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ABSTRACT

In an effort to simultaneously study the gas and dust components of the disc surrounding the young Herbig Ae star HD 169142, we present far-IR
observations obtained with the PACS instrument onboard the Herschel Space Observatory. This work is part of the open time key program GASPS,
which is aimed at studying the evolution of protoplanetary discs. To constrain the gas properties in the outer disc, we observed the star at several
key gas-lines, including [OI] 63.2 and 145.5 pm, [CI] 157.7 pum, CO 72.8 and 90.2 um, and 0-H,O 78.7 and 179.5 um. We only detect the
[OI] 63.2 um line in our spectra, and derive upper limits for the other lines. We complement our data set with PACS photometry and '¥/'3CO data
obtained with the Submillimeter Array. Furthermore, we derive accurate stellar parameters from optical spectra and UV to mm photometry. We
model the dust continuum with the 3D radiative transfer code MCFOST and use this model as an input to analyse the gas lines with the thermo-
chemical code PRODIMO. Our dataset is consistent with a simple model in which the gas and dust are well-mixed in a disc with a continuous
structure between 20 and 200 AU, but this is not a unique solution. Our modelling effort allows us to constrain the gas-to-dust mass ratio as well as
the relative abundance of the PAHs in the disc by simultaneously fitting the lines of several species that originate in different regions. Our results
are inconsistent with a gas-poor disc with a large UV excess; a gas mass of 5.0 + 2.0 x 1073 M, is still present in this disc, in agreement with

earlier CO observations.
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1. Introduction

Giant gas-planets form in protoplanetary discs within the first
10 Myr after protostar formation. Therefore the amount of gas
that is present in a disc at a given time is very important, as it
determines whether these planets can still be formed. The study
of the dust is equally important, as it witnesses the first steps
of planet formation. A lot is known about the dust in protoplan-
etary discs thanks to the Space Observatories ISO and Spizzer:
different degrees of dust processing were observed with no clear
relation to stellar properties, while grain growth could be related
to the disc structure (e.g. Sicilia-Aguilar et al. 2007; Meeus et al.
2009). Gas is more difficult to observe, as the spectral lines are
not very strong. Most gas studies are based on CO lines in the
near-IR (warm gas) or in the mm, where CO freeze-out onto
grains is a complicating factor (e.g. Brittain et al. 2007; Dent
et al. 2005). However, as gas lines are stronger in the far-IR,
we expect this field to experience major breakthroughs in the
coming years based on data obtained with the Herschel Space
Observatory (Pilbratt et al. 2010), which provides sensitive far-
IR photometry and spectroscopy.

The source HD 169142 is a young — age 6f§’ Myr (Grady
et al. 2007) — Herbig Ae star with an IR to millimetre

* Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.
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excess attributed to a circumstellar (CS) disc. Submillimeter
Array (SMA) observations show a disc in Keplerian rotation
with radius » = 235 AU and inclination i ~ 13° (Raman et al.
2006) and a total gas mass of 0.6-3.0 x 107> M (Pani¢ et al.
2008). For a Herbig Ae, the star is unusual as it has a small near-
IR excess (e.g. Dominik et al. 2003). Furthermore, SWS/ISO
spectra revealed that the silicate 10 um feature, detected in the
majority of the Herbig Ae/Be stars (only 8 out of 53 lack the fea-
ture, Juhdsz et al. 2010) is lacking in HD 169142 (Meeus et al.
2001). This absence can be explained if the silicate grains are
either too large or too cold to emit at 10 um (Meeus et al. 2002).
On the other hand, features of polycyclic aromatic hydrocarbons
(PAHs), which can be excited by UV photons, were clearly de-
tected with ISO and Spitzer. Based on the near to far-IR ratio,
Grady et al. (2007) suggested that the inner region has already
cleared some material, and that the inner and outer disc are not
coupled. However, this might also be explained by a reduced
opacity due to grain growth.

