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ABSTRACT

Context. The carbon content of protoplanetary disks is an important parameter to characterize planets formed at different disk radii.
There is some evidence from far-infrared and submillimeter observations that gas in the outer disk is depleted in carbon, with a cor-
responding enhancement of carbon-rich ices at the disk midplane. Observations of the carbon content inside of the inner sublimation
rim could confirm how much carbon remains locked in kilometer size bodies in the disk.

Aims. 1 aim to determine the density, temperature, and carbon abundance inside the disk dust sublimation rim in a set of T Tauri stars
with full protoplanetary disks.

Methods. Using medium-resolution, near-infrared (0.8-2.5 um) spectra and the new Gaia DR2 distances, I self-consistently determine
the stellar, extinction, veiling, and accretion properties of the 26 stars in my sample. From these values, and non-accreting T Tauri spec-
tral templates, I extract the inner disk excess of the target stars from their observed spectra. Then I identify a series of C° recombination
lines in 18 of these disks and use the CHIANTI atomic line database with an optically thin slab model to constrain the average n., T,
and n, for these lines in the five disks with a complete set of lines. By comparing these values with other slab models of the inner disk
using the Cloudy photoionization code, I also constrain ny and the carbon abundance, X, and hence the amount of carbon “missing”
from the slab. For one disk, DR Tau, I use relative abundances for the accretion stream from the literature to also determine Xs; and
Xx.

Results. The inner disks modeled here are extremely dense (ny ~ 10'® cm™3), warm (T, ~ 4500 K), and moderately ionized
(log X. ~ 3.3). Three of the five modeled disks show robust carbon depletion up to a factor of 42 relative to the solar value. I dis-
cuss multiple ways in which the “missing” carbon could be locked out of the accreting gas. Given the high-density inner disk gas,
evidence for radial drift, and lack of obvious gaps in these three systems, their carbon depletion is most consistent with the “missing”
carbon being sequestered in kilometer size bodies. For DR Tau, nitrogen and silicon are also depleted by factors of 45 and 4, respec-
tively, suggesting that the kilometer size bodies into which the grains are locked were formed beyond the N, snowline. I explore briefly

what improvements in the models and observations are needed to better address this topic in the future.

Key words. astrochemistry — line: formation — solid state: volatile — techniques: spectroscopic — protoplanetary disks —

stars: variables: T Tauri, Herbig Ae/Be

1. Introduction

The distribution of carbon in protoplanetary disks is critical to
understanding the organic content of exoplanets and therefore
the origins of life. The bulk C/O ratio of planetary atmospheres
may be linked back to the solid material accreted in the pro-
toplanetary disk (Madhusudhan 2012). Recent observations of
protoplanetary disks demonstrate that CO may be more depleted
from the gas phase of the outer tens of AU than can be explained
simply by photodissociation and freeze-out. In the three disks
with gas masses derived using both CO and HD, the gas masses
derived from CO are lower by factors of 5-100 (Bergin et al.
2013; McClure et al. 2016). Full chemical models of spatially
resolved ALMA CO isotopolog ue observations in TW Hya con-
firm that CO is chemically depleted by a factor of 100 in the outer
disk, even taking into account photodissociation and freeze-out
(Schwarz et al. 2016). Additional chemical modeling of single-
dish observations of the atomic [C°] 492.161 GHz line, which

* Tables 1 and 2 and the reduced spectra are also available at the CDS
via anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/632/A32

Article published by EDP Sciences

originates in the photodissociated layer of the disk atmosphere,
demonstrates that the depletion seen in CO can be generalized to
the bulk carbon budget as well (Kama et al. 2016). These authors
find that the outer disk gas phase CO and carbon depletion can
be explained by freeze-out of volatile carbon, in the form of CO
ice, with subsequent grain surface reactions converting these ices
into less volatile ices, like CO, or methanol, which keeps the gas
phase CO abundance low interior to the CO snowline (Schwarz
et al. 2016; van 't Hoff et al. 2017).

Transformation of solid CO into a more refractory form of
carbon on dust grains could enhance the amount of carbon-
rich solids available to make planetary cores. If the coagulation
of such grains into large bodies beyond the innermost carbon-
bearing solid sublimation radius is efficient, then the carbon
would be “locked” into the disk and the gas phase carbon abun-
dance would remain low. In contrast, inefficient solid growth
would lead to smaller bodies that radially drift towards the star,
returning the “missing” carbon to the gas phase in the inner
disk when the last icy grains have sublimated. Further model-
ing of HD, spatially resolved CO isotopolog ues, and resolved
continuum observations in TW Hya suggests that up to 2.4 Mg
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of dust may have grown to larger than centimeter sizes just
outside of 5 AU (Zhang et al. 2017), which could permanently
sequester volatile carbon. However, that analysis depends on the
dust properties assumed for the continuum, and observations at
sufficiently high spatial resolution are difficult to obtain at the
distances of typical star forming regions, >100 pc. To measure
the degree of volatile locking in a larger sample, a better solution
is to measure the gas phase carbon abundances inside of the sil-
icate sublimation radius, where the gas is thought to be optically
thin for mass accretions rates of less than 1077 M, yr" , based on
models using molecular gas opacities (Muzerolle et al. 2004).
For high-mass Herbig AeBe stars, these abundances can be
inferred from stellar photosphere abundances because the pho-
tospheric convective layer is negligible, so recently accreted gas
remains at the surface (Kama et al. 2016). However, the deeper
convective layer in low-mass T Tauri stellar atmospheres pre-
vents their stellar abundances to be used in this way to infer inner
disk abundances. Disk abundance measurements of T Tauri stars
must therefore be made through observations of the accretion
columns (Ardila et al. 2013) or the inner disk gas directly.

In 2013, I identified neutral atomic carbon emission in a
set of accreting T Tauri stars, as part of a pilot study of the
inner dust rim (McClure et al. 2013a). These lines appeared in
the strongest accretor in our sample, DR Tau, and grew weaker
for the lower mass accretion rate objects. To investigate these
lines and the inner dust rim, I observed an enlarged sample of
T Tauri stars in Taurus from 0.8 to 2.5 um. Here I present an
initial analysis of the carbon line fluxes in this sample, focusing
on the temperatures and densities required to excite them. The
sample, extraction of the inner disk excess, and line fluxes are
described in Sect. 2, the analysis of the temperatures, densities,
carbon ionization fraction, and carbon abundance in Sect. 3, and
the implications for the inner disk chemistry and formation of
kilometer size bodies are discussed in Sect. 4.

2. Observations and data analysis

The full sample contains 26 well-studied accreting, “classical”
T Tauri stars (CTTS) in the nearby Taurus-Auriga molecular
cloud complex (~140 pc, Kenyon et al. 1994). The initial selec-
tion criteria were that the stars must be (1) single within a
detection limit of mK = 2 at separations greater than 20 mas,
with (2) no evidence for gaps or radial structure based on their
infrared SEDS, and (3) have Spitzer Infrared Spectrograph (IRS)
spectra. Subsequent criteria were that the disks needed to cover a
broad range of spectral types and mass accretion rates, based on
previous optical publications, e.g. Kenyon & Hartmann (1995).
Based on these optical spectral types, I also observed bright
non-accreting, “weak-line” T Tauri stars (WTTS) for each target
spectral type to act as photospheric templates for the CTTS. Data
for ten stars were already published in McClure et al. (2013a) as
part of a pilot study.

2.1. Observations

The spectra were obtained with SpeX (Rayner et al. 2003) at
the NASA Infrared Telescope Facility (IRTF) on December 1—
3, 2010 and January 8-12, 2013. I observed the targets with the
short wavelength, cross-dispersed mode (SXD) with the 0”3 by
1570 slit (R=2000) from 0.8 to 2.5 yum with integration times
that were selected to produce a signal-to-noise ratio S/N > 100 at
H band. The data were obtained with the slit rotated to the paral-
lactic angle and in an ABBA nod pattern. Full details of the data
reduction are given in McClure et al. (2013a). In brief, the spectra
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were reduced with the standard Spextool package (Cushing et al.
2004; Vacca et al. 2003), resulting in sky subtracted, telluric
corrected, and flux calibrated spectra.

2.2. Data analysis: inner disk excess extraction

The spectra of the WTTS and CTTS were corrected for radial
velocities by shifting them to match the position of the strong
1.31 um Al I doublet seen in the velocity-corrected IRTF spectral
library G, K, and M dwarfs (Rayner et al. 2009). Then the WTTS
were extinction-corrected to match the continuum between the
molecular bands shortward of 1.1 um of the dwarf spectrum of
the same spectral type from the IRTF standards library. Using
the analysis routines from McClure et al. (2013a) and the addi-
tional WTTS spectra, I constructed equivalent width, W,, versus
SpT trends for the WTTS in this sample and compared them with
the IRTF library dwarf and giant equivalent widths. I then com-
puted ratios between equivalent widths of nearby lines to use
in determining the veiling-independent spectral type. However,
some of the line ratios used in McClure et al. (2013a) showed
a local maximum around KO; given the larger range of CTTS
and WTTS spectral types (F8-M4), it was necessary to select
additional ratios.

