samples as our
estimate of the statistical error. An additional 10% flux calibration
error (Fomalont et al. 2014) is added in quadrature, and this turns
out to be the dominant error source. We find a total 492GHz C I
flux of (4.0±0.4)×10−20Wm−2 and a total 487GHz (616μm)
continuum flux of (2.2±0.2)×10−28Wm−2 Hz−1 (22.0±
2 mJy). Including previous continuum measurements from
Herschel/SPIRE21 at 350 and 500 μm and ALMA at 1.3 mm
(MacGregor et al. 2018), we derive a submillimeter spectral
index of 2.4. This value is comparable to the millimeter
spectral indices determined for a sample of debris disks by
MacGregor et al. (2016).

3.2. Position–Velocity (PV) Diagram

Figure 2 shows the PV diagram of the C I emission. We used
the PA measured in Appendix A to rotate the data cube in order
to align the midplane of the disk with the horizontal direction.
The rotated data cube is then integrated from −0 6 to 0 7 in
the vertical direction z, where z=0 denotes the midplane.22

Analogous to the PV diagram for CO by MacGregor et al.
(2018), we also plot the Keplerian velocity curve, i.e., the
extremum radial velocity that can be reached at projected
distance x from the star, assuming the same parameters as
MacGregor et al. (2018): a stellar mass of 1.7Me and an

inclination of 83°.6. In the absence of significant line broad-
ening or resolution effects, one expects all emission to lie
within these curves—as is observed. Hence, there is no
evidence for sub-Keplerian rotation, contrary to the conclusion
by MacGregor et al. (2018).

3.3. Modeling of the C I Emission

We proceed to constrain the spatial distribution and mass of
neutral carbon by fitting models to the C I data cube. For a
given model, specified by the spatial distribution of the gas and
the temperature profile, we first calculate the level population
and gas emission in each cell of a three-dimensional grid by
assuming local thermodynamic equilibrium (LTE). We verified
that LTE is a reasonable approximation by calculating the full
radiative transfer in non-LTE using the LIME code (Brinch &
Hogerheijde 2010) for a model that fits the data (Figure 4, see
below). For that model, the total flux calculated in LTE was
only a factor 1.3 higher than the flux from LIME. We use
atomic data from the Leiden Atomic and Molecular Database
(LAMDA, Schöier et al. 2005). The line emission profile is
assumed to be Gaussian with a broadening parameter of
1 km s−1. The emission is red- or blueshifted according to the
radial velocity (due to Keplerian rotation) of each grid cell.
Then, the model is ray-traced as described in Cataldi et al.
(2014) to account for optical depth. The resulting model cube is
convolved in the spatial and spectral dimension to match the
resolution of the data, and finally multiplied by the
primary beam.
Short of a detailed heating–cooling analysis, we simply

assume that the gas kinetic temperature behaves similarly to
the local blackbody and varies with radial distance r as

( ) ( )=T r T r100 au100 , where T100 is a normalization
constant obtained from the fit. The gas vertical scale height is
given by (e.g., Armitage 2009)

( ) ( )
m

=H r
kTr

m GM
, 1

p

3

*

where k is the Boltzmann constant, μ the mean molecular
weight, mp the proton mass, G the gravitational constant, and
M* the stellar mass. We assume μ=14 (gas mass dominated
by carbon and oxygen; Kral et al. 2017), although μ might be
higher because the CO mass in HD 32297 is large. The
assumptions on the temperature and molecular weight should
introduce only minor errors into our results.
We follow Kral et al. (2019) and consider a Gaussian surface

density profile for neutral C:

⎛
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where Σ0 is the surface density at r=r0 and σr describes the
radial width of the ring-like mass distribution. The number
density of neutral carbon is then given by

⎛
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where z is the distance from the midplane and mC the mass of
a C atom.

Figure 2. Position–velocity diagram of the C I emission. The x-coordinate runs
along the major axis of the disk. Contours are drawn at intervals of 3σ. The
spectro-spatial resolution is illustrated in the lower left by the white rectangle.
The dashed curves show the tangential velocity for gas at a projected distance x
from the star, assuming a stellar mass of 1.7 Me and an inclination of 83°. 6.

21 European Space Agency, 2017, Herschel SPIRE Point Source Catalogue,
Version 1.0. https://doi.org/10.5270/esa-6gfkpzh.
22 This slightly asymmetric integration is motivated by the vertical extent of
the 3σ contours in the moment 0 map.
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We use a Markov Chain Monte Carlo (MCMC) method
implemented by the emcee package (version 2.2.1; Foreman-
Mackey et al. 2013) to fit the model to our data (in the image
space). The correlated noise in the ALMA data is handled as
described by Booth et al. (2017). The following parameters are
free to vary: the disk inclination i, the stellar mass M*, the
stellar radial velocity v*, the ring location r0, the ring width σr,
the total mass of neutral carbon MC0, and the temperature
normalization T100. In addition, we also fit for astrometric
offsets of the disk center, Δx and Δz, which are parallel and
perpendicular to the midplane, respectively. For each parameter
θ, we assume uninformative priors, either with a location-
invariant density (π(θ)=const) or a scale-invariant density
(π(θ)∝θ−1), over the range given in Table 1. The PA is fixed
to 48°.5 as determined in Appendix A. The MCMC is run for
1500 steps with 200 walkers. We discarded the first 200
samples of each walker. Table 1 shows derived parameters
(50th percentile) together with error bars (16th and 84th
percentiles). Figure 3 shows the posterior distribution of
selected parameters. We note that the temperature is not well
constrained by our data. This reflects the fact that the fractional
population of the transition’s upper level peaks at ∼30 K and
then stays approximately constant for higher temperatures. The
relation between the mass and the temperature is governed by
the level population, as expected for an optically thin gas. The
derived inclination of  -

+77 .9 1.5
1.7 is lower than previously derived

values from dust observations with ALMA (  -
+83 .6 0.4

4.6; Mac-
Gregor et al. 2018) or from scattered light (∼88°; Boccaletti
et al. 2012; Currie et al. 2012). The origin of this discrepancy is
unclear, but one possibility is an asymmetry in the disk that our
model does not account for. We run an additional MCMC
simulation with a fixed inclination of 88° and verified that the
results for the other parameters do not change. In Figure 4, we
present the fit with the highest posterior probability in our
chain. No strong residuals are left, suggesting that our model is

a good representation of the true gas distribution. This model
has a peak optical depth of 0.2 along the line of sight.
We note that the calibration uncertainty, not included in the

MCMC fit, might introduce some additional uncertainty in the
fitted parameters.
In summary, the C0 gas distribution can be fit with a ring

centered at ∼110 au with an FWHM of ∼80 au. In Appendix B,
we also explore fitting the data using power-law models, to
accommodate the possibility that the gas has spread into a broad
disk. Our results there confirm that the gas is indeed distributed
in a ring-like geometry. In Appendix C, we use a simple
ionization calculation to confirm that our model is consistent
with the C II emission detected by Donaldson et al. (2013).

