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ABSTRACT

Context. The gas and dust dissipation processes of proto-planetary disks are hardly known. Transition disks between Class II (proto-
planetary disks) and Class III (debris disks) remain difficult to detect.

Aims. We investigate the carbon chemistry of the peculiar CQ Tau gas disk. It is likely to be a transition disk because it exhibits weak
CO emission with a relatively strong millimeter continuum, indicating that the disk may currently be dissipating its gas content.

Methods. We used APEX to observe the two C1 transitions P, —

3P, at 492 GHz and 3P, — 3P, at 809 GHz in the disk orbiting

CQ Tau. We compare the observations to several chemical model predictions. We focus our study on the influence of the stellar UV

radiation shape and gas-to-dust ratio.

Results. We did not detect the CI lines. However, our upper limits are deep enough to exclude high-C I models. The only available
models compatible with our limits imply very low gas-to-dust ratios, of the order of only a few.
Conclusions. These observations strengthen the hypothesis that CQ Tau is likely to be a transition disk and suggest that gas disappears

before dust.
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1. Introduction

Gas and dust disks orbiting pre-main-sequence stars are believed
to be the birthplace of planetary systems. Several disks surround-
ing young stars have been detected and studied in both con-
tinuum and molecular lines at mm/submm wavelengths (e.g.,
Piétu et al. 2007, and references therein). However, little is
known about how their gas and dust content dissipate. Transition
disks between Class II (proto-planetary disks) and Class III (de-
bris disks) remain hard to detect. Accretion, viscous spread-
ing, planet formation, and photo-evaporation (enhanced by grain
growth and dust settling) should all play a role in the disappear-
ance of the gas and dust disk, but their relative importances have
not yet been estimated.

Disks with a strong mm continuum excess and weak CO
lines are interesting in this respect, as they may represent a stage
in which gas is being dissipated, while large dust grains respon-
sible for the mm continuum persist, perhaps settling within the
mid-plane. The first case discovered was BP Tau, which exhibits
a warm (50 K), small (radius ~120 AU) disk with a very low
CO to dust ratio (Dutrey et al. 2003), corresponding to an ap-
parent depletion factor of 100 for CO. Chapillon et al. (2008,
hereafter PaperI) found that the Herbig Ae (HAe) stars CQ Tau
and MWC 758 have disks with similar characteristics.

* Based on observations carried out with the Atacama Pathfinder
Experiment. APEX is a collaboration between the Max-Planck-Institut
fir Radioastronomie, the European Southern Observatory, and the
Onsala Space Observatory.
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Chapillon et al. (2008) showed that such a low CO to dust
ratio can be explained by photo-dissociation by UV photons
coming from the star with a standard gas-to-dust mass ratio.
However, solutions with low gas-to-dust ratio also exist. These
solutions differ in terms of the amount of atomic and/or ion-
ized carbon produced by the CO photo-dissociation. Thus, de-
tection of either CT or C* provides a useful diagnostic of the
disk structure. An upper limit to the C1 3P, — 3P transition
in the Herbig Be star HD 100546 has been recently reported by
Panic et al. (2010).

Here we report on a search for C1in CQ Tau. We present our
observations in Sect. 2. Our results are discussed and compared
with chemical modeling in Sect. 3. We summarize our study in
the last section.

2. Observations and results

We selected CQ Tau as our main target, because it appears to be
the warmest source: the mm continuum and '>CO observations
of PaperI indicate a gas temperature >50 K, a disk outer radius
near 250 AU, and an apparent CO depletion of 100. CQ Tau (see
Table 1) is one of the oldest HAe stars (~6—10Myr), although
a revision of its distance implies that CQ Tau is younger than
initially understood (see Paper]). It is surrounded by a resolved
disk (Mannings & Sargent 1997; Doucet et al. 2006). This star
exhibits an UX-Ori-like variability (Natta et al. 1997), in contra-
diction with the observed low disk inclination (PaperI). Its dust
emissivity exponent is about 0.7 (PaperI and Testi et al. 2003),
indicating significant grain growth.
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Table 1. Properties of CQ Tau, also named HD 36910.