In this paper we show the first Herschel observations of
HD 169142, and use radiative transfer and chemical models to
constrain the gas properties of the outer disc.

2. Herschel PACS observations

Our observations are part of the Herschel open time key
program GASPS (PI. Dent, see Mathews & Thi 2010; and
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Fig. 1. Observed [OI] 63 um emission line (black) together with our line
fit (red; parameters listed in Table 1).

Table 1. Summary of the PACS targeted lines and the CO lines observed
with the SMA (Raman et al. 2006; Pani¢ et al. 2008).

Species  Transition Ae Continuum Line Flux
(um) dy) (107" W/m?)
[0I] °P, — 3P, 63.18 18.89(0.13)  71.7(3.8)
[0I] 3Py — 3P, 145.53 13.76 (0.03) <104
[CH] 2P3;, — 2Py, 157.74  14.48 (0.03) <6.4
0-H,O 25 - 1y 179.53  13.12 (0.05) <8.8
o-H,O 453 — 3 78.74  17.82(0.32) <10.6
CO 3635 72.84  17.92 (0.04) <155
CO 29128 90.16  17.00 (0.05) <10.6
2co 21 1300.40 0.169 (0.005) 0.093 (0.004)
13Co 2-1 1360.22 0.169 (0.005) 0.048 (0.004)

Notes. We list the central wavelength, continuum and line flux or upper
limits (three sigma) in the case of a non-detection. Between brackets we
give the one sigma statistical error for the detections.

Dent et al. 2010). We obtained PACS (Poglitsch et al. 2010)
photometry (obsid 1342183656, Point Source, 400 s) and spec-
troscopy (obsid 1342186309, PacsRangeSpec, 5150 s and ob-
sid 1342186310, PacsLineSpec, 1669 s). The spectroscopic data
were reduced with the developer build version 3.0.1212 of the
Herschel interactive processing environment (HIPE; Ott 2010),
using standard tasks provided in HIPE. In order to conserve the
best signal and not to introduce additional noise, we only ex-
tracted the central spaxel and corrected for the flux loss with
an aperture correction. Furthermore, we applied another cor-
rection factor as supplied by the PACS team (1.3 in the blue,
and 1.1 in the red), to obtain a flux calibration accuracy of 40%.
More details on the data reduction can be found in Mathews
et al. (2010). In Fig. 1 we show our only detection, the fine
structure line [OI] 63.2 yum. We also searched for other gas
lines that were targeted in our spectroscopy, but did not de-
tect: [OI] 145.5 um, [CII] 157.7 um, CO 72.8 and 90.2 um,
nor 0-H,O 78.7 and 179.5 um. In Table 1 we list the mea-
sured line properties. We note that in the LWS/ISO spectrum of
HD 169142, the [CII] 157.7 um line was detected, but LWS uses
a larger beam (~40") than the size of the central spaxel of PACS
(974 by 974). Therefore we also analysed the other 24 spaxels
of the IFU and found a tentative detection in spaxels 13 and 14,
which are to the West of HD 169142. The cause of this emission
(if confirmed) is currently unknown.

Photometric observations were obtained in point source
mode for both the blue (70 um) and red (160 ym) bands, and
reduced using HIPE v2.3.4 with the point source observations
pipeline. The source is spatially unresolved, with FWHM 5" at
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70 um and 11” at 160 um. We derived photometry using an aper-
ture of 21”, and applied an aperture correction from the PACS
PhotChopNod Release Note (Feb. 22, 2010). This gives a flux
of 27.35 £ 0.03 Jy at 70 ym and 17.39 + 0.05 Jy at 160 um,
with a flux calibration uncertainty of 5% in the blue, and 10%
in the red. Applying the flux uncertainty of 40% for the spec-
troscopy, our photometry is consistent with the continuum fluxes
measured from the spectral scans. Given the smaller error in the
photometry, however, we give preference to those fluxes, and ex-
pect to reduce the spectroscopic flux uncertainties in the future.