4. Model for Gas Production and Destruction

With the observations of CO (MacGregor et al. 2018; Moór
et al. 2019) and carbon (this work) at hand, we can now attempt
to model the history of gas production. In the simplest story,
two parameters describe this history: the event time, when gas
production began, and the CO gas production rate. The value
for the event time could be compared with the system age to
infer something about the origin of the debris disk, and the CO
production rate might be compared with the dust production
rate to constrain the composition of the planetesimals. Naively,
one expects the CO production rate to be a fraction of the dust
mass-loss rate (5.2M⊕Myr−1; Moór et al. 2019), reflecting the
fractional CO content of the gas-producing bodies (typically
assumed to be ∼10%, as suggested by outgassing solar system
comets; Huebner 2002). Our detailed modeling below suggests
that a significantly higher CO production rate is required to
explain the observed C and CO masses.
By using an ATLAS9 model23 tailored to HD32297, we

find that the CO photodissociation and C ionization rates are
dominated by the ISRF beyond ∼12 au from the star. This
allows us to ignore stellar radiation.
To put the following model into context, we first make a

simple order-of-magnitude estimate for the event time. We
assume that CO molecules are photodissociated in the two
surface layers of the disk by the ISRF without abatement, down
to a column density of NCO=1015 cm−2 (behind such a
column density, the dissociation rate is reduced by a factor
of 0.4 due to self-shielding; Visser et al. 2009). This implies
a total CO destruction rate of ( )p= DD r r N m2 2CO 0 CO CO
( ) ~ ÅM240yr 0.8 /Myr (where mCO is the mass of a CO
molecule, r0=110 au and Δr=80 au are from the Gaussian
ring model (Table 1), and the CO lifetime is 240 yr, i.e., twice
the unshielded lifetime as half of the ISRF is blocked by the
disk for molecules on the surface). To accumulate the observed
C0 mass of » ´ -M 3.5 10C

30 M⊕ (Table 1) will require a
timescale of

( )
( )» ~t

M

D12 28
10 yr. 40

C

CO

4
0

Compared to the system lifetime, this is a surprisingly short
timescale. As our model below shows, additional shielding of

Table 1
Fitted Parameters for the Gaussian Ring Model (Section 3.3) and the Double

Power-law Model (Appendix B)

Parameter Valuea Unit Priorb Rangec

Gaussian DPLd

i -
+77.9 1.5

1.7
-
+78.0 1.5

1.8 deg loc [65, 90]
r0 -

+109 4
3

-
+129 11

8 au loc [30, 200]
sr -

+35.4 3.5
3.8 L au sca [0, 100]

bin L -
+1.5 0.6

1.1 L loc [−10, 10]
bout L - -

+7.4 1.6
1.5 L loc [−10, 10]

T100 -
+117 60

98
-
+125 64

101 K sca [10, 300]
M C0 -

+3.5 0.2
0.2

-
+3.6 0.2

0.2 10−3
ÅM sca [0, 1000]

M* -
+1.59 0.05

0.05
-
+1.59 0.05

0.05
M sca [1, 3]

v* -
+20.67 0.04

0.04
-
+20.67 0.04

0.04 km s−1 loc [18, 22]
Dx - -

+0.06 0.01
0.01 - -

+0.06 0.01
0.01 arcsec loc [−0.75, 0.75]

Dz -
+0.04 0.01

0.01
-
+0.04 0.01

0.01 arcsec loc [−0.75, 0.75]

Notes. The parameters βin and βout are restricted to the double power-law
model.
a 50th percentile with error bars corresponding to the 16th and 84th percentile
of the posterior distribution.
b Location-invariant (loc) or scale-invariant (sca) prior.
c Parameter range explored by the MCMC fit.
d Double power law.

23 The young A star βPic is observed to emit above a standard model
atmosphere at wavelengths ∼900–1100 Å relevant for CO photodissociation
(Deleuil et al. 2001; Bouret et al. 2002; Roberge et al. 2006). Could the same
be true for HD32297? Unfortunately, to the best of our knowledge, no data in
this wavelength region are available for HD 32297. However, we inspected
Hubble Space Telescope /STIS spectra at longer wavelengths (1150–1700 Å)
and did not find evidence for emission above a standard atmospheric model.
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CO by carbon is unable to explain the short duration of the
production time we derive here. Instead, the removal of carbon
atomic gas by dust grains might alleviate the discrepancy
between a longer production time and the low observed
carbon mass.

4.1. Time Evolution Model

Here, we present a simple model to capture a few main
processes that affect the time evolution of CO and carbon. This
includes UV shielding of CO by carbon, CO self-shielding, and
carbon removal (e.g., via recapture by dust grains). The
shielding aspect of our model is similar in spirit to that in Kral
et al. (2019), Moór et al. (2019), and Marino et al. (2020), but
differs (substantially) in the treatment of shielding.