Spec. type  Tep (K)  Stellar lum. (Ly) Distance™ (pc) M. (Mg)  Vig®? (kms™')  PA (°)*? i) Rou(AU))
A8-F2 7200 8-16 140 1.8 6.2 +£0.04 -36.7+£03 293+1.7 210+20
Notes. * Assumed to be the Taurus distance. ** Derived according to interferometric '>’CO J = 2-1 data (Paper I).
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Fig.1. C13P,—3P; (a) and 3 P,—3P; (b) spectra towards the Orion Bar.

Table 2. Sources coordinates (J2000).
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Fig. 2. (a) C1 3P, =3P, spectra, rms = 0.020K and (b) C1 3P,—3P,
spectra, rms = 0.046 K towards CQ Tau. The spectral resolution is about
1 kms~!. The dotted line correspond to the Vi, of the source.

Table 3. Elemental abundances with respect to total hydrogen.

source RA Dec
CQTau  05:35:58485  24:44:54.10 Element _Abundance
Mars® 05:57:24 23:30:41 C 1.38x 107
Orion Bar  05:35:15.09 -05:26:36.6 o 3.02x 1074
N 7.95x 105
®) Aug., 25th 2009 at 0h00 (UT). Me 100 x 10-8
S 2.00 x 1076
Si 1.73 x 1078
Fe 1.70 x 107

We observed simultaneously the C1 3p,—3Pyand3P,—3P,
lines in CQ Tau with FLASH (Heyminck et al. 2006) on APEX
during August 2009 in excellent weather conditions (pwv <
0.3 mm). We used wobbler mode (60”). The total integration
time on source is 67 min. Pointing and focus were frequently
checked on Mars (the planet was very close to the source, see
Table 2). Receiver tuning was checked on the Orion Bar (Fig. 1).
Our observation of C13P;—3P, towards the Orion Bar peaks at
T, =~ 17.5 K. Taking the beam efficiency measured toward the
Moon ~0.8 (the emission being extended), this leads to a peak
temperature of Tyyg ~ 21K. This is in quite good agreement
with previous observations of CT at 492 GHz toward the Orion
Bar by Tauber et al. (1995) with the CSO 10.4 m dish (15" beam,
our pointing is in-between that of their “d” and “e” spectra, i.e.,
17 < Tms < 25K, see their Figs. 1 and 2).

The spectra towards CQTau are presented in Fig.2.
We did not detect any C1 emission. The lo sensitivity
on the integrated area is given by the following formula
o(Jykms™) = SJy KHo(K) VovAv, where 6v is the spectral
resolution and Av the line width. We take Av = Skms™' ac-
cording to the PdABI CO observations (PaperI). The rms noise in
Fig.2 are (10) rms 0.020 and 0.046 K (T'») for a spectral resolu-
tion of 1.04 and 0.95 kms~! at 492 and 809 GHz, respectively.
Taking the conversion factors between Jansky and Kelvin to be
equal to 48 and 70Jy K~!, we thus obtain 30" upper limits of
6.6Jy km s~! and 25 Jykm s~ for the 3P;—3Py and *P,—3P,
lines (see Table 4).
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3. Discussion
3.1. Chemical modeling

We use the PDR code from the Meudon group (Le Bourlot et al.
1993; Le Petit et al. 2006) with the modification of the extinc-
tion curve calculation according to the grain size distribution de-
scribed in Paper I. The chemical network and elemental abun-
dances (given in Table 3) are similar to that of Goicoechea et al.
(2006). No freeze-out onto grains is considered, as the gas tem-
perature determined by CO observation is >50 K. We solve the
radiative transfer perpendicular to the disk plane for each radii,
with an incident UV flux scaling as 1 /r?. Radiative transfer,
chemistry, and thermal balance are consistently calculated. For
more details and a description of the use of the code we refer to
Paper L.

