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ABSTRACT

We present far-infrared (50-2@@n) spectroscopic observations of young pre-main-sequence (Btd$) The observations were
taken withHerschelPACS as part of the DIGIT key project. The sample includes 16 HerbBefend 4 T Tauri sources observed in
SED mode covering the entire spectral range. An additional 6 Herbige/A®i8 4 T Tauri systems have been observed in SED mode
with a limited spectral coverage. Multiple atomic fine structure and molecules me detected: [ [Cu], CO, OH, HO, CH',

with the CO results reported in Meeus et al. (2013). The most commauréeis the [Q] 63um line detected in almost all of the
sources followed by OH. In contrast with CO, OH is detected toward bothigiédeBe groups (flared and non-flared sources). This
difference is likely due to éfierent excitation mechanisms, with CO requiring UV radiation to heat therghs)aite the molecule
while OH can also befeectively pumped by infrared radiation. A LTE slab model fit to the OH lineicates column densities
10" < Noy < 10Ycm?), emitting radius 20< r < 50 AU and excitation temperature 260 T, < 500K. The OH emission
comes from an intermediate layer in the disk at stellar distances of ordaJ3@wo sources (HD 50138 and DG Tau) show a
lower excitation temperaturel{ ~ 100K) and larger emitting radius (5@ R < 100 AU). In this case a further contribution to
the OH emission likely comes from an outflow. Warm@emission is detected through multiple lines toward T Tauri systems but
only through line stacking in three Herbig AeBe sources (HD 104237, 2527, HD 163296). This finding suggests that warm
H,O is present in the outer disk of at least some intermediate-mass presatpience stars, in contrast to the inner disk which is
H,O-poor due to rapid photodissociation. However a non-disk origin (etfjoav) cannot be ruled out. The analysis of the oxygen
fine structure lines suggests a systematic temperattiieratice between HAeBe group | and Il with the first having a higher gas
temperature in the outer disk. This is in agreement with the hypothesis thatdhgroups of disks have fiierent scale heights in
the outer disk. Within group | sources the intensity of the][@ um line varies by more than 2 orders of magnitude. This implies a
different density and temperature distribution of the outer diskQUAU). The [Cu] emission is spatially extended in all the sources
where the line is detected. This is in contrast to the oxygen emission whicksigati@l with the continuum emission. This suggests
that not all the [Gi] emission is associated with the disk and that there is a contribution frifuseimaterial around the young stars.
The [O1] 145um and [Cu] lines are only detected toward the {3 um-bright sources.

Key words. Protoplanetary disks — Stars: formation

1. Introduction Dullemond 2004; Bruderer et al. 2012). Observations ofliok

Far-infrared i ic ob i f multiple spec_ies provide a wealth of' information that allqw
ar-infrared Spectroscopic observations of young pré¥may, 1y qetermine the physical properties of the gas such s ex

sequence stars have the potential to reveal the gas andothast Gation temperature, column density, emitting radii (angome

position of protoplanetary disks in regions not probed 8t a e the total gas density): (2) constrain the excitatienhm
other wavelengths (e.g., van Dishoeck 2004; Lorenzettb20 nism (e.g., coll?sions, vaglhgr)escence, IR pumping); a@) (

Henning et al. 2010). The atomic and molecular transitions Lddress the chemical structure of the disk. The far-infr4iiR)

the far-infrared regime (50-2Q0n) span a large range in Upperspectrum contains information complementary to that pledi

energy level (from a few 10K to a few 16) af‘d are sensitive to by near- and mid-IR observations which are sensitive to tite h
the warm (a few 10K) upper layers of the disk(< 10° cm™). (> 1000K) inner region of the disk<few AU). At the other

For a passively heated disk by U\/_aodx-rays from th‘? Pre- and of the spectrum, (sub)millimeter spectroscopic olatinms
main-sequence star, these conditions are found at int&/meghy, A| MA will unveal the physical conditions and chemical
ate distances from the central star 10AU) (e.g., Kamp & composition of the disk midplane at distanges 10 AU. The
Send gprint requests toDavide Fedele, far-infrared data probe the intermediate disk radii. Thamdte
e-mail: fedele@mpe .mpg . de goal of these observational campaigns is to use the combined
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data to address the chemistry and physics of the entire pratbopping throw of @ The observation log and parameters of the
planetary disk from inner to outer edge. sample are presented in paper | (Meeus et al. in preparation)