We consider only one radial zone of well-mixed gases and
discard the effect of gas removal by viscous spreading (as is
justified here; see Section 5.2). The CO mass evolves as

( )= -
dM

dt
P D , 5CO

CO CO

where PCO is the CO production rate by the debris ring and
DCO the CO photodestruction rate. CO is produced in a
collisional cascade among the debris.24 Intuitively, we might
expect some time dependence of PCO such as a gradual
decrease due to the collisional evolution of the disk (Marino
et al. 2020). However, for simplicity, we assume a constant CO

production rate. The carbon mass evolves with time as

( )
t

= -
dM

dt
D

M12

28
. 6C

CO
C

C

The second term on the right-hand side models a carbon sink
(e.g., capture onto dust grains). To convert MC into masses of
neutral and ionized carbon, a constant ionization fraction of 0.2
is assumed (Appendix C).
In contrast to Kral et al. (2019), we obtain the photo-

dissociation rate (DCO) using photon counting. The probability
that a given ISRF photon either ionizes C0 or dissociates CO is
given by

( ) ( ) ( )t t t= - - - = - -f 1 exp 1 exp 71 C CO tot0

where the optical depth ( ) ( )t l s l= Nx x x with Nx the vertical
column density and σx the wavelength-dependent cross section.
Under our assumption of perfect mixing, the fraction of these
photons dissociating CO is

( )s
s s

t
t

=
+

=f
n

n n
82

CO CO

C C CO CO

CO

tot0 0

where n denotes the number density. Let fν be the number of
ISRF photons hitting the disk per unit time, per unit frequency,
per unit area (taken from Draine 1978). The photodestruction
mass rate for CO is

( )ò f n= nD m Af f d 9CO CO 1 2

where p= DA r r2 0 is the surface of the disk. An alternative
derivation of this equation is given in Appendix E.

Figure 3. Posterior distributions for selected parameters of the Gaussian ring model. The vertical dashed lines indicate the 16th, 50th, and 84th percentile.

24 We ignore CO production by the gas-phase reaction C+O→CO+γ. The
rate coefficient is k=2.1×10−19 cm3 s−1 (at T�300 K; Glover et al. 2010).
For typical densities, this results in negligible CO production.
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Equation (9) can be used to derive an upper limit on the CO
destruction rate. We assume f1=f2=1 for any frequency ν,
where σCO(ν)>0, i.e., no photon that could potentially
destroy a CO molecule is lost. This leads to ~D 50CO

max

M⊕Myr−1 (with r0=110 au and Δr=80 au). In the case that
>P DCO CO

max , no steady state is possible.
We extend our model to also include the evolution of 13CO

and C18O. This is easily achieved by replacing τCO in
Equation (7) by t t t+ +CO CO C O12 13 18 . Then, the masses of
the isotopologues are evolved the same way as 12CO. The
wavelength-dependent cross sections of the different isotopo-
logues only overlap partially. Therefore, the lower abundance
isotopologues are more readily photodissociated because their
self-shielding is weaker. This effect is called isotopologue
selective photodissociation. It increases the ratios of
12CO/13CO and 12CO/C18O compared to the ISM ratios and
is naturally taken into account by our model.

The cross sections for CO photodissociation were provided
by A. Heays (2019, private communication) and are based on
Visser et al. (2009), while the ionization cross section σC is
from the database of “Photodissociation and photoionization of
astrophysically relevant molecules”25 (hereafter PPARM;
Heays et al. 2017); σC is essentially constant (∼1.6×
10−17 cm2) over the wavelength range where CO photodisso-
cation happens (Rollins & Rawlings 2012).

We note that the Kral et al. (2019) model has a different
approach to the calculation of the CO destruction rate, and we
argue that they underestimate it in the shielded regime. In their
model,

( ) ( ) ( )c s= ´ ´ ´ -D M S N Nexp 10CO CO 0 CO C C0 0

where χ0 is the unshielded ISRF photodissociation rate and
S(NCO) is the reduction on χ0 due to CO self-shielding under
a column density NCO (Visser et al. 2009). However,
Equation (10) is the dissociation rate for a CO molecule that
sits behind the full column densities of C and CO. First, such a
model ignores the CO dissociation in the shielding layer and
therefore overestimates the effect of shielding. In contrast, our
model predicts higher CO destruction rates because even if the
midplane is strongly self-shielded, ISRF photons are still used
to dissociate CO in the higher layers of the disk. Second, the
Kral et al. (2019) model also implicitly assumes that C forms a
separate layer at the surface of the disk, as expressed by the
exponential term in Equation (10). This maximizes the effect of
C shielding. In contrast, in our model, C and CO are well
mixed. Observations of C I that resolve the vertical structure are
needed to decide which prescription is a better representation of
a real disk.
Next, we consider carbon condensation onto dust grains. We

estimate the total dust cross section by adopting a dust mass of
0.57M⊕ (MacGregor et al. 2018), a minimum grain diameter

Figure 4. The Gaussian ring model with the highest posterior probability. The top row shows the moment 0 and the bottom row the PV diagram. The columns show
the data, the model, and the residual (data minus model, with contours in steps of 3σ). The parameter values for this model are as follows: i=77°. 4, r0=108 au,
σr=36 au, T100=76 K, = ´ -M 3.4 10C

30 M⊕, M*=1.6 Me, v*=20.7 km s−1, Δx=−0 06, Δy=0 04.

25 https://home.strw.leidenuniv.nl/~ewine/photo/
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equal to the blowout limit (∼10 μm), a maximum grain
diameter of 1 mm, and a power-law size distribution with index
−3.5. Adopting T=100 K and nC=370 cm−3 (from our
Gaussian ring model fit), we find that the mean free time of a C
atom before colliding with a dust grain is ∼5000 yr. Grigorieva
et al. (2007) also estimated the recondensation of water onto
dust grains. By adapting their Equation (17)26 to C, we find that
all C is recondensed on a timescale of ∼8000 yr. So, this
process might be important. Although collisions between C
atoms and grains have nearly unity sticking coefficient (e.g.,
Hollenbach & Salpeter 1970; Leitch-Devlin & Williams 1985),
thermal desorption might remove them again quickly. In a later
discussion, we consider this more in detail and also discuss
whether the accreted atoms can form fresh CO (Section 5.1).

In the following, we leave the removal timescale τC as a free
parameter in our model. Figure 5 illustrates three examples of
our model for different rates of CO production without and
with removal of carbon (taking t = ¥C and 5000 yr,
respectively). For these models, we fixed r0=110 au and
Δr=80 au. We find that without C removal, once either C0

shielding or CO self-shielding is significant, both C and CO
rise linearly and the C0/CO ratio remains constant. When the
CO production rate is low, C shielding is necessary before CO
can survive rapid destruction. This explains the initial delay in
its mass rise (left panel). Later on, both masses grow linearly,
with a fixed fraction of the freshly made CO being turned into
C. The ratio of C0/CO is above unity. In comparison, in the
models with a high CO production rate (middle and right
panels), even from the very beginning, CO self-shielding is

already significant. We still observe a linear growth in both
masses, but the C0/CO mass ratio is consistently below unity.
On the other hand, removal of C gas allows the system to settle
to a steady state in which the removal of C is balanced by its
production from CO dissociation. We note that the C0/CO ratio
decreases with increasing CO production rate, regardless of
whether or not C is removed. For HD32297, the observed
C0/CO=1 suggests that a large CO production rate will be
required to explain the observations.