From Paper I, the models of ours that reproduce most closely
the CO depletion and gas temperature in CQ Tau are: 1) a disk
illuminated by a strong UV field from the star (Draine field
with a scaling factor y = 10* at R = 100 AU) with a normal
gas-to-dust ratio (g/d =100, model A), or 2) a disk illuminated
by a weaker UV field (y = 10%) with a modified g/d ratio
of 10 (model B). In both cases, we considered large grains
with a maximum size of 1cm as suggested by the previous
dust and CO observations. The computed surface densities and
abundances of CO, C1, and C1I are shown in Figs. 3 and 4, left
and middle panels. A cut perpendicular to the disk mid-plane
in our models A and B shows three parts (Fig. 4). At 100 AU
radius, C* is the most abundance form of carbon in the upper
layer, then there is a transition layer where C1 is quasi-dominant
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Fig. 3. Radial distribution of the surface density of C*, C 1, and CO for three models that are in agreement with the CO observations.
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Fig. 4. Vertical distribution of the abundance of C* (blue), C1 (green), and CO (red) and gas temperature (pink dashed lines) for the three models

that are in agreement with the CO observations.

and finally CO is the main carbon-component in the mid-plane.
At larger radii (200 AU), C* remains however the dominant
carbon-component even in the disk mid-plane, because the total
opacity perpendicular to the disk mid-plane is low.

3.2. The UV problem

As indicated in PaperI (Sect. 5.2), the actual UV spectra of HAe
stars are not well known. Observations of MWC 758 indicate a
UV spectrum shortwards of 1500 A whose shape is more closely
represented by a Draine field than by a purely photospheric spec-
trum (PaperI). From spectra obtained by the IUE satellite, we
infer that the CQ Tau UV flux is 10-30 times lower than that
of MWC 758 (Grady et al. 2005; Blondel & Djie 2006), but the
shape is unknown. To check the importance of the UV spectrum
profile, we performed another model assuming a photospheric
spectrum from a A3 type star (Kurucz database'). CQ Tau is a
somewhat cooler star (A8 to F2), so this is most likely an over-
estimate of the UV flux.

The CO abundance appears very sensitive to the UV profile.
In absence of a UV excess and in the case that g/d = 100 the
chemistry is dramatically affected. The disk is mainly molecular
and the C/CO transition occurs at low opacities (i.e. closer to the
disk atmosphere). This model leads however to too high CO sur-
face densities (see Fig. 5, left panel). With g/d = 10 (Model C,
see Figs. 3 and 4), the CO surface densities are of the same order
of magnitude as in model B and therefore also compatible with
CO observations frome Paper I, but now the gas is warmer and
there is more CI than C* (CI being the main carbon form in the
mid-plane).

! http://kurucz.harvard.edu/

Bergin et al. (2003) demonstrated that the UV excess of
T Tauri stars is dominated by strong emission lines, in partic-
ular Lyman a. We therefore explored the influence of the shape
of the UV spectrum by studying the impact of the Lyman « line
at 1215 A. We performed a couple of runs with a modified stellar
spectrum, i.e., a photospheric spectrum with an additional line,
and the two gas-to-dust ratios (10 and 100). The effects on the
surface densities of CO, CI, and C* were found to be negligible.

3.3. Elemental depletion

Another possible way of explaining the lack of CO and CI in
this object is that, even with a normal g/d, the C, and O ele-
mental abundances may be lower than thoses adopted here (e.g.,
by depletion onto grain surfaces). We ran a model with a stel-
lar UV field including a UV excess (y = 10?), a standard value
of g/d (100) and an elemental depletion factor of 10 of heavy
elements (see Fig. 5, right panel). The amount of C1 is in rea-
sonable agreement with our observation but the CO is largely
overestimated. The larger amount of CO relative to the g/d =
10 and standard abundances case is due to the mutual shielding
by H,. An unlikely elemental depletion of ~100 is required to
match the observations of both CO and C1.