Having determined the spectral types of the CTTS, I used the
W, measurements for individual lines in the CTTS and WTTS
templates to determine the amount of veiling in these lines.
The veiling measurements and continuum WTTS fluxes were
used to compute the extinction for each CTTS as in McClure
et al. (2013a). After extinction correction, the WTTS photo-
spheric template is offset from the CTTS spectrum using the
average measured veiling between 1.0 and 1.35 um. The stel-
lar luminosity, L., is calculated from the correctly offset WTTS
template, using the colors and bolometric corrections given in
Kenyon & Hartmann (1995) and new stellar distances from Gaia
DR2 (Bailer-Jones et al. 2018) where available or the standard
value of 140 pc otherwise (Kenyon et al. 1994). Together with
the effective temperatures given by the near-IR spectral types,
these luminosities imply a stellar radius R.. These parameters are
compared with the Siess evolutionary tracks (Siess et al. 2000) to
derive the stellar mass, M,. From the excess emission spectrum,
I measure the luminosity in the H° Bry line and use the trend
from Muzerolle et al. (2003) to compute the accretion luminos-
ity, Lacc, and mass accretion rate, M. The filling factor of the
accretion shock on the stellar surface can be computed from Ly,
L., and T assuming an average temperature of 8000 K in the
post-shock region at the stellar surface: f = m The
major caveat on this method for calculation of the accretion col-
umn filling factor is that the Bry emission potentially originates
in three regions: the accretion shock at the stellar surface, the
accretion columns, and the inner disk. A more accurate estimate
of the filling factors can be obtained by fitting accretion shock
models to the UV excess (Ingleby et al. 2013); however I cannot
make this calculation from the present data. The derived stellar
and accretion parameters are given in Table 1.

Subtraction of the scaled WTTS photospheric template from
the observed extinction-corrected CTTS spectrum reveals the
combined excess emission from the accretion shock, inner
gaseous disk, and dust sublimation rim.

2.3. Data analysis: carbon line identification and fluxes

The excess, which is a mostly smooth continuum overlaid with
emission lines, is fit with a polynomial that is subsequently sub-
tracted off. The continuum subtracted excesses for the five disks
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Table 1. Targets and derived stellar parameters.

Star Date SpT  Ter Av d L. Lgry Lace fih R, M.  Age M 7
(IR) (K)  (mag) (pe) (Lo) (Lo) (Lo) (Ro) (M) (Myr) (Moyr™")
BP Tau 2010-12-02 MOV 3850 05+14 1286+10 0.84 32x107° 60x1072 38x103 206 0562 13 88x10° 02
CI Tau 2010-12-02 K7V 4060 0.5+10 1580+12 0.73 20x107* 56x107! 49x102 172 0765 27 50x10°% 04
CW Tau 2013-01-13 KOV 5250 64+04 131.9+0.7 086 23x10* 73x107! 14x107' 113 1049 278 3.1x10°% 32
CX Tau 2013-01-09 M2V 3580 0410 1275*07 040 12x107% 9.9x10* 99x107 164 0393 18 17x107'% 0.1
DE Tau 2010-12-03 M2V 3580 1.1+08 1269+11 0.55 39x107° 78x1072 57x1073 194 0395 13 15x10°% 04
DK Tau 2013-01-11 K7V 4060 09+07 1281+10 093 26x107 46x102 33x102 195 0753 2.0 48x10™° 03
DL Tau 2013-01-12 K7V 4060 16+05 1586+12 037 31x10™* 94x107' 14x107' 124 0804 78 58x10°% 21
DO Tau 2013-01-11 MOV 3850 3.6+05 1388+10 058 19x10™% 54x107! 48x102 172 0569 20 6.6x10°% 20
DR Tau 2010-12-02 MOV 3850 2.1+05 194673 112 8.0x107* 2.8 12x107" 239 0558 09 48x107 27
DS Tau 2010-12-04 MOV 3850 12+11 1584+11 109 52x107° 10x107' 50x1073 234 0559 10 17x10°% 0.1
FQ Tau 2013-01-13 M4V 3370 14+ 1.1 140 028 15x107° 13x1073 14x10™* 157 03 19 26x10710 01
FS Tau 2013-01-09 MOV 3850 5.5+ 1.1 140 103 29x1075 52x1072 27x1073 228 0561 10 85x107% 03
FT Tau 2013-01-09 M4V 3370 14+08 127302 025 4.0x107° 8.0x107 10x1072 146 0298 22 16x10® 03
FX Tau 2013-01-11 MOV 3850 2.7+14 140 131 1.8x1075 28x1072 11x103 257 0555 08 51x10° 0.1
FZ Tau 2013-01-10 MOV 3850 6.5+0.7 129.6+13 093 56x107* 22 L1x107" 218 0561 1.1  35x1077 11
GI Tau 2013-01-11 MOV 3850 3.7+19 1300+08 0.60 27x107° 49x1072 44x103 173 0568 19 59x10° 04
GK Tau 2013-01-11 K7V 4060 2.0+0.6 1288+0.7 091 3.7x10° 73x102 53x1073 192 0753 20 74x10° 0.5
GN Tau 2013-01-13 M2V 3580 4.5+0.7 140 093 81x107° 19x107' 80x103 251 0395 09 47x10% 04
Haro 6-28 2013-01-13 K5V 4350 33 +0.6 140 027 47x107° 53x1073 17x1073 091 0.831 254 23x1071° 03
HP Tau 2013-01-13 KOV 5250 3.0+05 1764*31 470 262 1936 4.7 0.8
HP Tau G3 2013-01-09 MOV 3850 2.7+15 1565+21 091 215 0561 12 0.0
HQ Tau 2013-01-09 K2V 4900 2808 1582735 401 48x107% 51x107 18x10™* 278 1977 27 28x107'° 0.1
1Q Tau 2013-01-13 MOV 3850 24+13 130.8+11 100 20x107° 33x1072 18x103 225 0561 11 53x107° 0.1
IRAS 0412542902 2013-01-09 MOV 3850 29+15 1592+17 057 3.6x1077 19x10™* 18x1075 274 0569 21 37x107" 0.0
IRAS 04303+2240 2013-01-11 MOV 3850 9.0+11 1475783 192 9.0x107° 21x107" 58x107* 3.1 0552 06 47x10® 04
RY Tau 2013-01-13 GOV 6030 3207 4437331 14119 55x107 21x10' 46x1072 1089 4629 05 20x10° 02

Notes. Columns are defined as: (1) central star name, (2) date of observation, (3) stellar spectral type, (4) effective stellar temperature, (5) extinction
along the line of sight, (6) distance to the star using either the Gaia DR2 supplemental catalog from Bailer-Jones et al. (2018) or the default distance
of the Taurus star-forming region of 140 pc (Kenyon et al. 1994), (7) stellar luminosity, (8) luminosity in the H® Bry line, (9) the accretion luminosity
derived from Bry, (10) the filling factor of the accretion shock on the central star, (11) the stellar radius, (12) the stellar mass taken from the Siess
et al. (2000) evolutionary tracks, (13) the stellar age from the same tracks, (14) the mass accretion rate derived from Bry, (15) the mean J-band
veiling. All stellar quantities are derived here using the procedure from McClure et al. (2013a). Missing mass accretion rates resulted in two sources,
HP Tau and HP Tau G3, for which the Bry line was in absorption even after subtracting the stellar photosphere.

with the highest S/N spectra are plotted in Fig. 1. In the excess
emission, I detect a series of emission lines at 5—-20% of the con-
tinuum level. Using the NIST atomic line database (Kramida
et al. 2018) and the list of lines in Escalante & Victor (1990)
and Haris & Kramida (2017), I identify this emission as carbon
recombination lines arising in a predominantly neutral carbon
reservoir. The atomic data for all detected transitions are listed in
Appendix A. The lines are permitted, with upper states energies
of 89 eV. They are not seen in the WTTS stars used as pho-
tospheric templates, nor in similar IRTF SXD, Magellan FIRE,
or VLT X-shooter spectra of transitional disks or pre-transitional
disks, which have reduced gas and dust masses interior to some
disk radius (Vacca & Sandell 2011; Espaillat et al. 2014).

For all of the disks, I calculate an integrated flux for the
main line clusters (see Table 2). Since many of the C° lines are
blended, this flux is a manual integration of multiple lines rather
than separate Gaussian fits. The strongest set of the series is
a five-line complex at 1.069 um; the integrated flux of this set
of lines correlates with the flux of Bry, an accretion indica-
tor, suggesting that it is either associated with the accretion
columns/shock or with the innermost gaseous disk inside the
dust sublimation rim (Fig. 2). This region is predicted to be opti-
cally thin for higher mass Herbig AeBe stars with mass accretion
rates of less than ~1 x 1077 M, yr~! (Muzerolle et al. 2004).