We present here 50-2n spectra of a sample of protoplan-—rie gata have been reduced with HIPE 8.0.2489 with standard
etary disks around Herbig AeBe and T Tauri stars obtained dipration files from level 0 to level 2 (see Green et al. iega-

the context of the ‘Dust, Ice and Gas in Time’ (DIGIT) key proaiion). The two nod positions were reduced separatelyr{ove
gram (Sturm et al. 201.0). The unprecedented sensitivithef tsampling factor= 3, up-sampling factoe 1) and averaged af-
PACS instrument (Pog!ltsch etal. 2010) on board ofkeschel (o 3 fiat-field correction. In the case of HD 100546, which was
Space Observatory (Pilbratt et al. 2010) allows for the fisé  ,pserved in a dierent mode during the science demonstration
to detect weak atomic and molecular emission down (0 a fe§jzse, we used an oversampling factor equal to 1. The spectra
107 Wm™. Far-IR spectra of bright Herbig stars have be€lye exiracted from the central spaxel to optimize the sigmal
obtained previously with the Long Wavelength Spectrometgpise /N) ratio. To flux calibrate the spectra we performed the
(LWS) on the Infrared Space Observatory (ISO) (e.g., Waslkepy)iqying steps: 1) correct for flux loss by means of a PSE-los

et al. 1996; Meeus et al. 2001; Lorenzetti et al. 2000, 2002, rection function provided by HIPE: 2) scale to PACS photo

Creech-Eakman et al. 2002). One of the main results has b%w (whenever available); 3) matching spectral modulesp $
an empirical classification of the Herbig AeBe systems im0 t is ya|id for objects well centered in the central spaxelhia¢ase
groups based on the ratio of the far- to near-IR (dust) eonssist migpointed observations we extracted the total flux (&ll 2

(Meeus et al. 2001). Group | sources have a high far- t0 negfayels) to recover the flux loss. In this case we fittel- w&ler
IR emission ratio consistent with a flaring disk geometrylesh

; L I polynomial to two spectra (central spaxel and 25 spaxels. T
Group Il sources have a low flux ratio characteristic of a ﬂagorrectionfactor is the ratio between the two fits. The miisteal

self-shadowed disk. Grain growth and settling may also playsoyrces are: AB Aur, HD 97048, HD 169142, HD 142666. The

role (e.g. Acke et al. 2009). One question to be addres;ed&erregions #ected by spectral leakage (B2B 95.05um and R1

to what extent the far-IR gas-phase lines reflect this damgt 190_ 220,m) are excluded from this procedure. Based on a sta-

in disk structure. _ tistical analysis, the PACS SED fluxes agree with PACS phetom
The near-IR spectra of Herbig AeBe sources are charagy 1o within 5-10%. For this reason we assign an uncegtaint

terised by several ro-vibrational lines of CO (e.g. Brittat al. 4t 1094 to the PACS SED fluxes of sources without PACS pho-
2003; Blake & Boogert 2004; van der Plas et al. 2009; Sa'XBmetry available.

et al. 2011a) and OH (Mandell et al. 2008; Fedele et al. 2011). . ) )

At mid-IR wavelengths the spectrum of an Herbig AeBe star [9'€ line qu>§es are_mez_isured by fitting a Gaussian function and
dominated by dust emission and only a very few Herbig sourc&§ uncertainty €) is given by the produc8 TD: 64 vNin,
show molecular emission (Pontoppidan et al. 2011; Salyk et & er?ZST[}i is the standard deviation of the (local) spectrum
2011b). In contrast, the emission from T Tauri systems isatha (W M “um™7), 64 is the wavelength spacing of the bins)
terised by a rich molecular spectrum from near- to mid-IR evav@NdNbin is the width of the line in spectral bins (5).

lengths. The inventory of molecular species detected inuriTa

sources in the infrared includes: CO (e.g. Najita etal. 20081 5 > gample

and HO (Salyk et al. 2008, e.g.), HCN angl&; (e.g. Pascucci

et al. 2009; Mandell et al. 2012), GQPontoppidan et al. 2011). The sources were selected primarily on their far-IR fluxeshsu
Are Herbig sources alsoftierent from T Tauri sources at far-IRthat aS/N ~ 100 could be reached on the continuum within 5
wavelengths? hours of integration time. The Herbig AeBe sources are all is
Ié\ted pre-main sequence stars of spectral type F4 to B9 that a
not embedded in large molecular clouds. They have beerestudi
Lfﬁ]eviously at mid-IR wavelengths ISpitzerJutasz et al. 2010).

e T Tauri stars consist of an inhomogeneous sample oftbrigh
sources with K-G spectral type. In total 22 Herbig stars afid 8
Tau stars have been observed. The focus in this paper is on the
Herbig sample, but the data on T Tauri sources are reported fo
completeness and to allow a comparison with the Herbig sampl
in a consistent way.