4.2. Applying to HD 32297

Here, we apply our above model to the specific case of HD
32297. The planetesimal belt is observed to have a width of
∼40 au if we ignore the “halo component” (MacGregor et al.
2018). Thus, the C gas with its FWHM of ∼80 au is observed
to be mildly more spread out. For simplicity, we ignore this
difference and fix the width of the gas disk to 80 au.
Our model contains two unknowns: the event time (t0) at

which CO (and presumably dust) production commenced, and
the CO production rate (PCO). We aim to reproduce two
observables: the C0 mass (3.5×10−3 M⊕) and the mass of
C18O (1.4×10−4 M⊕, Moór et al. 2019). We use the C18O
mass because the main component of the CO gas, 12CO, is
optically thick and its mass cannot be determined accurately.
We also ignore 13CO as it may be optically thick as well.

4.2.1. Steady-state Solution

We first consider the case where the system described by
Equations (5) and (6) is in a steady state. A steady-state
solution only exists if C is removed, i.e., τC is finite.

Figure 5. Evolution of the CO and C0 mass for different CO production rates (rising from the left to the right). The solid lines are for models with τC=5000 yr and
the dashed lines for models without C removal (t = ¥C ). The horizontal lines indicate the masses at which C0 shielding (dotted) or CO self-shielding (dashed–dotted)
becomes significant, i.e., the dissociation rate in the midplane is reduced by a factor of 0.3. For models with t = ¥C , shielding allows both masses to rise linearly with
time, and the mass ratio of C0/CO remains constant. In contrast, models with C removal settle to a steady state within the simulated time span, except for the highest
CO production rate considered here (right panel).

26 We note an error in that equation. The numerical prefactor should be
1.8×10−20 rather than 1.8×10−26.
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In steady state, destruction rates equal production rates:
=P DC O C Oy z y z with yCzO a specific CO isotopologue. The

destruction rate D C Oy z can be calculated if masses of all CO
isotopologues and of C0 are known (Equation (9)). However, as
mentioned above, only the C18O mass is well measured (Moór
et al. 2019). To proceed, we first compute the 12CO and
13CO masses using the measured C18O mass, assuming ISM
ratios: = ´ -CO CO 1.4 1013 12 2 and = ´C O CO 1.818 12

-10 3 (Wilson 1999). We then calculate the destruction rate of
each isotopologue using Equation (9). By the steady-state
assumption, these destruction rates are equal to the production
rates. We find that the production rates of 13CO and C18O
(relative to 12CO) are enhanced by a factor of ∼6 relative to the
ISM ratios. This would imply that the gas-producing solids are
enhanced in 13CO and C18O. However, isotopologue ratios in
solar system comets show 12C/13C and 16O/18O ratios broadly
similar to the ISM ratios (e.g., Hässig et al. 2017; Altwegg et al.
2019, and references therein). This motivates us to search for
values of the 12CO and 13CO masses that imply CO production
rate ratios consistent with ISM ratios. We find =M 1.6CO12 M⊕
and = ´ -M 1.5 10CO

313 M⊕, i.e., we require a 12CO/C18O
mass ratio enhancement by a factor 20 relative to the ISM
value. This is not unexpected, because isotopologue selective
photodissociation can preferentially destroy the rarer isotopo-
logues. The CO production rate inferred from these masses is
very high, 16M⊕Myr−1. The corresponding steady-state C
removal timescale (Equation (6)) is short: τC≈700 yr. This is
a consequence of the small C0 mass we measure.

We note that with a CO mass as high as 1.6M⊕, carbon
shielding plays a relatively minor role—when ignoring the

shielding contribution of neutral carbon, the CO destruction
rate is increased by only ∼20%.

4.2.2. Full Calculation

We now do not assume steady state and instead evolve a grid
of models with different event times (t0) and CO production
rates (PCO) with the goal of reproducing the observed masses of
C0 and C18O. We fix the isotopologue ratios in the gas-
producing solids (i.e., the CO production rate ratios) to ISM
ratios.
Our model results are presented in Figure 6. In the case of no

C removal (t = ¥C , left panel), we find that only the
combination of an extremely high CO production rate and a
recent event can explain the data: PCO≈100 M⊕ Myr−1 and
t0≈1000 yr. As can be seen from the figure, for lower CO
production rates, that model exceeds the observed C mass long
before it has built up the observed C18O mass.
Figure 6 (right) shows a scenario were τC is adjusted such

that the observed gas masses can be explained with a steady-
state solution. We find τC∼700 yr is necessary, i.e., C gas
needs to be removed efficiently in order to reproduce the small
C mass we observe: for larger values of τC, the results are
qualitatively similar to the t = ¥C case, while for smaller
values, no solution is found. Even in this scenario, the required
CO production rate remains high at∼15M⊕Myr−1 (as mentioned
in Section 4, based on the dust mass-loss rate, we would expect a
CO production rate of ∼0.5M⊕Myr−1). Steady state is reached
after a few times 105 yr. The steady-state CO mass is 1.3M⊕.
These results are consistent with the steady-state solution
described in Section 4.2.1.