3. Model analysis

To test whether the lines originate in the inner gaseous disk, one
must determine how to produce a reservoir of neutral, atomic
carbon and how to excite these particular lines. As a first order
approximation to the geometrically thin midplane layer in the
inner disk, I model a simple slab using a combination of a
photoionization code and atomic database, as described below.

3.1. Carbon ionization fraction via Cloudy models

To test what fraction of the carbon in the inner disk should be
neutral atomic carbon, C?, rather than ionized carbon or CO, I
used version 17.02 of the photoionization code Cloudy (Ferland
et al. 2017) to compute the expected carbon ionization frac-
tion for two sets of slabs: one with a vertical power law in the
hydrogen density as a function of distance from the star that
roughly approximated the Gaussian density distribution in height
expected from a disk in hydrostatic equilibrium, and one with a
radially dependent hydrogen density with power —2. The mid-
plane values in each of these slabs at 0.03 AU ranged in a grid
from 10'* < ny < 10'7 cm™3, the range of midplane densities
within 0.1 AU in the output of the full disk (D’Alessio et al.
2006) models used by McClure et al. (2016). For the radial slab,
I set a stopping criterion of 0.15 AU, as an approximate location
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Fig. 1. Continuum subtracted excess emission covering the C° lines for the five disks with the best SN spectrum: FZ Tau, DR Tau, CW Tau, DO
Tau, and DL Tau (from top to bottom). Grey vertical lines indicate positions of C° lines of interest. Note the forbidden lines at 0.982 and 0.985 um
are not detected, in contrast with the permitted lines.
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Table 2. Integrated fluxes of C° line complexes.

Star 0.908 yum 0.94 um 1.069 um 1.176 pm 1.45 ym 2.166 um Notes
(ergem™?s7!y /N (ergem™2s7!)  S/N (ergem?s7!)  S/N  (ergem™2s7!)  S/N  (ergem?s7') S/N  (ergem?s7') SN
BP Tau 1.5x 10713 5.9 1.3x 10713 30 1.6x 10713 7 5.9x107'4 6.4 41x1071 30 1.3x 10713 16.8
CI Tau 1.2x 10713 6.6 8.5%x 1071 30 1.8x 10713 16.5 5.7x10714 7.8 - - 3.1x10713 35.5
CW Tau 1.0x 1072 16.9 3.7x10713 8.9 1.0x 1072 44.8 2.8x10713 34 14x10713 8.7 6.3x10713 97.8
CX Tau 2.8x 10714 5.4 5.7x 10714 30 2.3x10714 30 1.3x 1071 30 9.0x10713 30 5.9x107'4 10.5
DE Tau 2.0x10713 10 51x1071 30 1.8x 10713 20.9 5.7x10714 12.3 3.2x10714 30 73x 1071 9.7
DK Tau 2.9x10714 3.1 1.1x10713 30 5.0x 10714 30 21x10714 30 3.5%x 10714 30 12x10713 11.5
DL Tau 1.5x 10713 15.9 8.6x 10714 8.3 3.0x 10713 30.1 1.2x 1071 30.6 6.0x 10714 9.1 51x10713 86.6
DO Tau 47x10713 25 1.2x 10713 6.5 43x10713 16.6 12x10713 243 4.7x 1071 7.8 4.6x10713 79
DR Tau 9.0x 10713 43 34x10713 6.6 1.1x10712 33 3.2x10713 52.8 1.4x10713 4 8.3x 10713 96.4
DS Tau 1.7x 10713 3.7 1.1x10713 30 12x10713 5.4 5.7x10714 5.8 1.9x 10714 30 12x10713 20
FQ Tau 69%107% 202  13x10™ 37 46x107% 104  18x10™ 117 80x105 3¢ 30x10% 91
FS Tau 29x10713 4.7 1.8x 10713 30 2.0x10713 8.5 5.1x10714 10.6 1.8x 10714 30 9.1x 10714 13
FT Tau 2.7x10714 30 2.3x10714 30 1.7x 1071 30 1.Ox 1071 3.5 1.Ox 10714 30 1.5x 10713 40
FX Tau 2.7x10713 15.9 7.8x 10714 30 1.5% 10713 9 3.8x1071* 3 3.2x10714 30 3310714 6.7
FZ Tau 1.9x 10712 5.6 6.5x 10713 5 1.9x 10712 279 54x10713 26.2 2.1x10713 9.6 1.0x 1072 82.2
GI Tau 72x 1071 4 48x 1071 30 3.6x 10714 3.5 1.8x 1071 6.2 3.2x 10714 30 29x10713 30.5
GK Tau 1.8x 10713 6.1 6.0x 10714 30 1.3x 10713 75 6.5x 10714 9.7 1.9x 1071 30 3.8x 10714 4.2
GN Tau 29%x10°% 92 79x107 43 25x10°B 41 91x107™ 162  47x107% 72 26x1071 552
Haro 6-28 3.9x10714 6.3 9.9x 10713 30 24x10714 71 1.1x 1074 9.2 5.7x10713 30 1.6x 1071 16.5
HP Tau 6.0x 10713 44.4 14x10°13 30 83x 10714 30 7.8x 1071 9.1 48x 10714 8.3 Bry in absorption
HP Tau G3 2.1x10713 5.6 6.2x 10714 30 1L.0x 10713 9.5 3.4x1074 6 9.4x 10713 30 ... Bryin absorption
HQ Tau 31x10°B 30 21x10°B 30 13x10°B 306 56x10M 30 84x10°M 30 16x10°3 53
1Q Tau 3.3x10714 3.7 45x 10714 30 4.6x10714 30 2.0x 10714 30 1.5x 10714 30 2.7x 10714 4.4

7.7x 1071 7
1.6x 10713 30
20x 10713 30

5.9x10714 30
43x10713 3o
2.0x10713 30

1.1x10713 30
9.8x10713 30
5.1%x10713 30

IRAS 0412542902
IRAS 04303+2240
RY Tau

22x10714 6.6
2.4x107"13 22
1.0x 10712 22.6

L7x10°% 30
48x107% 30
12x10713 30

3.0x 10714 59
6.1x 1071 4.4

9.8x 10714 30 C° in absorption

Notes. Integrated fluxes for major line complexes of C° and H® Bry observed in this sample; in most cases these include multi-line blends. Limits
of integration are as follows: 0.906-0.912 um, 0.9395-0.942 ym, 1.0675-1.0705 pm, 1.174-1.177 pm, 1.4530-1.4560 pum, and 2.158-2.174 um,

respectively.
i, 10 S
& L r =079 ; R :
; : [ ]
— | EE . " -
S ; f L _
S E .............
) 1029 e ! __
o 5
I L |

107" 107" 107° 1078 1077 1078

M Mo yr™']
Fig. 2. Integrated luminosity of the three strongest lines in the main
1.07 um C° complex plotted against the mass accretion rate, M, cal-
culated from the H° Bry line at 2.166 um. Uncertainties in the C° line
luminosities are included, along with a linear regression fit to the data
(dotted line). The Pearson correlation coefficient is 0.79, indicating a
high likelihood of association with M.

of the dust sublimation radius in typical TTS systems (McClure
et al. 2013b), and for the vertical slab I set a stopping depth that
would slightly overshoot the midplane location at 0.03 AU. Since
the region of interest is inside the dust sublimation radius, I did
not include a dust contribution in either slab. The physics and
chemistry of molecular hydrogen is important for this region, so
I enabled the larger H, molecule module in Cloudy (Shaw et al.
2005).

The radiation field was a combination of ATLAS9 stellar
models with solar metallicity (Castelli & Kurucz 2004) at the
stellar effective temperature, 7., and the stellar accretion shock
temperature of 8000 K, taking the stellar and accretion luminosi-
ties found in Sect. 2.2. I also included a contribution to the radia-
tion field from X-rays, assuming a 10 MK bremsstrahlung emis-
sion spectrum, with a luminosity of Lx =10 ergs™! between
0.3 and 10 keV (Rab et al. 2018). For the vertical slab, I multi-
plied the incident flux at the top of the slab by the cosine of the
incident angle to the slab normal. T included accretion heating
by implementing Cloudy’s @ disk option using the stellar mass
found in Sect. 2.2.