3. Determination of stellar parameters

Because previous studies list conflicting effective temperatures,
we re-estimated the fundamental parameters. Photometry ex-
cluding the contribution from the cool companion (at a distance
of 9”3; Grady et al. 2007) was collected from Cutri et al. (2003),
Zacharias et al. (2004) and Sylvester et al. (1996). We also anal-
ysed optical spectra, taken with CES/CAT with a resolution of
~60000. Temperatures were selected by simultaneously fitting
the lines from neutral and singly ionised species. The synthetic
stellar spectra were computed using the ATLAS9 and SYNTHE
codes by Kurucz (1993). x? tests show that models between
Ter = 7500 K, log g. = 4.0, [Fe/H] = —0.50 and T = 7800 K,
logg. = 4.1, [Fe/H] = —0.25 match our data.

Furthermore, the IUE obtained five spectra of HD 169142:
one between 1200-1900 A (SW) and four between 19003200 A
(LW). The SW spectrum is unusable for measurements below
1650 A, but suggests emission lines of OI (1304 A), CII (1335 A)
and CIV (1550 A) — unfortunately, most are dominated by bad
pixels. The LW spectra do not show any variability (over a pe-
riod of 4.5 months), match the stellar photosphere, and do not
show emission features. Overall, the IUE data (obtained from
the INES INTA archive) do not give evidence for a UV excess.

4. Analysis
4.1. Dust and continuum modelling

Far-IR lines emerging from a CS disc are affected by the stellar
UV irradiation, disc mass and geometry, dust size and compo-
sition, as well as PAH abundance. In order to interpret the lines
observed with Herschel, it is crucial to first obtain a solid knowl-
edge of the dust structure in the disc, based on as many observa-
tions as possible, like SED, scattered light images and visibili-
ties. Each of these observations provide complementary views of
the disc structure and the dust properties. The disc model is cal-
culated with the Monte Carlo radiative transfer code MCFOST
(Pinte et al. 2006, 2009), as outlined below.

We consider an axisymmetric, slightly flared density struc-
ture with a Gaussian vertical profile, assuming power-laws for
the surface density and scale height. We assume homogeneous
and spherical dust grains (Mie theory), with sizes distributed ac-
cording to the power-law f(a) o a3 between dmip and dmay,
where a is the grain radius. The dust is assumed to be well-mixed
with the gas, i.e. the dust/gas ratio is constant throughout the
disc. The star is reproduced by a uniformly radiating sphere with
previously determined parameters T.¢ = 7800 K, logg. = 4.1,
[Fe/H] = —0.25, and R.. = 1.6 R. Parameters are adjusted to si-
multaneously fit the SED, the Spitzer/IRS spectrum (Sloan et al.
2005), the 1.1 um HST image (Grady et al. 2007) and the 1.3 mm
SMA visibilities (Pani¢ et al. 2008). The scattered light image
mainly constrains the flaring index to a low value (around 1.0)
and the mm visibilities indicate a surface density varying as r~'.
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Fig. 2. Best fit with MCFOST to the observed data. Shown is the pho-
tometry obtained from the literature (black), Spitzer IRS spectrum (red),
PACS photometric observations (blue crosses), and PACS continua de-
rived from the spectroscopic observations (red crosses). The green line
represents the best MCFOST model, in red the atmosphere model. The
blue dot-dashed and pink dashed lines are the contributions (scattered
light and thermal emission) from the inner and outer disc, respectively.

Table 2. Parameters of the best fitting dust model.