Figure 6. C18O mass (with color bar) calculated from our model as a function of CO production rate (vertical axis) and event time (horizontal axis) for a scenario
without the removal of C (left) and with τC=700 yr (right). The solid red and white lines show the parameter combinations that give rise to the observed C18O
(1.4×10−4 M⊕, Moór et al. 2019) and C0 (3.5×10−3 M⊕, this work) masses respectively, with the dashed lines corresponding to the ±3σ uncertainty ranges. The
correct parameters lie where these two sets of lines intersect. In the right panel, evolution settles down to a steady state, so we lose sensitivity to the event time after
∼105 yr.
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In Figure 7, we show the two models that can formally
explain the observed gas masses, with parameters as identified
from Figure 6. As mentioned above, the first model (no
removal of carbon) requires a very recent event and an
extremely large CO production rate. By the time the model fits
the observed C0 and C18O masses, the total CO mass released
is ∼0.1M⊕. This model can thus be interpreted as the recent
destruction of a ∼1M⊕ body with a CO fraction of 10%
releasing all of its CO within 1000 yr. In the following, we
focus on discussing the second model. In this latter case, the
model does not give us a unique answer regarding the event
time, other than that it must be greater than ∼105 yr. For
comparison, the system lifetime is larger than 15 Myr. The CO
production rate of 15M⊕Myr−1 is in contrast with the result
from Moór et al. (2019), where they found that PCO≈3.
6×10−2M⊕ Myr−1. However, the Moór et al. (2019) model
overpredicts the C0 mass by a factor of 10 compared to our
data, despite underestimating the CO breakdown rate due to the
different treatment of shielding (Section 4.1).

5. Discussion

The results of our steady-state model have two obvious
contradictions: the inferred CO production rate (15M⊕Myr−1)
exceeds the total dust mass-loss rate (5.2M⊕Myr−1; Moór
et al. 2019), and the C removal timescale (τC=700 yr) is
shorter than what we naively estimated based on dust cross
section (∼5000 yr; see Section 4.1).

For a CO (and CO2) mass fraction of 10%, we expect a CO
production rate ∼30 times below what we obtain above. A
number of factors may bring some relief: uncertainties on the
value of dust grind-down rate can be up to a factor of 10 (Kral
et al. 2019); the CO production rate may be time-dependent, as
opposed to being constant as assumed here (Marino et al. 2020).

But a tension remains in that our required CO production rate is
higher than the total dust rate.
In the following, we discuss a new process: CO re-

formation. We describe how this process could allow the CO
production rate to be (much) larger than the dust grind-down
rate. It could also explain the belt-like appearance of the gas
disk. We then go on to discuss the inferred carbon removal
time and a number of alternative removal processes. We end by
discussing the implications of our results for the origin of
debris disks.

5.1. Carbon Removal by Dust Grains and CO Re-formation

Here, we consider the fate of carbon atoms that collide with
dust grains. We also discuss the possibility that accreted C
atoms will react with O to re-form CO. Although O I 63 μm
emission was not detected by Herschel (Donaldson et al. 2013),
we expect O to be at least as abundant as C, thanks to
photodissociation of CO, CO2, and H2O, all of which should be
present in the cometary parent bodies.
We first consider if atoms can remain on the grain or are

quickly rereleased to the gas phase by thermal desorption. The
rate of thermal desorption Rtd depends on the binding energy Ei

(Hollenbach & Salpeter 1970; Tielens & Hagen 1982):

( )n» -R e 11i
E kT

td d gr

where νi∼1013 s−1 (Tielens & Hagen 1982) is the character-
istic oscillation frequency for the atom in the lattice potential.
The value of the binding energy depends on the type of
interaction between the adsorbate and the surface (e.g.,
Tielens 2005). Binding by van der Waals forces (physiosorp-
tion) is relatively weak (0.01–0.2 eV; Tielens 2005), while
valence bonds (chemisorption) are stronger (∼1 eV). Whether
adsorbed atoms are physiosorbed or chemisorbed depends on

Figure 7. Evolution of models without (left) and with (right) removal of C gas that can reproduce the observed C0 and C18O masses (model parameters as inferred
from Figure 6). The horizontal dashed lines indicate the observed masses, with the shaded regions corresponding to ±3σ ranges.
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the grain properties (e.g., chemical composition, temperature;
Y. Aikawa 2020, private communication). For instance, let us
assume a grain temperature of 50 K. If C is physiosorbed
witha binding energy of 0.1 eV, it would be thermally
desorbed in a fraction of a second. In such a case, dust grains
cannot act as a C sink. On the other hand, chemisorbed C can
be accumulated on the grains. More studies (e.g., quantum
chemical computations such as in Shimonishi et al. 2018) are
needed to determine the binding energy of C (and O) on dust
grains.

Next, we consider the possibility that accreted C and O
atoms re-form CO on the dust grains. Detailed modeling to
determine if and under which conditions C+O→CO can
proceed on the dust grains27 is beyond the scope of this paper.
However, if the reaction proceeds, it has interesting con-
sequences. CO is then continuously recycled: it is released
from grains, photodissociated by the ISRF, C and O reaccreted
onto grains, CO re-formed rapidly, and rereleased into space. In
this picture, as long as a certain amount of CO is injected as gas
at some point, there is no need for fresh CO production. The
CO production rate that we infer would simply be a result of
CO re-formation. Consider a C mass of 3×10−3M⊕ and a
removal time of τC=700 yr. This yields the rate of CO re-
formation, ∼10M⊕Myr−1, as we obtain above. It is not
necessary for the CO production rate to be limited by the dust
grind-down rate. CO re-formation would also explain why the
carbon gas is concentrated into a narrow radial belt—all gas
components have been released so recently that they have not
had time to spread viscously.

We experimented with a modified version of our model with
an additional CO source term equal to tM28 12 C C, i.e., each
removed C atom is immediately converted to a CO molecule.
Then, the observed C and CO masses can indeed be reproduced
with much smaller CO production rates (PCO1M⊕ Myr−1)
compared to our standard model.

5.2. Other C Removal Processes

While consideration of dust capture yields a carbon removal
time of τC∼5000 yr (Section 4.1), our model requires a much
shorter τc∼700 yr, in order to explain the low C0 mass we
infer from the ALMA observations. We consider a number of
alternative carbon removal mechanisms, but do not find a
satisfactory solution to this problem at the moment.

1. Gas accretion into the star appears ineffective in
HD32297, as the gas ring appears narrow, not radially
spread into an accretion disk. Indeed, our modeling of the
C I emission suggests that the gas is distributed in a ring
that is only mildly broader than the dust ring.