The resulting physical conditions are shown in Fig. 3 for the
stellar parameters of DR Tau. In the vertical slab (left panel),
with a starting density of ny=10'"3, the carbon content of
the slab is predominantly neutral at densities less than nyg ~
10" cm™3. At the midplane, with hydrogen densities ny ~
10'° cm™3, the fractional abundance of carbon in CO increases
to a limiting value of ~0.5; this limit results from collisional
dissociation of CO at such high densities. So conservatively,
C carries at least 50% of the bulk carbon at the midplane.
The majority of hydrogen is also in neutral atomic form, with
H* making up the next largest contribution. Interestingly, at
the midplane density, ny ~ 10' cm™, the fractional molecular
hydrogen plateaus around 107°, while the ionized hydrogen
fraction remains at 1073, resulting in an electron density larger
than n, ~ 10'3. For all of the stars in my sample, the relationship
between n. and ny was a power law form for log (nyy) > 14.5, as
seen in Fig. 4: log (n.) = 1.03 log (ny)—3.69.

In the radial slab model (Fig. 3, right panel), the temperature
and electron density peak at a column density of Ny = 10! cm™2,
where most of the stellar radiation is deposited. At midplane den-
sities greater than ny ~ 10 cm™ the slab quickly becomes
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Fig. 3. Two 1D Cloudy slab models of the inner disk around ~0.03 AU. Input stellar parameters are for DR Tau. Left: physical properties are
plotted as a function of hydrogen column density for a vertical slab located at 0.03 AU with a power law density structure extending towards the
disk midplane. These include: fractional abundance of dominant ionization stages for carbon (fop panel) and hydrogen (second panel), hydrogen
and electron densities (third panel), and electron temperature (bottom panel). The dashed vertical orange line indicates the location where the slab
reaches ny=10'® cm™>. Middle: analog ous plot, but for a radial slab of initial 7y = 10'® cm™ at the co-rotational radius and a power law dependence
on disk radius extending away from the star. Right: same as the middle plot, but plotted against the log arithm of the disk radius instead of ny.
Most of the very high density and temperature structure seen in the Ny plot occurs at the corotational radius due to the high optical depth.

optically thick to the stellar radiation in the radial direction,
reaching an Ny ~10% at R=3.008 R.. At this column density,
even the X-rays in the model are attenuated. Consequently the
slab has a short, illuminated “face” that is both radiatively and
collisionally excited as well as a larger segment for which the
ionization of H” is dominated by charge exchange collisions. The
electron temperature exhibits an inversion, with a minimum near
Ny ~10® cm™2 and a plateau of ~7000 K at Ny ~10%8 cm™2. As
with the vertical slab, the C° fraction is always at least 50% of
the total carbon population.

The causes and implications of the high T, and n. are dis-
cussed in Sect. 4.2. I carry forward the minimum C° fraction
(>50%), range of atmosphere and midplane T, and 7, and the
power law dependence of n. on ny for the midplane in order to
model the C° line emission in the following section.

3.2. Electron densities and temperatures

Under the assumption that the emission arises in an optically
thin region, which I verify a posteriori in Appendix C, the line
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emission depends on the electron density, n., and temperature,
T, as well as the amount of emitting material, nco. The latter
depends on the abundance of carbon with respect to hydrogen,
Xc , the fraction of carbon in C°, nco/nc, and the size of the emit-
ting region. By taking flux ratios between different C° emission
lines, one can constrain n, and T, independent of X¢ or nco/nc,
assuming that both lines originate in the same region. Using the
atomic data and routines provided by the version 8.0.2 of the
CHIANTI atomic database (Dere et al. 1997; Landi et al. 2013,
and references therein) to calculate the level populations, I deter-
mined the line intensity produced by a slab extending from the
approximate co-rotational radius at 3 stellar radii, R., to an outer
radius, Ry, defined below:

I = hv,»jf Aodr = ]’lV,’jAjl'
R ifier = 4n ne

The outer radius of the composite slab is taken from litera-
ture estimates based on kinematics of the CO fundamental or H’
Bry interferometry, as described in Appendix B. The effect of

R,

nCU n ',CO out

Xeo— -2 nunedr (1)
nc nco J3g,
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Fig. 4. Electron density versus hydrogen density for vertical slab models
of stars in my sample. The orange dotted line represents the power law
fit to the region with log ny > 14.5, and labeled equations gives the
functional form of this fit.

optical depth to the stellar radiation is approximated by taking a
two-component slab with the same electron density and temper-
ature in each component, but with photoexcitation allowed only
interior to 3.008 R,. To find the best-fitting n. and 7. indepen-
dent of emitting area or hydrogen density, there are line pairs
that are excellent measures of the density (1.1757/1.0694 um and
1.0686/1.0694 um) and temperature (0.9408/1.0694 pm). How-
ever, the strongest lines in my sample at ~1.07 and ~1.175 ym are
three-line blends that are not spectrally resolved here. Therefore,
rather than constraining n. and 7. from integrated line fluxes,
I normalized the continuum subtracted excess spectra to the flux
at 1.0694 um, and performed a least-squares fit of the data to a
similarly normalized grid of models.

Figure 5 shows the 1o contours for the best-fitting range
of T, and n, for all lines in one disk, DO Tau. The main lines
at 1.07um are well-fit by a wide range of parameter space,
spanning high densities and low temperatures (~10'3 cm™ and
3000 K) to lower densities and higher temperatures (~10'! cm™3
and 7000 K). However, the next strongest lines at 1.175 ym are
only fit by high densities and lower temperatures, while the
remaining lines are better fit by lower densities and higher tem-
peratures. In all cases, it is possible to produce a “best fit” that
does a reasonable job of fitting most of the lines at an interme-
diate temperature and density. Figure 6 shows the confidence
intervals for the best-fitting slab. Generally, the electron densi-
ties are all high, indicating that the lines must arise in the disk
midplane layer.

3.3. Carbon abundances and uncertainties

Using the best-fit T, and n,, I fit the absolute flux of each line
cluster individually to determine a carbon density. The mean and
uncertainty of these carbon densities for the combined line set,

nc, are listed in Table 3. It is then possible to use the relationship
between the midplane ny and n. found in the Cloudy models of
Sect. 3.1 to compute the ny implied by these . values. I combine
this with the observed n. to obtain Xc, also listed in Table 3. The
gas phase carbon abundances are all less than solar, by up to a
depletion factor of ~42. I discuss the implications of this result
in Sect. 4.1.1.

The abundances and depletion factors in Table 3 are reported
with error bars propagated from the lo uncertainties on nc.
Within the uncertainties two disks, DL Tau and FZ Tau, have
carbon abundances that are consistent with solar values, while
three others, DR Tau, DO Tau, and CW Tau, have robust carbon
depletion.

In addition to the scatter in measurements of n. for each
disk, there are three sources of systematic uncertainty in the
C/H values found with my method. The first is in the deriva-
tion of ny from the relationship with n. in the Cloudy slab
models. At these high densities, the free electrons are gener-
ated mainly through charge exchange reactions, particularly with
sulphur-bearing ions (Kingdon & Ferland 1999). The reaction
coefficients are accurate to within a factor of 2 to 4 (Kingdon &
Ferland 1996), an uncertainty which carries over into the C/H
measurements. A second source of uncertainty is the C/O ratio of
the gas. Solar C/O ratios produce CO/Cyy ratios of at most 0.5,
which is what I have taken into account in the final nc/ny calcu-
lation. This upper limit to CO/C holds down to at least C/O ~ 0.1;
very low C/O values are unlikely, since the various mechanisms
to deplete carbon would also deplete oxygen. One way to resolve
this issue is to include fits to the flux of the CO 4.7 um fun-
damental line in future numerical simulation efforts; this would
directly measure CO/C?, particularly if combined with kinematic
estimates of the emitting region size (see below).

A third source of uncertainty is the emitting volume, which
is used to fit nc; the majority of the uncertainty is in the radial
extension of the region. Although the vertical structure of the
inner disk is important to understand the propagation of stellar
radiation, for this sample of disks the CY is well-constrained to
originate in a narrow vertical region around the disk midplane,
which is much smaller than the height of the dust sublimation
rim (Muzerolle et al. 2004). This is because the n. found from
the C° line ratios can only be explained by ny values so large that
the gas has become optically thick to the stellar radiation, which
only happens close to the midplane (assuming that the disk is
vertically in hydrostatic equilibrium). Therefore the uncertainty
in emitting volume can be reduced to the radial extent of the
slab. In this case, a smaller emitting region would drive n¢c to
higher values and therefore to a lower degree of carbon deple-
tion. The radial location of the dust sublimation rim in the disk
midplane is a hard upper limit for the outer edge of the emit-
ting region, as it is only possible to prevent the reformation
of H, from H® in the absence of dust grains. To better con-
strain the outer radius of the emitting region, R, future studies
should combine kinematically determined outer radii of the C°
emission itself with interferometrically determined outer radii of
Br y emission and kinematically determined inner radii of CO
from the 4.7 ym fundamental line. According to the Cloudy slab
models, these measurements should identify where the disk mid-
plane transitions from mostly molecular to mostly atomic, and
therefore where the C° emission can originate.