In this paper we report on the detection of far-IR atomic fin
structure lines ([@] and [Cu]) and molecular lines (OH, $D,
CH"). The analysis of far-infrared CO lines is reported in Mee
et al. (in preparation, hereafter paper I). Data for indnadT
Tauri sources are presented and analyzed in Salyk et atgjn,p
AS 205), Vicente et al. (in prep., S CrA) and Carr et al. (ingpye
DG Tau).

2. Observations and data reduction
2.1. Observational details 3. Results

PACS is an array of 65 spaxel, with each spaxel covering 3.1. Overview

9/4x9’4. The instrument is diraction limited only ati < ) . o
110um. The targets were observed in SED mode with two séi" overview of the detected atomic and molecular species is
tings in order to cover the spectral range 51-280(B2A, 51- Shownin Table 1. Fig. 1 shows the continuum normalized PACS
73um, short R1, 100-146m and B2B, 70-10am long R1, SPectrum of a T Tauri staiAS 205, TBC) and of an Herbig
140-22Qum). The spectral resolving powerfs= 1/A1 ~ 1000, AeBe star (HD 97048). The strongest and most common feature
increasing to 3000 at the shortest wavelengths. A secone sa#the [O1] 63um line, seen in all but 4 sources. Thel]@45um

ple of targets was observed with a limited spectral rangeA(B2and [Ci] 157um lines are also detected, usually in the same
60-75:m; short R1, 120-143m) centered at the position of theSources, although the detection rate is much lower for these
forsterite emission but including some specific lines. The olines. Four molecular species are seen: CO, O lnd CH.

servations were carried out in choppingdding mode with a The fluxes of the detected species are reported in Tables 2.and
The CO lines are presented in a paper |. Aften][€um, OH

1 A spaxel is a spatial sampling element of the PACS integral fieRmission is the most common feature detected, in 40% of the
unit sources with full spectral coverage.
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Table 1. Overview of detected species.

O

Star [O163um [O1 145um [Cu] CO? OH H,0 CH HD OH
AB Aur Y Y Y N N N
HD 36112
HD 38120
HD 50138
HD 97048
HD 100453
HD 100546
HD 104237
HD 135344 B
10 HD 139614
11 HD 142527
12 HD 144668
13 OphIRS 48
14 HD 163296
15 HD 169142
16 HD 179218
17 HD 35187

18 HD 98922

19  HD 141569 A
20 HD 142666
21  HD 144432
22 HD 150193

<

©CoO~NOUAWNPRF

K<< Z < ZBI<< << << <<<<<<< <<
'<Z<<Kz €' Z<ZZ<ZZ2Z222<X2<X<X<XZ
'Z2<Z<Z 22X Z<kzz<zzzZzZz<Zz<X<X<X2Z

23 DG Tau

24 AS 205

25 EM*SR21

26 SCra

27 HT Lup

28 RULup - -
29 RY Lup - -
30 RNO90 - -

ZZZ2Z<Z<XXZEZSZZ22Z2Zz2xz2<xz2z2z2z2z2<2<X22<
-<Z-<Z-<Z-<-<ZZ'°ZZZZZ_<ZZ.\)ZZ.<-<Z'<-<-\)-<
-<ZZZ-<Z-<'<ZZZZZZZZ.<ZZ_<ZZ_<ZZZZZZ
ZZZZZZZZZZZZZZZZzZZZZZz-<Z'<ZZZ
22222222Z,2Z222222z2222222222227
Z2Z2Z2Z2Z2z2Z25,Z222222222222Z22Z2Z2Z=22

Notes. @ The analysis of the CO lines is presented in Paper |. The symbol “-” sngaecies not observed.
® Data not available in DIGIT. Line observed by Meeus et al. (2012).
© Line detected by Meeus et al. (2012).

We searched for other species such as HD and.OHe HD OH emission is detected outside the central spaxel of theSPAC
J=1-0line at 112:m has been detected towards TW Hya with array. The emission is seen in both Herbig AeBe groups (flared
flux of 6.3 (+ 0.7) 1018 W m~2 after deep integration (Bergin etand flat) as well as in T Tauri stars. Fig. 3 shows three OH lines
al. in press). None of the sources analyzed here shows @édefor the nine sources in which at least one doublet is detected
of HD or OH* emission with 3 upper limits of the order of
1-2 101" W m2 for most of the sources. Typical upper limits in
different parts of the PACS spectrum can be derived from uppgef’l' H20

limits on nearby OH lines in Table 3. Far-infrared HO lines are readily detected toward T Tauri
sources: AS 205, DG Tau, S CrA, and RNO 90 show several
lines (Salyk et al., Vicente et al., Carr et al., in prep.)ctm-
trast, Herbig sources show weak or ngQHfar-IR emission.
Weak lines have been reported toward HD 163296 (Fedele et al.