2. Can one or several planets inward of the dust belt prevent
the formation of an accretion disk by accreting gas
themselves? So far, no giant planets have been found in
direct imaging searches around HD 32297 (Boccaletti
et al. 2012; Rodigas et al. 2014; Bhowmik et al. 2019). In
the most recent study, Bhowmik et al. (2019) exclude the
presence of planets with 2.5–6 Jupiter masses at projected
distances beyond ∼80 au. However, because of the edge-
on geometry of the disk, planets might be hiding close to

the line of sight toward the star. Furthermore, Marino
et al. (2020) found that smaller, currently undetectable
Neptune-class planets can be sufficient to accrete gas.

3. Marino et al. (2020) recently suggested that C might
become undetectable as it viscously spreads outwards to
regions at larger radii with lower surface density. More
detailed modeling is needed to test this proposition.
Naively, one might expect this to be less of a problem for
an edge-on disk like HD32297 where the column density
along the line of sight is high compared to a face-on disk.
This scenario would also imply efficient spreading and
thus would again require a mechanism to prevent the
formation of an inward accretion disk (see the previous
point).

4. What about carbon removal by gas-phase chemistry?
Consulting the chemical network and reaction rates
relevant for protoplanetary disks, as compiled by Glover
et al. (2010), we find that the most probable pathway for
carbon removal is the following reaction:28

( )+  +OH C CO H, 12

with a reaction rate of = -k 10 10 cm3 s−1 (similarly,
OH+C+→CO+ + H has k=7.7×10−10 cm3 s−1).
Thus, to match our required C removal timescale of
τC=700 yr, we would require ( )t= =-n k 0.5OH C

1

cm−3. The OH molecules are likely the results of water
photodissociation, and they are highly vulnerable to UV
photodissociation. So, for this channel to be effective in
removing carbon gas, one requires a copious amount of
water production. We encourage more detailed modeling
to assess how chemistry influences the evolution of debris
disk gas.

5. Can carbon gas spontaneously condense into solid form,
without the assistance of dust grains? The low-temper-
ature phase diagram of carbon (see, e.g., Jaworski et al.
2016) shows that the vapor pressure for condensation of
gaseous atomic C into solid state at the relevant
temperature range is orders of magnitude below the gas
pressure in the disk. However, typical condensation
requires the presence of seed nuclei. These nuclei ought
to be scarce as they are quickly removed by the radiation
pressure from the A star (Weingartner & Draine 2001),
although sufficient amounts of gas could lengthen their
residence time.

Another possible solution might be to assume a CO
production that is enhanced in isotopologues. For instance,
we experimented with a model where the production rate of
13CO and C18O, relative to 12CO, is enhanced by a factor of 10
from the ISM ratio. At steady state, we require a CO production
rate of 5M⊕Myr−1, and a carbon removal time of τc∼
2000 yr, more similar to the 5000 yr inferred in Section 4.1.

5.3. Other Uncertainties

The conclusions we draw from our modeling rely heavily on
our main observational result: the low mass of neutral carbon.
How robust is this mass measurement? Could it be that the
small error bars (see Table 1) derived from the MCMC
modeling are underestimating the real uncertainty? One
scenario that could increase the C0 mass estimate is a low

27 Although the formation of CO is energetically favorable (the CO binding
energy is ∼10 eV), the reaction might have a barrier if C and/or O are strongly
bound to the dust grain.

28 Another reaction, +  ++C O CO O2 , is likely less important on account
of the lower density of the fragile O2 molecules.
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kinetic temperature. This could lead to a high optical depth,
allowing for an arbitrarily high C0 mass, in principle. We
discuss this possibility in Appendix D. Overall, we believe that
our mass error bars are reasonable.

Regarding UV shielding, we can exclude the possibility of
another shielding agent. Other than carbon and CO, there are
no promising molecules or atoms in the PPARM database that
have the required high cross section at the relevant wavelengths
to provide shielding.

Next, the strength of the ISRF may be somewhat uncertain.
Very few direct observations exist (e.g., Henry 2002), and there
may also be some spatial variations caused by proximity to
massive stars (e.g., van Dishoeck 1994). A weaker ISRF than
the canonical value assumed here would reduce the CO
destruction rate, and correspondingly, the inferred CO produc-
tion rate.

Finally, our model assumes that CO and C are well mixed.
When instead assuming that all C is concentrated at the surface
of the disk (this configuration maximizes C shielding), the
derived CO production rates and C removal timescales only
change by a factor of ∼2. This reflects the modest shielding by
the small measured C mass. For larger C masses, the difference
can be more dramatic.

5.4. Implications for Debris Disks

When was the dusty disk around HD 32297 produced? Is it
as old as the star, or is it the result of a recent catastrophic
event? What is the total mass of the underlying planetesimal
belt? Our model without C removal requires a catastrophic
event 1000 yr ago, i.e., the CO gas was released within an
orbital timescale. In such a scenario, the symmetric appearance
of the disk in CO and C I is challenging to explain. On the other
hand, our steady-state model cannot give a unique answer to
the event time, so we look to other evidence for guidance.

If the CO gas has been steadily produced over a long
timescale, it and its descendants (carbon and oxygen gas) ought
to have viscously spread out and eventually accreted onto the
star. For a gas belt of width Δr and an α parameter of 0.01, as
likely appropriate for gaseous debris disks (Kral & Latter 2016),
the time required to double the radial width is of order
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However, our modeling of the C I emission (Section 3.3)
suggests that the gas is distributed in a ring that is only mildly
broader than the dust ring, indicating that there has been
insignificant radial spreading around HD 32297 since gas
production started. Could this imply that the event time is
shorter than the system lifetime (�15 Myr)? The answer is no.
Any newly outgassed CO is necessarily concentrated near the
grains’ orbits. It is photodissociated within a time short
compared to the above spreading time (mean lifetime in our
model is 0.1 Myr). And its descendant, the C gas, is rapidly
removed (τC∼700 yr). So no radial spreading is allowed in
the steady-state model.