The latter two uncertainties will be easily resolved with
future observations using recently commissioned or upcoming
instruments, such as the near- and mid-infrared interferometers
VLT-PIONIER and -MATISSE, and high-resolution infrared
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Fig. 5. Left: electron temperatures and densities that fit the ratios between the 1.069 um line and all other lines at a 1o level (colored contours,
wavelengths labeled). The lines are color coded to match the spectra in the right panel. The green fill in between the green contours is an example
of how to read the contour plot; the filled region covers the best-fitting set of n. and 7, for the 1.07 um line ratio. Other contours are not filled, but
the tickmarks point downhill. The gray contour indicates where the non-detection at 1.0544 um is matched. The black contours are the 1, 2, and
30 confidence intervals on the best-fit to the combined lines. Right: continuum subtracted spectra of the six main C° transition clusters and the
non-detections at 0.985 and 1.0544 um, normalized to the flux at 1.0694 um, in DO Tau. Model fits for 7., = 5750 K and n. =6.3 X 10'> cm™ are

overplotted. The spectra are color-coded to match the 1o line ratios regions in the left panel.

spectrometers IRTF iSHELL and VLT CRIRES+ to kinemati-
cally constrain the emitting region. JWST NIRSPEC will be able
to detect these lines at medium resolution even in samples of
very faint disks. Additionally, both JWST NIRSPEC and MIRI
observations of the molecular gas outside of the atomic zone will
provide robust column densities of all isotopolog ues of the main
carbon-bearing molecular species, which will provide a lower-
limit check on the total carbon column densities found in the
atomic line region. Improvements to the current Cloudy simula-
tions to make them 1+1D would demonstrate better the impact
of the vertical disk structure and stellar radiation field, particu-
larly for disks with lower values of ny, in which photoprocesses
play a larger role in the line emission. Systematic uncertainties
on the ny measurements would be improved by calculating or
measuring more accurate charge exchange rates, and by separat-
ing out the H® contribution from the accretion shocks from that
of the disk. Finally, benchmarking my simulations with other
disk chemical models (e.g. DIANA or DALI) using different
reaction networks would also help to understand the impact of
these systematic uncertainties on the accuracy of the C/H values
calculated here.

4. Discussion

The detection of hot, dense gas inside the dust sublimation rim
has important implications for several open topics in the disks
and planet formation community, namely (1) the results of grain
surface chemistry in the outer disk, (2) observational constraints
on the efficiency and composition of planetesimals formed by
~2 Myr, and (3) the structure and physical properties of the little-
explored inner gaseous disk.
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4.1. Implications of measured carbon abundance

4.1.1. Confirmation of carbon depletion, rather than
lower mass

This work is the first evidence for a gas phase carbon depletion,
relative to the solar value of C/H=2.69 x 10~*, inside the dust
sublimation radius of protoplanetary disks. It is also notewor-
thy that this carbon abundance is inferred relative to hydrogen,
via the electron densities, so there is no question of a major
degeneracy between carbon abundance and hydrogen mass. Pre-
vious work using chemical models to analyze far-infrared and
submillimeter HD, CO, and C° line emission also found that
carbon is depleted from the gas phase in the outer disk of
TW Hya (Bergin et al. 2013; Schwarz et al. 2016; Kama et al.
2016), and potentially two younger disks, DM Tau and GM Aur
(McClure et al. 2016). There has been discussion of whether
these results are more widely applicable to other systems, given
the degeneracy between C/H and the dust/gas ratio in interpret-
ing ALMA observations using chemical models (Miotello et al.
2017). The detection of carbon depletion here in a different sam-
ple using independent wavelengths, techniques, and disk radii
gives greater credence to the previous results and strengthens the
case that, in some systems, a lower gas mass as derived from CO
represents a change in the gas phase carbon abundance rather
than a lower H, mass per se.

4.1.2. Causal mechanisms for C depletion

The outer disk carbon depletion found with ALMA could be
accomplished by freeze-out of CO and hydrocarbons onto large
dust grains (Yu et al. 2017; Favre et al. 2013). This “missing” car-
bon should be “released” to the gas phase when the dust grains
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Fig. 6. Grids of n. and T, for the C° line ratios of each of the five stars. Black contours are the 1, 2, and 30" confidence intervals on the best-fitting
combination of n, and T, for the detected emission lines, given by the black dot. Gray contours are the 1, 2, and 30 confidence intervals on the
non-detected lines at 0.985 and 1.055 um. The non-detections preclude the high density, high temperature solutions to the detected line fits seen
in, e.g., CW Tau. The bottom right panel is a representative cartoon of the slab model, with the photoexcited cap and optically thick, collisionally

excited core.

Table 3. Densities and depletion factors.

Star Rowe  log (ne) T. log (nc) log(ny) C/H Depletion factor Zygo3ay Missing C
(AU)  (cm™)  (K) (cm™)  (cm™) (solar) - (gcm™) (M)

CW Tau 0.04 13.8 4500 11.5(0.1) 17.0 2.4f8:§’ x 1072 42f$° 4142 29%x1073

DR Tau 0.05 13.4 4250 11.7 (0.2) 16.7 7.4f‘2‘:‘7‘ x 1072 13f§ 2792 25%x1073

FZ Tau 0.1 12.8 4000 11.3 (0.3) 16.1 I.Zt(l)% x 107! Sj 678 3.6x1073

DO Tau 0.1 12.6 5000 10.7 (0.3) 15.9 4.6j‘2‘:§ x 1072 22jf(1) 476 2.1x1073

DL Tau 0.05 12.4 5000 11.1 (0.2) 15.7 1.9:'):‘7) x 107! 53 252 1.9x107*

Notes. Results of the CHIANTI slab model fits to the (1) C° line ratios for n. and T, and (2) absolute line fluxes for n.. The values of ny are
calculated from the n.(ny) dependence from the Cloudy slab models. All disks show a depletion in the C/H abundance relative to the solar value,
which is taken to be 2.69 x 107*. The surface density of hydrogen gas was calculated assuming a density profile in hydrostatic equilibrium with a
midplane temperature equal to 7. The mass of “missing” carbon inferred for a static disk from the depletion factor is given in the last column.

References for outer radii are given in Appendix B.

interior to the snowline corresponding to the sublimation tem-
perature for the solid carbon carrier. Depending on the size of
the grains, they may either move approximately with the gas at
the disk accretion rate or by radially drifting in faster than the
gas accretes. In both cases, the gas measured in the inner disk
would have returned to at least the initial C/H abundance (see
Fig. 7, middle panel). For the gas in the inner disk to be depleted
of carbon, one must avoid accreting the volatile-rich midplane
gas resulting from the sublimation of the icy grains. This can
be accomplished either by preventing the gas accretion or by

preventing the grains from sublimating, e.g. stopping their radial
drift (Fig. 7, bottom panel, options B and C).

Midplane volatile C gas accretion can be circumvented by
the presence of a deadzone in the midplane, at radii and depths
where the disk is not longer thermally or X-ray ionized (Gammie
1996). Volatile-poor gas from the outer disk could then be
accreted through the ionized surface layer, while the volatile-rich
gas is sequestered in the deadzone. However, more than 50%
of the total ISM carbon budget is thought to be contained in
refractory-rich volatile grains, which sublimate at temperatures
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Fig. 7. Top: schematic of the physical locations in the disk corresponding to different carbon carriers (dust, molecular gas, and atomic gas), with
labels for terms used in sketches below. Notional locations of midplane water ice snowline and N, ice snowline are indicated by dashed blue lines
that, for clarity, fade out with radius. Middle: illustration of the carbon release scenario, which returns the inner disk gas carbon abundance to the
original value. Bottom: three options for the carbon locking scenario: (a) a deadzone blocking accretion through the midplane, and () dust traps
and (c) planetesimal formation preventing the radial drift of volatile-rich dust grains. See text in Sect. 4.1.2 for more information.

where the MRI should already be active at the disk midplane. In the sample of five modeled disks, four have measured outer
Therefore, unless radial drift is inefficient, refractory carbon-rich  dust radii that are substantially less than their outer gas radii
dust grains would drift through the deadzone and return the inner ~ (Najita & Bergin 2018, and van Dishoeck, priv. comm., for DR
disk gas phase content to within a factor of 2 of the initial value. = Tau), with the final disk, FZ Tau, lacking the gas disk outer radius
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measurement. The discrepancy between the dust and gas radii
suggests that these disks have experienced efficient radial drift.
To deplete their inner disk gas substantially of carbon, some
process must be preventing the radial drift of carbon-rich dust
grains.