The [O]63um line is the most common and strongest fe}%@z; Meeus et al. 2012) and have been confirmed through a

3.2. [0O1]

ture detected throughout the whole sample. The only sour acking analysis. Only two other Herbig AeBe stars showshin

for which the line is not detected are HD 142666, HD 1444 , << .
and SR 21. The [@63um emission is not spatially extended ©f H20 lines: HD 142527 and HD 104237. The lines are weak,

The line flux ranges from 67— 10-5W m 2. The [Or] 145,m  With_line fluxes ranging between a few 2BWm2 1o a few
line is detected in 7 (out of 16) HAeBe stars and in 3 (out of A0, WM™, often below the 3~ limit. To confirm the presence
TT stars, in the central spaxel only. The line flux ranges fro H20 emission in thege sources, we performed a line :stackmg
1017—10"35W m-2. Fig. 2 shows the [@ spectra for a selected analysis as descr.|bec.i in detall. in Fedele et al. (2012). |k_ef,br
sample. the stacking consists in averaging the spectral segmentaine

ing a HO line, based on a template of observegDHines by

Herczeg et al. (2012). Spectral bins containing other eomiss
3.3. OH lines ([O1], OH, CO and CH) are masked and blended,®

lines are excluded from the analysis. The stacke® ldpectra
The most common molecular species detected in the PACS spafd-ID 163296, HD 142527 and HD 104237 are shown in Fig. 4.
tra is the hydroxyl radical, OH. Six OH doublets with upper erThe false alarm probability, i.e. the probability to detacignal
ergy levels up to 875 K are found including a cross-laddersira of equal intensity by stacking random portions of the PAC&:sp
tion 21'11/2 - 2H3/2 J =1/2-3/2 at 79um. No spatially extended trum, is 0.02 % for HD 142527 and 0.2 % for HD 104237 based
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Fig. 1. PACS spectrum (continuum normalized) of AS 205 (top) and HD 9704&dim). The marks indicate the position of CO (green), OH
(blue), HO (orange) and CH(yellow). The atomic fine structure lines ({63 um, [O1] 145um and [Cu] 157um) are easily identifiedTBC: if
Colette’s paper shows the full AS 205 spectrum fgedint sources would be used here

on 50,000 randomized tests compared to a false alarm pitebaiby of < 0.03 % for HD 163296. None of the other Herbig AeBe
sources show evidence for the presence of wap@.H
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Fig. 2. PACS spectra (central spaxel only) of atomic fine structure lin€sg. 3. PACS spectra of various OH doublets.

toward selected sources.

3.5. CH*

The only two sources showing CHemission are the Herbig Ae
systems HD 100546 and HD 97048, Table 4). In the first case six
rotational lines are detected (Thi et al. 2011) while in tasecof

HD 97048 only the) = 6-5 (60.25:m) andJ = 5-4 (72.14um)
lines are seen. The line fluxes in HD 100546 are slightiedent
from Thi et al. (2011), this is likely due to filerent flux calibra-
tion (see sec.2.1).

3.6. [Cu]

[Cu] emission is detected towards 7 (out of 16) Herbig AeBe
sources and 2 (out of 4) T Tauri stars (Table 2). In contrast wi
[O1], the [Cu] emission is often spatially extended. This sug-
gests that some of the emission is produced in the large scale
environment (cloud or remnant envelope) around the star eve
though very extended emission pré’ scales has been chopped
out. More details are given in the Appendix where tha]€pec-

tral maps are also presented. Then]J@lux reported in Table 2
refers to the on-source spectrum only (see sec. 2.1). Tladsesy
must be considered as upper limit to then]&mission arising
form the disk as extended emission from a compact remnant en-
velope may still be present in the centrdd9< 974 area of the

sky. The closest target is at 100 pc and the size of the cen-
tral spaxel correspond to a physical scale-df000 AU squared
which is of the same order of a compact envelope. Moreover,

given the large PSF at this wavelength, some of the spatiatly Fig. 4. H,0 line stacking for HD 163296, HD 142527 and HD 104237.

tended emission will fall into the central spaxel.
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Table 2. [O1] and [Cn] line fluxes (1017 W m2)