3.4. Spectrum predictions

Characteristic flux densities can be recovered by noting that an
approximate integrated line flux is given by

S = B,(Tex, V)7 (Row/ D)? pSVcos i,

where B, is the Planck function, T is the excitation tempera-
ture, Ry is the outer radius, D is the distance of the star, and 6V
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C and O depletion
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10”:‘ T RS i T 10" Fig. 5. Radial distribution of the surface density of
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Radius (AU) agreement with the CO observations.
Table 4. Observed and predicted line flux. are mostly optically thin, and only the line wings originating in
the inner regions because of the Keplerian rotation are optically
CI3P1 —>3P0 CI3P2—)3P1 2100 p tthk'
(Jykms™) (Jykms™) (10" cm™2)
Obs. < 6.6 <25 ] ]
T: 530K 100K | 50K 100K 3.5. Comparison with other models
Model A 30 48 68 135 | 120 23
Model B 13 15 33 521 23 L5 Although no specific modeling of the CQ Tau disk and star sys-
Model C 26 37 60 11 8.7 1.4 tem has been already published, it is worth comparing our results
Thick 60 128 | 125 300 | 1000 1.5 with predictions from other chemical studies.
Model J/B4 8-11 24-29

Notes. Model A: y = 10%, g/d = 100; B: y = 10?, g/d = 10; C: Kurucz
A3, g/d = 10; Thick: flux for optically thick lines. Predictions are for
an assumed local line width of 0.2 kms™!. Model J is from Jonkheid
et al. (2007), their model B4. All the line fluxes are scaled for a source
distance of 140 pc. Z¢o and p are the results of the power-law fitting of
the modeled C1 surface densities (Fig. 3).

is the local (i.e., sum of thermal + turbulent) line width. For op-
tically thin lines, the factor p is nearly equal to the opacity 7, and
for optically thick lines, p is of the order of a few (see Guilloteau
& Dutrey 1998, their Eq. (2) and Fig. 4). In the optically thick
case, poV < 2Vqy, where Vo is the Keplerian velocity at the
disk outer radius, about 5.5 kms™! in our case. In the optically
thin regime, the emission is just proportional to the number of
molecules because 7 oc X/6V, where X is the surface density.

We used the radiative transfer code DISKFIT optimized
for disks (Piétu et al. 2007; Pavlyuchenkov et al. 2007)
to make more accurate predictions about the CI line pro-
files and integrated intensities from our models. The model
surface densities were extrapolated using simple power-laws
2(r) = Zy00(r/100 AU)7?. The disk parameters (size, tempera-
ture, Keplerian velocity, inclination, and turbulent width) were
taken from PaperI. Our values of X,y and p and the line flux
predictions using 7y = 50 and 100K are given in Table4,
with the observed upper limits. The value of the gas temperature
Tr = 100 K is obtained from the best-fit model of the J = 2—1
CO line, and 50K is a lower limit, although this temperature
provides a closer fit to the CO J = 3-2 spectrum obtained at
JCMT by Dent et al. (2005). Non-LTE effects are expected to be
negligible, because the CI transitions have low critical densities
of the order of <10* cm™ (Monteiro & Flower 1987; Schroder
etal. 1991), while in our model, the C1 layer is located in a high
density region (~10°—10° cm™3).