The formation of pressure bumps, which trap dust, or suffi-
ciently large and fast growth can both stop grain from radially
drifting. Dust traps typically produce a visible discontinuity in
the millimeter grain distribution, e.g. rings or asymmetries. Of
these disks, DL Tau shows clear gaps and rings in recent mil-
limeter continuum observations (Long et al. 2018); however, it
is also the disk with the least carbon depletion. In contrast, DR
Tau has a smooth distribution, but an order of magnitude carbon
depletion. In this disk, dust traps cannot be responsible for the
observed carbon depletion, leaving grain growth to large bod-
ies as the best explanation for carbon locking in at least a subset
of disks.

4.1.3. Properties of kilometer size, carbon-rich planetesimals

I estimate the size of the formed bodies by equating the drift
timescale (Birnstiel et al. 2012),

_IE_RDVK(I 1)

St * St @)

Tp = = >
up gy

to the total age of the system found in Sect. 2.2. The quantities
in the expression for the drift timescale are taken from the model
of DO Tau published in McClure et al. (2015) and are defined
as: Rp, the distance between the formation region to the CO or
N, snowlines at ~30 AU, up, the drift velocity, Vx, the Keple-
rian velocity, cs, the sound speed, y, the absolute value of the
power-law index of the gas pressure profile, and S¢, the Stokes
number, which is dependent on the solid body size. If the large
body forms at ~31 AU, then it must quickly grow to 3.2 km in
order to avoid drifting past the CO snowline within 2 Myr. In
contrast, if it forms near 100 AU, it must only be 12.6 m in radius
to remain beyond the CO snowline in that time.

Direct comparison of the inner and outer radii carbon abun-
dances in the same protoplantery disk would test the efficiency
of the large body formation process. Unfortunately, given the
high electron densities required to detect these C° lines, they
would not be expected to appear in transitional or pre-transitional
systems like TW Hya, DM Tau, or GM Aur, for which the
outer carbon depletion factor has been estimated, so it is not
yet possible to directly compare the inner and outer disk carbon
depletions in the same protoplanetary disk. Future observations
of the [C°] line at 610 um and CO ladder in the current sam-
ple of sources would make this comparison possible. However,
with an assumption about the initial bulk composition of the
gas, I can calculate a lower limit to the mass of “missing” car-
bon that has been locked into kilometer size bodies. Since the
mass of hydrogen in the slab models used to fit the line fluxes,
My, is simply Vgapnamyp, then the mass of gaseous carbon is
Mc gas = XcgepMu. If the combined gas and ice abundances
were solar in the outer disks of the stars in my sample, then the
minimum mass of carbon locked in planetesimals is Mc soligs =
12 My(Xc solar — Xc,dep)- These values are listed in Table 3 and
are typically around 3 x 1073 My, Since the disk is not static, this
is obviously a gross lower limit.

4.1.4. Inferred origin beyond the N> snowline

The carbon masses found above would imply drastically differ-
ent planetesimal masses, depending on the type of planetesimal

Table 4. DR Tau inner disk gas versus planetesimal composition.

Parameters Value Value (solar units)
Inner gas
C/Si @ 2.72 3.3x 107!
N/Si @ 0.20 9.6 x 1072
C/H 1.99x 107 7.4 %1072
Si/H 7.37 %1076 2.3%x107!
N/H 1.49x 107° 2.2x%1072
Planetesimals
C/Si (atomic) 9.95 1.20
N/Si (atomic) 2.64 1.26
N/C (atomic) 0.27 1.06
Ms; (Mg) 5.8x107* -
My (Mg) 7.6x107* -

Notes. From Asplund et al. (2009), I take the following solar values:
(C/Si), = 8.30, (N/Si), = 2.09, (N/C),, = 0.25, (C/H), = 2.69 x 107,
(Si/H)o =3.24 x 1075, (N/H),, = 6.76 X 1075.

References. @ Ardila et al. (2013).

into which the carbon was locked. For example, the bulk car-
bon abundance in planetesimals ranges from C=31+7 wt.%
(Comet 67P, Fray et al. 2017) and C=3.65 wt.% (CI: chondrites
Orgueil/Ivuna, Alexander et al. 2012) to C=0.0044 wt.% (Earth,
Kargel & Lewis 1993). These bodies originate beyond the water
ice snowline, between the snowline and the organic sootline, and
between the sootline and the inner dust rim where even graphite
dust will sublimate, respectively.

The question of which solid-state species is the dominant
carrier of this carbon is of interest to discussions of optimiz-
ing “stickiness” during collisional grain growth (Musiolik et al.
2016) and exoplanet composition (Madhusudhan 2012). In order
to probe the composition, ideally one would measure absolute
abundances of silicon as well in the gas phase. Ardila et al.
(2013) derive relative luminosities of silicon, nitrogen, and car-
bon in the pre- and post-shock regions of the accretion streams of
T Tauri stars from UV emission from high ionization state lines.
Although their technique is different from mine, with a differ-
ent range of temperatures, ionizations, and physical structures, it
is interesting to compare the relative abundances measured for
the one star in common between our samples, DR Tau. If one
assumes that the variations seen in their values of Ls;rv/Lcry
between objects are due to differences in the abundance of Si/C,
rather than variations in the local conditions, then one can calcu-
late the gas phase C/Si and N/Si in the accretion stream. These
values are a factor of 3 and 10.5 times less than the solar C/Si
and N/Si ratios, respectively (see Table 4).

To determine whether this depletion arises predominately
from volatile or rocky elements, I use my C/H value to calcu-
late N/H and Si/H. Indeed, silicon is depleted from the accreting
gas by a factor of 4.4, and nitrogen by a factor of 45.5, relative to
the solar values.

Combining the absolute abundance of carbon, C/H, found
here with Si/C and N/C in their paper yields estimates of Si/Hgys
and N/Hg,s. The amount of “missing” Si and N can be computed
with the same method used above for C, resulting in masses on
the order of 107 M. The number density ratios of C/Si and N/Si
for the kilometer size planetesimals are then enhanced over solar
values by 20 and 26%, respectively (Table 4). This result can
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directly tie the missing carbon and nitrogen to a particular for-
mation region, i.e. the proto-Kuiper belt. In Pontoppidan et al.
(2014), C/Si ratios for meteorites and Earth are on the order of
1 to 1073, respectively, both of which represent a significant solid
state depletion of carbon rather than an enhancement. In contrast,
comets show C/Si~10, an enhancement of carbon similar to what
I find here.

The contrast is more striking for nitrogen, which is depleted
in all bodies, including the two comets in Pontoppidan et al.
(2014). However, it is worth noting that the nitrogen content of
planetesimals would depend strongly on whether they formed
outside of the N, snowline. Molecular nitrogen is expected to
be the bulk carrier of nitrogen in molecular clouds and the outer
regions of disks. If embedded in a water ice matrix, the sublima-
tion temperature of N, shifts from 18 to 31 K, placing it at nearly
the same location as the CO snowline (T, =34 K in water ice,
vs. 21 K otherwise) and the CH4 snowline at 30 K, or around
30 AU, in a “typical” T Tauri disk (Piso et al. 2016). Icy planetes-
imals formed in this region are thought to be the parent bodies
of Ultracarbonaceous Antarctic Micrometeorites, which contain
large fractions of irradiated N- and C-rich polyaromatic organic
compounds with N/C values ranging up to solar (Dartois et al.
2017; Engrand et al. 2018). The “locked” solid state values found
for carbon and nitrogen in DR Tau are broadly consistent with
the formation of kilometer size planetesimals in a proto-Kuiper
belt region by ~1 Myr, the age found for the stellar parameters
derived here.

It is worth noting that for another disk in which I measure a
smaller carbon depletion, DO Tau, the presence of icy planetes-
imals in the midplane beyond 30 AU is inferred from a tentative
detection of water ice at 63 yum with the Herschel Space Obser-
vatory (McClure et al. 2015). The crystalline nature of the ice,
given the timescale for ice amorphitization at these radii, may
arise through collisions between large icy bodies. Unfortunately
PACS spectra for the remaining sources in my current sample
are either non-existent or too noisy to be conclusive regarding
the presence of ice. Further observations with SOFIA HIRMES
or a future far-IR space telescope, e.g. OST or SPICA, would
be illuminating. High sensitivity observations of ices in edge-on
disks, through the upcoming JWST programs IceAge ERS (P.I.:
McClure) and MIRI GTO (P.I.: van Dishoeck), will probe the
nitrogen to water ratio of the ice in the upper layers of the outer
disk, which will help to determine the abundance and purity
of N, and hence the probable location of such kilometer size
bodies.