The high CO production rate that we obtain (∼15M⊕Myr−1)
can in principle place a constraint on the event time, as it is not
sustainable over a long period of time. However, this is not true if
CO recycling occurs. In the latter case, even if gas production
started right after the dispersal of the protoplanetary disk, the

minimum CO required is still only of order M⊕ (the current CO
gas mass), roughly the amount of CO contained by a comet belt
of some 10M⊕. This total mass is consistent with the estimates
based on the gradual luminosity evolution of debris disks (e.g.,
Shannon & Wu 2011).
Previously, Cataldi et al. (2018) concluded that the debris

disk around βPic had to have been produced recently. In that
system, the 12CO emission is optically thin, and the CO mass
can be directly measured (Matrà et al. 2017a). It is at least three
orders of magnitude lower than that in HD 32297, while the
carbon masses are comparable. Moreover, both CO and carbon
are distributed in a highly asymmetric, radially confined ring
(Cataldi et al. 2018). The low C and CO masses imply little
shielding, and the CO lifetime is as short as ∼50 yr, or a CO
destruction rate of 0.6M⊕Myr−1. Assuming that the low
amount of C is the integrated result of this destruction rate,
Cataldi et al. (2018) concluded that carbon can be accumulated
in a time as short as 104 yr. However, this picture of a short
event time would drastically be changed if C is removed. In
such a case, the low carbon mass no longer places a constraint
on the event time directly.
Besides βPic and HD 32297, there are currently two other

debris disks with resolved CO and C I observations:
HD131835 and 49Ceti. For HD 131835, Kral et al. (2019)
derived r0=90 au, Δr=70 au, and a C0 mass between
2.7×10−3M⊕ and 1.2×10−2M⊕. The CO mass is estimated
at 0.04M⊕ (Moór et al. 2017; Kral et al. 2019). The spatial
distribution of the gas is uncertain, and there remains the
possibility that an accretion disk has formed (Kral et al. 2019).
For 49Ceti, the dust belt is concentrated around r0∼100 au,
with a width Δr∼80 au (the double power-law model of
Hughes et al. 2017), while the carbon mass is = ´M 3C0

-10 3 M⊕ (assuming optically thin emission; A. Higuchi 2019,
private communication) and the CO mass (if ISM ratios apply)
(1.11±0.13)×10−2M⊕ (Moór et al. 2019). Hughes et al.
(2017) found that the CO observations are well described by a
model where the surface density increases with radius between
∼20 and ∼220 au, suggesting that an accretion disk is unlikely.
Both disks might be qualitatively explained by a scenario
similar to HD32297 (Figure 7 right).
Recently, Marino et al. (2020) presented a population

synthesis study by coupling the secondary gas production
model by Kral et al. (2019) with a dust collisional evolution
model (i.e., the dust grind-down rate, and thus CO production,
decays with time). While they find agreement with measured
CO masses, their model tends to overpredict the masses of
neutral C, although they get better agreement by assuming that
C beyond the belt location is not detectable in observations.
This result seems analogous to our finding that the small C
mass around HD32297 is difficult to reproduce with a CO
production rate derived from the dust mass-loss rate.

6. Summary

In this work, we present resolved ALMA observations of C I
emission at 492 GHz from the HD 32297 debris disk. The data
are used to investigate the age and the gas production rate of
the disk. Our results can be summarized as follows:

1. The spatial distribution of neutral carbon can be modeled
by a Gaussian ring surface density profile centered at
110 au with an FWHM of 80 au. A double power-law
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model can also fit the data satisfactorily. The mass of
neutral carbon is (3.5±0.2)×10−3M⊕.

2. We attempt to explain the gas-rich debris disk around
HD32297 by secondary gas production. We present a
model where CO is produced at a fixed rate and destroyed
by photodissociation, which in turn produces carbon. The
carbon can itself be removed (e.g., by capture onto dust
grains). The model includes CO self-shielding and CO
shielding by neutral carbon.

3. We aim to reproduce both the C0 mass determined in this
work and the C18O mass. Without removal of C gas, our
model requires that 0.1M⊕ of CO were released over the
past 1000 yr, maybe in the catastrophic destruction of a
planetary body. However, the absence of asymmetries in
the C I and CO data might be hard to explain in such a
scenario. For a steady-state solution, the model requires
very efficient removal of C (τC∼700 yr). Even in that
case, the CO production rate remains high at
∼15M⊕Myr−1, exceeding the dust mass removal rate.
For such high CO production rates, shielding by C is
negligible compared to CO self-shielding. The total CO
mass inferred from our model in steady state is 1.6M⊕.

4. The existence of a steady-state solution means that the
event time (the time when dust and gas production
commence) is not constrained in our model.

5. We consider the fate of C0 atoms that collide with grains.
Depending on the binding energy, they may stick to the
grains. We propose that they might re-form CO (with
incoming O atoms) that is rereleased to the gas phase.
This would lead to a continuous recycling of CO. Such a
picture would explain the high CO production rate, and
the belt-like gas disk, despite viscous spreading.

It is desirable to verify our model and to extend it to other
debris disks with gas observations. In particular, the idea of CO
re-formation needs to be tested, as it might be an important
process in gas-rich debris disks. And there still exists a
discrepancy between our inferred carbon removal timescale and
that estimated based on dust grain capture.
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Appendix A
Position Angle of the Disk

The PA of the HD 32297 disk was measured from ALMA
Band 6 continuum data by MacGregor et al. (2018). They
found 47°.9±0°.2, consistent with measurements from scat-
tered-light observations (e.g., Asensio-Torres et al. 2016). We
measure the PA from our continuum image (Figure 1, right).
For a given trial PA f, we first rotate the disk by an angle π–f
to align it with the horizontal axis. Then, we use three different
methods to grade the trial PA:

1. We consider the flux inside a 2″×0 4 box (this is
slightly smaller than the extent of the disk) centered at the
stellar position. We search for the PA that maximizes
the flux.

2. We follow Asensio-Torres et al. (2016) and mirror the
rotated image along the vertical axis. Then, the mirror
image is subtracted from the rotated image to get a
residual image. We search for the PA f that minimizes
the residuals.

3. We follow Matrà et al. (2017a) and fit a Gaussian to each
vertical row of pixels in the rotated image. The centers of
the Gaussians define the spine of the disk. We perform a
linear fit to the spine. We search for the PA that produces
a linear fit to the spine with a slope closest to zero.

We consider trial PAs between 43° and 53° with steps of 0°.2,
giving us an estimate of the PA for each of the three methods.
In order to estimate errors, we employ a Monte Carlo method
and resample the data 1000 times by adding noise to our image
and repeating the fit (e.g., Andrae 2010). The noise in our
image is correlated. We extend the method described in
AppendixA of Cataldi et al. (2014) to two dimensions to
produce synthetic correlated noise that can be added to our
image. We find PA values of 49°.2±1°.0, 48°.2±1°.3, and
48°.2±1°.0 for each of the above methods, respectively.
Taking the mean and combining the errors quadratically yield a
final estimate of 48°.5±0°.6, consistent with the value derived
by MacGregor et al. (2018). We repeat the analysis for the C I
moment 0 map (Figure 1, left) and find values consistent with
the PA estimated from the continuum.