Parameter Inner Disc Outer Disc

rin (AU) 0.1 20

Tour (AU) 5 235

surface dens. expe —1.0 -1.0

flaring exponent 8 1.05 1.00

ref. scale height iy 0.07AU @ 1AU 12.5 AU @ 100 AU
Mayse (M) 2x107° 1.5x 107

Sran 0 0.03

We reproduce the 1.3 mm emission with a dust mass of 1.5 X
107* M, with a grain size distribution' between ani, = 0.03 um
and apm,x = 1 cm. The weak emission around 10 ym implies that
there is a discontinuity in the disc 7 = 1 surface, possibly due to a
shadowed area or a gap. In this paper, we explore a solution with
a gap. For the dust composition, we use a mixture of 70% sil-
icates (Draine et al. 2003) and 30% amorphous carbon (ACAR
sample; Zubko et al. 1996), and calculate the effective optical in-
dex with the Bruggeman mixing rule. The strong PAH features
around 10 yum can be reproduced with a low PAH abundance due
to the low continuum emission in that region. We modelled the
emission with a single grain-size (54 carbon atoms, positively
ionised) and assume that the PAHs are uniformly distributed in
the outer disc. We did not try to reproduce in detail the various
bands observed with IRS, but rather constrain their abundance.
We obtain Mpap/Mause = 5 X 1074, corresponding to fpag = 0.03
(where fpag is the uniform PAH abundance relative to a stan-
dard ISM abundance of 10~%52 PAH particles/H-nucleus, mpay =
667 amu, and gas/dust = 100).

In Fig. 2 we show the best fitting model on top of the SED.
Our model provides good constraints on the outer disc (mid-, far-
IR and mm emission): dust mass, scale height, flaring index and
surface density profile, as well as dust properties and amount
of PAHs. However, the inner disc (near-IR emission) remains
poorly constrained. We tried to improve the fit by moving the
inner radius closer to the star (r;, = 0.06 AU), but then the tem-
perature is too high (2400 K) for dust, even carbon, to survive.
Because we lack simultaneous visible and near-IR photometry

! Note that for these size distribution parameters, only 31.5% of the
dust mass is in grains <1 mm, the rest (68.5%) is in larger grains.

Table 3. Predicted line fluxes for different models, compared with the
observed fluxes.

Model #1 Model #2 Model #3 Observed

gas/dust 1 100 33 -
Jfean 0.01 0.0055 0.0087 -
fov 0.005 0.0 0.0 -
Line Line Fluxes [107!®* W/m?]

[OI] 63.2 um 154 71.6 71.6 71.7
[OI] 145.5 pm 5.17 10.1 7.01 <10.4
[CII] 157.7 um 4.58 0.04 0.06 <6.4
0-H,0179.5 um 5.66 5.15 1.76 <8.8
2c02-1 0.060 0.092 0.093 0.093
3C02 -1 0.011 0.059 0.048 0.048
2co/B3co 5.69 1.55 1.92 1.94

Notes. The best fit is obtained by model #3. All models in this table
have turbulent line broadening vy, = 0.15 km sl

as well as spatially resolved near-IR data, we did not further im-
prove the fit to the inner disc. However, as most of the mid-IR
and mm lines originate from the outer disc, this is not critical for
the present paper.