4.1.5. Comparison with higher mass stars

An analogous analysis has been made for the composition of
accreting gas in Herbig AeBe star systems. Due to their exterior
radiative layer, which does not mix into their convective core, the
photospheric abundances of these stars should reflect the compo-
sition of recently accreted gas. Kama et al. (2016) demonstrated
that Herbig stars do not show any depletion in carbon or oxygen;
instead they have on average solar abundances. In contrast, many
of the Herbigs with transition disks show refractory depletion in
their stellar photosphere, indicating that non-icy kilometer size
bodies have formed. These patterns are also broadly consistent
with a scenario in which ices are the prime candidate for the car-
bon carrier. Since Herbig disks are warmer than T Tauri stars
at large radii, due to the higher stellar radiation field, they will
have a smaller region in which ices can form after infall from the
molecular cloud. Additionally, their larger UV fluxes can pho-
todesorb the ice mantles from their grains over a large radial
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area, leading to a lower total mass in ices. Since it is less efficient
to form planetesimals via core accretion at large radii, and there
may be less ice available in Herbig disks, it may be more difficult
to form kilometer size planetesimals beyond the CO snowline in
these disks than in T Tauri disks. Therefore, more of the carbon
locked into the ices would be likely to return to the gas phase
inside of the ice snowlines, and the Herbig photospheric C and
O abundances would remain solar.

4.2. Inner disk physical conditions and chemistry

Another interesting result from this work is the unusual physical
conditions within the dust sublimation radius from the Cloudy
models. Specifically, the bulk hydrogen and carbon are simulta-
neously in the neutral atomic phase, contrary to the expectations
of a “typical” photon-dominated or X-ray-dominated region, in
which carbon photoionizes before H, photodissociates (Maloney
et al. 1996). The result found here appears to be a real con-
sequence of the high densities in this region, combined with
the lack of solids in the region inside the dust sublimation rim.
Specifically, the collisional dissociation rate coefficient for Hy—
H, collisions exceeds 107! cm®s™! when T > ~8000 K and
ny, > 107 cm=® (Roberge & Dalgarno 1982). For higher densi-
ties, the temperature threshold is lower. Without dust grains, Hj
cannot reform efficiently and there is a large neutral H reservoir.

Then dissociative collisions between CO and H proceed for
T > ~5000 and ny>10'> cm™. Charge transfer at these den-
sities dominates the ionization of H*, producing a fraction of
~107* of H* relative to the total hydrogen content. Given the
greater abundance of H* than C*, it is easy for ionized carbon to
find an electron to recombine with, keeping the carbon predom-
inantly neutral despite the large x.. Recombination of the small
amount of H* also produces enough UV emission to electroni-
cally excite the smaller amount of H,, which then heats the gas
to ~7000K through collisional de-excitation. The low fraction
of singly ionized carbon is consistent with the non-detection of
emission from its two lowest-lying excited states to its ground
state (C*, 1334.532 and 2324.69 A) in archival HST COS or
STIS spectra of DR Tau. Molecular hydrogen emission has also
been found to come from slightly larger disk radii than the CO
emission in DR Tau (France et al. 2012).

The temperatures found from the slab models using CHI-
ANTI are lower than those produced by the Cloudy slab models
at the disk midplane. However, the Cloudy models are simple 1D
models that only allow heating and cooling in a single dimen-
sion. At such close distances to the star, a 2D model becomes
necessary to fully explain the propagation of stellar irradiation.
If the model is allowed to cool radiatively and vertically, the
midplane temperature may be lower than in the 1D versions.
Alternatively, the charge exchange rate coefficients, which are
ultimately responsible for the heating at the midplane, may have
a higher degree of uncertainty at such high densities. I will take
this into consideration for the next stage of modeling; the tem-
perature and molecular content at the midplane is particularly
important for interpreting the observational signatures of molec-
ular emission coming from this region, which may be weaker
than previously anticipated.

4.3. Shadowing of the inner dust sublimation rim

The Cloudy models indicate that for full disks with midplane
densities greater than ny ~10'> cm™, there is a region near the
midplane that is optically thick to the stellar radiation. The tem-
peratures found by Cloudy for this hot region are similar to the
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midplane temperatures found by Muzerolle et al. (2004) for their
optically thick inner disk, although their opacity sources mostly
molecular. The optically thick region can have a two-fold effect
on observations of the inner disk. First, it will cast a shadow on
the inner silicate dust rim. Within this shadow, a thin extension
of dust and molecules can potentially exist interior to the dust
sublimation rim. A radial extension of midplane dust has the
potential to produce an additional contribution to the interfer-
ometric signal from the inner rim, with a component originating
inside of the minimum possible radius defined by gray-opacity
grains at the most refractory dust sublimation temperatures (7gyp
~ 1800 K).

Similarly, if the inner disk gas is optically thick to its own
radiation, then it could produce continuum emission, which
would also produce a component that appears interior to the
sublimation radius. Evidence for a contribution interior to the
dust rim can be found in many studies, e.g. Eisner et al. (2007),
Tannirkulam et al. (2008), Najita et al. (2009), Lazareff et al.
(2017). Understanding whether this component is a radial exten-
sion of the inner rim is important for theories of planet formation
in the inner disk. Boley et al. (2014) appeal to a pressure bump
and semi-liquid rocky material at the inner rim in order to
build planetary cores rapidly in situ; in their model these cores
can eventually become systems of tightly packed inner planets
(STIPs) or hot Jupiters without requiring substantial migration
(Boley et al. 2016).

Further modeling with a 2D model that includes both the gas
and a dust rim is needed to determine the spatial extent of an
optically thick region, as well as its temperature, to see if it can
explain those objects with interferometric signals inside the dust
sublimation rim. In principle for my current model with T Tauri
stars, the optically thick gas region would be difficult to distin-
guish from the star, as it would be unresolved and at a similar
temperature.

5. Conclusions

I have analyzed a set of near-infrared spectra of single, accreting
T Tauri stars in the Taurus star-forming region. After determin-
ing self-consistently the stellar and accretion parameters using
updated distance measurements from Gaia, I extracted the excess
from the inner disk. In 18 stars of the 26 star sample, I detect
recombination lines of C° at a 30" level between 0.9 and 1.5 um.
For the five stars with a complete set of C° lines in this region and
a high degree of veiling at ~1.25 um, I modeled the line emis-
sion using two slab models: a Cloudy photoionization model to
determine the C° abundance relative to C and an optically thin
model with atomic data taken from the CHIANTI database to
find the density, temperature, and carbon abundance of the C°
line emitting region. All five stars show evidence for the car-
bon emission arising in a very dense (ng ~ 10'® cm™), warm
(T. ~ 4500 K), and moderately ionized (log X, ~ 3.3) region
with a carbon depletion of up to a factor of 42 times with respect
to the solar abundance. These parameters match well with pre-
dictions of the region interior to the dust sublimation radius,
using Cloudy. Analysis of the gas phase carbon depletion at the
inner edge of the gas disk implies the following:
1. Carbon has been depleted from the disk gas onto dust grains
and locked into kilometer size bodies somewhere in the disk.
2. The most likely carrier for the locked carbon is C- and N-rich
cometary ices located beyond the N, snowline, consistent
with formation of a proto-Kuiper belt by 1 Myr.
3. The disk inside the dust sublimation radius should be largely
atomic, with a midplane layer that is optically thick to stellar

radiation and shadows the dust rim. This, combined with

a potentially optically thick emission component from the

4500 K gas, may explain detections of an interferometric

component interior to the dust rim in Herbig AeBe stars.
Expanding this model of the inner disk to take into account the
proximity to the star, include a 2D treatment of the stellar radia-
tion, and disentangle the hydrogen emission from the inner disk
will be crucial to determining the uncertainties on these abun-
dance measurements and understanding the implications of the
physical conditions at the dust rim for forming hot planets in
situ. Further higher spectral resolution observations of these C
lines and other atomic emission from inside the dust sublima-
tion rim have the potential to be one of the few ways to probe
the bulk composition of small planetesimals in the disk. I will
explore these possibilities in future work (McClure & Dominik,
in prep.).
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Appendix A: Atomic line data

Table A.1. Complete observed neutral carbon line list.