Appendix B
Power-law Models

We also fit the double power law proposed by Kral et al.
(2019) to our data. The surface density of neutral C is given by
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The fitted parameters remain the same as for the Gaussian ring,
except that σr is replaced by βin and βout. Table 1 lists the
derived parameter values. Figures B1 and B2 show the
posterior distribution of selected parameters and the fit with
the highest posterior probability, respectively. From the
posterior probability distribution we find that the parameter
βin>1 at the 81% confidence level, suggesting that the inner
region is devoid of gas, as seen for the Gaussian ring fit. The
parameter βout is strongly negative, implying a sharp cutoff of
the gas density at r0.

In order to further test the inner extent of the disk, we fit a
third model that has the same surface density as the double
power law, except that no gas is present inside of a minimum
radius rmin. Also, because rmin and βin>0 have a similar
effect, we force βin to be negative. We find that rmin>60 au at
the 95% confidence level, giving further confidence that the gas
is distributed in a ring-like geometry.

Appendix C
Comparison to C II Data

Donaldson et al. (2013) detected C II 158 μm emission
toward HD 32297. We check whether our C0 models are
consistent with this measurement. For a given model describing
the distribution of neutral carbon, we calculate the ionization in
every grid cell of the model. For simplicity, we assume that the
gas is optically thin to ionizing radiation. This assumption is
justified, because the ISRF is the dominating source of ionizing

photons, and the typical vertical optical depth of our models to
ionizing radiation is only ∼1. Note, however, that, although
ignored here, the optical depth of C0 to ionizing radiation is
important when considering the shielding of CO (Section 4.1).
Assuming that electrons are solely produced by C ionization,
the C+ number density is given by

( )
x

=
G

+n
n

, C1C
C0

where Γ is the ionization rate computed using cross sections
from the NORAD database29 (Nahar & Pradhan 1991) and ξ

the recombination rate, taken from the same database
(Nahar 1995, 1996). Assuming again LTE and ray-tracing the
C II as described in Section 3.3, we can compute the total C II

flux. We find C II fluxes of 2.74×10−18 Wm−1 and
2.44×10−18 Wm−1 for the Gaussian ring model of Figure 4
and the double power-law model of Figure B2, respectively.
This compares well to the Donaldson et al. (2013) measure-
ment of 2.68±0.72×10−18Wm−2. The typical ionization
fraction in the midplane at r0 of these models is ∼0.2.
We point out that the lower limit on the C+ column density

derived by Donaldson et al. (2013) is too low by a factor of
∼106, presumably because of a computation error. Also, their
Equation (2) is incorrect: the factor g1 should be removed.

Figure B1. Posterior distributions for selected parameters of the double power-law model. The vertical dashed lines indicate the 16th, 50th, and 84th percentiles.

29 http://www.astronomy.ohio-state.edu/~nahar/nahar_radiativeatomicdata/
index.html
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Is it possible that an accretion disk is present, but that carbon
is largely ionized in the inner regions and thus eludes detection
by ALMA? Given that the ISRF dominates the ionization of C
except in close vicinity to the star ( r 12 au), the inner region
is expected to actually be more neutral in an accretion disk,
thanks to the higher recombination rate in that denser part.

Appendix D
Uncertainty of C Mass Due to Low Kinetic Temperature

Here we investigate whether the mass of neutral carbon could
be higher than determined in Section 3.3 due to low kinetic
temperature. We ran another MCMC for the Gaussian ring
model where we forced T100<15 K and fixed the parameters i,
M*, v*, Δx, and Δz to their 50th percentile value as listed in
Table 1. The 99th percentile of the C0 mass distribution derived
from this additional MCMC is 0.01M⊕, only a factor of ∼3
larger than the 50th percentile from our original MCMC.

In addition, an argument against low temperature comes
from the observed C II flux (Donaldson et al. 2013). At low
temperature, the C II 158 μm line becomes hard to excite. We
can derive a lower limit on the kinetic temperature by
considering the maximum C II flux that can possibly be emitted
for a given kinetic temperature Tkin:

( ) ( )n= WDnF B T , D1max kin

where Bν is the Planck function, Ω the solid angle of the
emitting region, and n nD = Dv c0 the width of the emission
line (we assume Δv=9 km s−1; see Figure 2). Equation (D1)

corresponds to completely optically thick emission. Assuming
W = r H d2 4max

2 (i.e., an edge-on disk extending out to rmax in
the radial direction and two scale heights H in the vertical
direction, seen at distance d) with rmax=150 au and H=7 au,
we find that the C II flux observed by Donaldson et al. (2013)
can only be reproduced if Tkin>28 K.
Of course, if there is a strong temperature gradient in the

disk, mass could still be hiding in low-temperature regions.

Appendix E
Alternative Derivation of the CO Destruction Rate

Here we present an alternative derivation of the CO
destruction rate. Let a CO molecule be located at a depth z.
The probability that a given photon will survive to the depth z
is ( ( ))t- zexp tot . Thus, the probability that this ISRF photon
will destroy this particular CO molecule is

( ( )) ( )t
s

= -p z
A

exp . E1i tot
CO

To get the probability that the photon destroys any of the CO
molecules in the disk, we have to sum over all CO molecules:

( ) ( ( )) ( )òå s t= = -p p n z dzCO exp . E2
i

i CO CO tot

Using ( ) ( )t s s= +z z n ntot C C CO CO0 0 , this expression is easily
evaluated to be ( ( ))t t t- -1 exp tot CO tot, from which
Equation (9), which integrates over all available photons,
follows.

Figure B2. Same as Figure 4, but for the double power-law model. The parameter values for this model are as follows: i=77°. 2, r0=136 au, βin=1.1, βout=−9.0,
T100=69 K, = ´ -M 3.3 10C

30 M⊕, M*=1.6 Me, v*=20.7 km s−1, Δx=−0 05, Δy=0 04.
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