4.2. Gas and line modelling
The best model reproducing the continuum observations is now
fed into the gas thermo-chemical code PRODIMO (Woitke et al.
2009) to calculate the chemical and gas temperature structure
in the disc and to predict the line fluxes, following the pipeline
described in Woitke et al. (2010; see their Fig. 1). This fi-
nal modelling step has additional free parameters such as the
dust/gas ratio. We computed models for the following param-
eters: gas/dust mass ratio € [1, 100], turbulent broadening with
Vb €[0,0.15] km's™', PAH abundance fpag € [0, 0.06] and stel-
lar UV excess fuv = Luv/Lx €[0,0.005] (for details, see Woitke
et al. 2010). Due to the stellar UV irradiation, the models gen-
erally result in disc surface-layers where the gas is warmer than
the dust. Table 3 shows the calculated line fluxes for a few se-
lected models. An important result from our modelling effort is
that the gas heating by PAHs plays a central role for the line
flux predictions, in our case useful for the temperature sensitive
[OI] 63.2 um line. For each selection of the parameters dust/gas
and fyv, we tuned the PAH abundance until a fit with the ob-
served [OI] 63.2 um line flux was obtained, if possible. However,
models with UV excess fyy = 0.005 result in a much too hot gas
and hence too strong gas emission lines, even for fpay = 0, and
even if we decrease gas/dust — 1, as in model #1. For the stan-
dard ratio gas/dust = 100, we found model #2, which fits the
[OI]63.2 um and '2CO line fluxes, but the *CO line is slightly
too high (2.5 sigma). A better fit is obtained with gas/dust = 33
(model #3), which simultaneously fits all three detected lines,
and agrees with all other line upper limits. However, we empha-
sise that apart from the uncertainties in the observations, system-
atic uncertainties in the physical description of various chem-
ical and radiative processes in the models render a proper gas
mass determination difficult. The observational uncertainty in
the '*CO line flux — which appears to be a dominant gas mass
tracer — translates to a ratio range gas/dust = 22 to 50. An in-
crease of the [OI] 63.2 um flux by 40% (to account for the cali-
bration uncertainty and match the photometry) would indicate a
higher gas temperature. In our modelling, this is best interpreted
by a larger PAH abundance (fpap = 0.02), as the other more rel-
evant parameter, fyy, is constrained by the non-detection of the
[CII] 157.7 pm line.

The spatial distribution of the '>/!3CO molecules predicted
by our chemical model is consistent with the interferometric
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Fig. 3. Spatial origin of the various gas emission-lines. The two vertical
white dashed lines indicate 15% and 85% of the radially cumulative
face-on line flux, respectively, i.e. 70% of the line flux originate from
within the two white dashed lines. The red lines mark the cells that
contribute most to the line flux in their vertical column.

observations by Pani¢ et al. (2008). Figure 3 shows a detailed
analysis of the spatial origin of the various emission lines, as
derived from model #3. The [OI]63.2 um and 145.5 um lines
originate from a radial disc region extending from the beginning
of the outer disc at 20 AU to about 75 AU and 60 AU, respec-
tively. Both lines are optically thick (7}, ~ 10—100) and come
from relative heights z/r ~ 0.2—0.3. The [CII] 157.7 um line is
optically thin and extraordinarily weak in this model, due to the
lack of stellar UV photons <110 nm that are capable of ion-
ising carbon (fyy = 0). The '>CO and '*CO J = 2 — 1 lines
probe the conditions in the outermost disc regions 43—-185 AU
and 52—-190 AU, respectively, and are extremely optically thick
(Tiine & 100—-5000). Whereas the '>CO line comes from the PDR-
like CO surface z/r ~ 0.4, the more transparent '3CO line probes
slightly deeper layers z/r = 0.2. These findings are quite stable
and robust among all calculated models.

5. Conclusion

We presented the first PACS observations of HD 169142 and
showed the unique capability of Herschel to obtain an inde-
pendent gas mass determination by simultaneously modelling
the atomic fine-structure lines that are temperature sensitive
(due to their high excitation energies), when combined with

ground-based observations of '*/!1*CO-lines. We showed that the
observations are consistent with a simple model of a disc host-
ing a gap, with a continuous structure between 20 and 200 AU
in which the gas and dust are well-mixed, but stress that this
solution is not unique. We determined the location of the emit-
ting species, and constrained the gas/dust ratio to be ~22-50.
We also derived that the UV excess emission, if present, must be
lower than fyy = 0.005. We derive a gas mass between 3.0 and
7.0 x 1073 My, in agreement with the gas mass determination
based on the CO lines alone (Panic et al. 2008). Despite indica-
tions that the HD 169142 disc is transitional, it still is a gas-rich
disc. Furthermore, although there is dusty material close to the
central star, the UV excess induced by accretion is extremely
weak, if at all present. We will apply a similar modelling strat-
egy for future GASPS observations, with the aim to study gas
dissipation in a wide range of protoplanetary discs.
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