Lower level

configuration, term, J

Upper level

configuration, term, J

2s22p3s, 3P°, 1
2s22p3s, 3P°, 0
2s22p3s, 3P°, 1
2s22p3s, 3P°, 1
2s22p3s, 3P°, 2
2s22p3s, 3P°, 2

2s22p3p, 3P, 2
2s22p3p, 3P, 1
2s22p3p, 3P, 1
2s22p3p, 3P, 0
2s22p3p, 3P, 2
2s22p3p, 3P, 1

2s22p3s, 1P°, 1

2s22p3p, 1D, 2

2s22p3s, 3P°, 0
2s22p3s, 3P°, 1
2s22p3s, 3P°, 2

2s22p3p, 3S, 1
2s22p3p, 3S, 1
2s22p3p, 3S, 1

2s22p3s, 3P°, 1
2s22p3s, 3P°, 0
2s22p3s, 3P°, 2
2s22p3s, 3P°, 1
2s22p3s, 3P°, 2

2s22p3p, 3D, 2
2s22p3p, 3D, 1
2s22p3p, 3D, 3
2s22p3p, 3D, 1
2s22p3p, 3D, 2

2s22p3p, 3D, 1
2s22p3p, 3D, 2
2s22p3p, 3D, 3
2s22p3p, 3D, 3

2s22p3d, 3D°, 1
2s22p3d, 3D°, 2
2s22p3d, 3D°, 3
2s22p3d, 3D°, 2

2s22p3p, 3D, 1
2s22p3p, 3D, 3
2s22p3p, 3D, 2

2s22p3d, 3F°, 2
2s22p3d, 3F°, 4
2s22p3d, 3F°, 3

2s22p3p, 3D, 2
2s22p3p, 3D, 3

2s22p4s, 3P°, 1
2s22p4s, 3P°, 2

2s22p3p, 3P, 0
2s22p3p, 3P, 1
2s22p3p, 3P, 1
2s22p3p, 3P, 1
2s22p3p, 3P, 2
2s22p3p, 3P, 2

2s22p3d, 3P°, 1
2s22p3d, 3P°, 0
2s22p3d, 3P°, 1
2s22p3d, 3P°, 2
2s22p3d, 3P°, 1
2s22p3d, 3P°, 2

Wavelength Aupper,lower Elower Eupper
(um) C) (eV) (eV)
0.906392 7.31 x 10° 7.482772 8.850659
0.906496  9.48x10°  7.480392 8.84812
0.908077 7.07 x 10% 7.482772 8.84812

0.9091 3.00 x 107 7.482772 8.846584
0.909733 2.28 x 107 7.487795 8.850659
0.91143 1.35x 107 7.487795 8.84812
0.940831 2.91 x 107 7.684766 9.002582
0.96056648 3.10x 10°  7.48039408  8.77113462
0.96234214 8.60x 10°  7.48277591  8.77113462
0.96610867 1.25x 107  7.48779862  8.77113462
1.068601 1.40 x 107 7.482772 8.64302
1.068827 1.04 x 107 7.480392 8.640394
1.069418 1.84 x 107 7.487795 8.647158
1.071025 7.53 x 10° 7.482772 8.640394
1.073247 4.40 % 108 7.487795 8.64302
1.162247 4.39 % 10° 8.640394 9.707156
1.163201 5.42 %106 8.64302 9.708909
1.166287 7.48 x 10° 8.647158 9.710225
1.167734 1.57 x 10% 8.647158 9.708909
1.175144 2.29x 107 8.640394 9.695449
1.175654 2.63 % 107 8.647158 9.701756
1.175798 2.40 x 107 8.64302 9.697487
1189617 831x10°  8.64302  9.685241
1189901  9.24x10°  8.647158  9.689128
1.255292 3.84x10°  8.846584 9.834275
1.256556 1.27 x 107 8.84812 9.834818
1.257248 3.55x 108 8.84812 9.834275
1.258503 2.45x 106 8.84812 9.833292
1.260494  5.05x10°  8.850659 9.834275
1.261755 9.39x 10° 8.850659 9.833292
1454649  8.55x 100  7.684766  8.537097

2s22p3s, 1P°, 1

2s22p3p, 1P, 1

Notes. Horizontal lines separate the different line complexes seen in the spectra. NIST ASD can be accessed here: https://physics.nist.

gov/PhysRefData/ASD/lines_form.html?

Most of the C° line complexes are composed of multiple,
blended lines. For each individual line in these complexes,
Table A.1 lists the wavelengths in vacuum, Einstein A coeffi-
cients, level energies, and lower and upper configuration terms
distilled from the NIST Atomic Spectra Database (Kramida et al.
2018). The line complexes given around 0.96 and 1.26 um are
very weak and only visually suggested by the spectra upon com-
parison between targets. Their fluxes are not measured or used
for any of the analysis here.

Appendix B: Outer radii assumed for slab models

The radial 1D Cloudy model can only cool in one dimension,
so it never reaches temperatures where CO would dominate over
CY. Therefore, it is necessary to infer the outer radius of the o
emission from literature measurements of H°, CO, and the dust
sublimation rim, as shown in Table B.1.

Two of the disks, DR Tau and DO Tau, have all of these
measurements. In H°, the outermost radius contributing to Bry
emission has been measured interferometrically, at 0.05 and
0.1 AU (Eisner et al. 2014), respectively. A radius of the peak
emission from a hot, broad component of CO has been measured
kinematically from CRIRES spectra of the CO fundamental rovi-
brational band at ~4.7 um (Banzatti & Pontoppidan 2015), at
0.06 and 0.12 AU, respectively. This peak emission comes from
just outside of the Bry outer radius. In the case of DO Tau,
weaker CO emission may extend to an innermost CO radius of
0.03 AU (Salyk et al. 2011). For both DR Tau and DO Tau, the
dust sublimation rim has been interferometrically measured at
0.12 and 0.18 AU, respectively, outside of the peak CO emission
radius (Eisner et al. 2014). For DO Tau, this rim radius is also
consistent with SED modeling of the inner rim excess (McClure
et al. 2015). For these two disks, I assume the H® Bry outer radius
as the outer radius for C°. Realistically, a large population of H°
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Table B.1. Slab radii.

Star Rslab RHBr'y,out RCO,inner RCO,BCpeak Rdust,inter Rdusl,SED
(AU) (AU) (AU) (AU) (AU) (AU)
CW Tau  0.04 - 0.04 (@ 0.32® - -
DRTau 0.05 0.05+0.01© 02-0.59 0.06 ® 0.12+0.1 @ -
DO Tau 0.1 0.10+0.01 ©  0.03-0.05 @ 0.12® 0.18+0.01 © 0.7 @
FZ Tau 0.1 - 0.1 @@ 1.0® - 0.26 )
DL Tau 0.05 - 0.01-0.05 @ - - -

Notes. (VFrom Rsini, assuming an inclination of 28 degrees from Banzatti & Pontoppidan (2015). ®From Rsini, assuming an inclination of

38 degrees from Banzatti & Pontoppidan (2015).

References. “Brown et al. (2013), ®Banzatti & Pontoppidan (2015), ©Eisner et al. (2014), " Salyk et al. (2011), “McClure et al. (2015),

(OMcClure et al. (2016).

is necessary in order to produce free electrons from the forma-
tion of H*, which can then recombine with C* to maintain the
neutral carbon population and produce these lines.

The other three disks in the sample lack the complete set of
radii observations that DR Tau and DO Tau have. Since the car-
bon abundance required to fit the observed flux will increase if
the emitting region is made smaller, I have chosen to use the
smallest radii associated with CW Tau, FZ Tau, and DL Tau
in order to present a conservative upper limit on the carbon
abundance.

Appendix C: Line optical depth verification
The optical depth of the C° lines can be expressed as:

3

where Av is the width of the line in km s~!, A, is the Einstein
transition probability in s~!, and N,, the column density of C°
in the upper level of the transition, is the product of the first
three terms: the fraction of C atoms in the upper level state at
a given n, and T, the carbon abundance relative to hydrogen,
and the hydrogen column density. In Table C.1 I calculate 7
using the ne, T., ny, and X¢ parameters found for each disk in
the main paper, with n, /n. from calculations using the CHIANTI
atomic line database, and assuming a Gaussian density profile to
estimate Ny. Note that all of the lines are optically thin for each
star except for CW Tau; for this star, the density is high enough
that the main line in the 0.91 um complex and the two brightest
lines in the 1.07 um complex have 7jjpe ~1.

o1 = X NyAu e (ef = 1), (C.1)
Tone 8tAv
Table C.1. Line optical depths.
T CW Tau DR Tau FZ Tau DO Tau DL Tau
09064 32x1071 77x107%2 31x1073 3.6x102 53x1072
09065 25x1071 59x102 23x10° 28x10%2 4.1x1072
09081 19x107" 44x102 17x1073 21x102 3.0x1072
09091 2.7x107! 63x1072 25x1073 3.0x107%2 4.4x107?
0.9097 1.0 24%x10°1 95%x1073 1.1x107'  1.7x107!
09114 35x107! 84x102 33x1073 4.0x10%2 58x1072
09408 84x107' 20x10! 77x103 1.0x107! 1.5x107!
1.0686 1.3 32x107 13x1072 1.5x107" 2.3x107!
1.0688 71x107! 1.7x107' 72x103 84x102 12x107!
1.0694 1.5 48%x107! 2.8x102 32x107! 51x107!
10710 52x107" 13x107! 52x10° 6.1x1072 9.0x1072
1.0732 41x107' 1.0x107' 41x1073 49x102 72x1072
11751  44x1072 59x103 11x10™% 22x1073 2.7x1073
11757 1.0x107" 1.5x1072 32x10* 64x1073 83x1073
11758 5.6x1072 69x%x1073 12x10* 23x1073 29x1073
14546 39x107! 94x102 3.8x107 52x102 7.7x1072
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