Considering the uncertainty in the temperature, the non-
detection of both CTI lines excludes the high CI models (A
and C). It is just marginally consistent with the low g¢g/d,
non-photospheric UV spectrum model (B), provided the kinetic
temperature does not exceed 5S0K. In this case, the CI lines
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The chemistry of HAe disks was also studied by Jonkheid
et al. (2007), with different assumptions than in our study.
The UV transfer is performed with a 2D code (van Zadelhoff
et al. 2003), whereas in our case this is a 1D method. The
self-shielding of H, and CO are calculated assuming a con-
stant molecular abundance whereas we compute it explicitly.
Moreover, they mimic the dust growth (and/or settling) decreas-
ing the mass of the small grains (i.e., interstellar grains) and con-
sider PAHs. The radiation field is a NEXTGEN spectrum (which
is a pure photospheric spectrum). Low CO amounts can be re-
produced by their model B4. They predict that CT is the main
form of carbon (their Fig. 6), in agreement with our model C
(photospheric spectrum and low gas-to-dust ratio). Jonkheid
et al. model B4 yields integrated line intensities of about 1—
1.3 Kkms™! for a beam size of 6.7”, an inclination of 45° and
a turbulent width of 0.2 km s~!. This corresponds to 8—11 and
24-29 Jykms™!' for the 492 and 809 GHz lines, respectively
(Table 4). Taking the 1.3 mm flux from CQ Tau and using an ab-
sorption coeflicient of 2 cm? g~! (per gram of dust) with a dust
temperature of 50 K, the estimated dust mass is 4.6 X 1073 M.
This is likely a lower limit, as the adopted absorption coeffi-
cient is large. The gas mass in the most appropriate model from
Jonkheid et al. (2007) is 10™* M, which would imply a gas-to-
dust ratio of only ~2. Our best model (B) with g/d = 10 predicts
somewhat too strong lines. From Table 4, since the CTI lines are
close to the optically thin regime, a reduction in g/d by a factor
of 2-3 may bring model and observations in agreement. Thus,
whichever chemical model of HAe disk we consider, the CO ob-
servations and the measured upper limits on both CT lines can
only be reproduced by a very low gas-to-dust ratio.

Although a factor of a few may be within the modeling un-
certainties, it appears difficult to reconcile the current constraints
on CO and C1 with gas to dust ratios higher than 10.

The influence of X-rays is not taken into account neither in
our PDR code, nor in Jonkheid et al. (2007). Although their
Lx/Lyo are lower, on average, HAe stars are as strong X-ray
emitters as T Tauri stars (Skinner et al. 2004). No specific model
exists for HAe disks, but studies appropriate to T Tauri stars
indicate that X-rays are expected to increase the CTI intensity
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(Meijerink et al. 2008; Gorti & Hollenbach 2008; Ercolano et al.
2009). We thus do not expect the (unknown) X-ray luminosity
of CQ Tau to affect our conclusions.

Another possibility is that models over-predict C1 because
of the inaccurate treatment of the physical processes. While this
cannot be excluded, we note however that the two existing HAe
disk chemical models make very different approximations (one
about the radiative transfer, the other about the self-shielding),
and yet converge towards similar predictions.

4. Summary

Our observations of the C13P;—3P, and 3P,—3P; transitions
in the CQ Tau disk leads to significant upper limits, which allow
us to reject chemical models producing a large amount of CI.
The absence of CI emission together with the low CO emission
can be explained by currently available chemical models of HAe
disks, only if the gas-to-dust ratio is notably low (of order 2—
5) in the CQ Tau disk. This suggests that the CQ Tau disk is in
a transition stage between the proto-planetary and debris disk
phases. This work also allows us to conclude:

1. PDR models that reproduce the CO data are qualitatively
compatible with our upper limits, but still overestimate the
total amount of CT unless the gas-to-dust ratio is of the order
of a few.

2. The CT surface density is sensitive to the shape of the UV
spectrum, with neutral carbon being the dominant species in
the absence of UV excess.

3. Introducing the Lyman « line in the stellar UV spectrum does
not change the CI surface density.

4. All models matching the low CO and CT intensities predict
that Carbon should be mainly in the ionized form C*. That
could be tested by Sofia or Herschel observations. With a
complete census of CO, C1, and C*, the overall surface den-
sity of gas-phase carbon will be constrained, allowing a more
reliable estimate of the g/d ratio.

While the above conclusions are based on the assumption that
the chemical models of HAe disks are indeed valid, observing

more disks, especially large disks with bright CO, would provide
a useful test of their validity.
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