10"4: T T Iflllll T T TTTTIT T T IIIIIII T T IIIIII_.
[ HAeBe group I ]
[O1] 63um [O1] 145um [Cu]® T HAeBe group I1 e’ .
AB Aur 946+5.2 3.7+ 0.7 2.0 = -
HD 36112 5.6+ 0.7 <11 <12 ™ O [O1] 145um detected ® b
HD 38120 7.6+ 0.8 0.7+ 0.1 3.3 L O [O]] 145um n.a. i
HD 50138 240+ 10 6.6+ 0.2 7.8 (o @S
HD 97048 136+ 5 5.3+ 0.5 6.3 — 107 o' -
HD 100453 10.2 0.7 <1.2 <13 g c ]
HD 100546 596+ 6 211+ 1.1 17.6 Z C . N
HD 104237 7.4:0.7 <15 <15 e r o " b
HD 135344B 3.6:0.5 <12 <14 g} i Q! ’ ® 7
HD 139614  3.1:04 <12 <13 = 5 &yio 1
HD 142527 3.6:0.8 <29 <28 =) 30 @12
HD 144668 13.3:1.0 <0.9 <11 =0 + " —
IRS 48 30.8: 1.5 2.9+ 0.6 1.2 E T ®* ] ]
HD 163296 18.2: 0.9 <1.3 <13 = 1 v @ .
HD 169142 8.9+ 2.0 <22 <25 i ¢ 1+22 61@9 *11 ]
HD 179218 17.9- 0.9 0.95+ 0.1 0.4
HD 35187 4.8+ 2.0 - - i 7
HD98922 23& 12 - - 107]7 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 L1 1111l
HD 141569 A 25.3:1.5 - - ” - » » -
HD 142666 <50 - - 10 10 10 10 10
HD 144432 <56 _ _ Continuum flux at 63¢m [W m” um’]
HD 150193 3.2 0.7 - -
DG Tau 153+ 2.0 8.3+ 0.4 7.4 ) ) )
AS 205 N 215+ 1.4 1.6+ 0.4 <15 Fig. 6. [O1] 63um line flux versus continuum flux at 6@n. Open black
SR 21 <54 <13 0.13 circles indicates objects with [(P145um detections. Open orange cir-
S Cra 43.6+ 1.3 1.8405 <17 cles indicates object with [@145um data not available. Numbers cor-
HT Lup 4.0+ 0.8 - — respond the the object IDs in Table 1
RU Lup 18.9+ 1.2 - -
RY Lup 5.0+ 2.0 - -
RNO 90 12.5+1.0 - -
Notes. @ After subtraction of the extended emission. [Cu] = (0.029+0.001): [O1] g3um + (127 0.25)-10° ()
® [Cu] emission is only detected in the central spaxel. [Cu] = (0.971+ 0.036)- [O1] 145.m — (7.33+ 0.52)- 10°® (3)

4. Analvsi Panel (d) of Fig. 5 shows the line luminosity of the OH
- Analysis 13/, = 9/2 - 7/2 line at 65um (average of the two lines) ver-
4.1. Correlation of line luminosities sus the [Q] 63um luminosity. The Pearson cfieient is 0.97,

) ) ) ) ) ) suggesting also in this case a linear correlation. The fifiea
In Fig. 5 we investigate the correlation amongefient line lu- gjyes

minosities. We use the Pearson correlatiorfitccient to quantity

the degree of linear correlati®nA (linear) correlation is found OHgs,m = (0.017+ 0.001)- [O 1] 63,m + (1.50 + 0.04)- 10°° (4)

between the [G] 145um and [Or] 63 um luminosities (panel (a))

with a Pearson cdicientP = 0.99. The linear fit gives We have also searched for correlations between line and

continuum flux. The only finding is that sources with stronger

[O1] 145um = (0.034+ 0.001)- [O1] g3.m + (4.7 = 0.26)- 10°(1)  FIR continuum flux can have stronger {{B3m line intensity.
Nevertheless, the intensity of the {[®3um line can vary by
more than 2 orders of magnitude for a given value of the centin

AM%m luminosity (Fig. 6). No other clear correlations withusze
parameters are found.

with the line luminosities in units of solar luminosity.

The [Cu] (extended emission subtracted, see Sec.3.6)
oxygen line luminosities also appear to be correlated (p@ne
and (c)) with a Pearson cfiientP = 0.82 ([Cu] - [O 1] 63 um)
and 0.87 ([Gi] - [O1]145um). Given the small number of
points, we need to quantify the significance of thesefuments. 4.2. [Cu]-[O 1] diagnostic plots
To do this we perform a significance test (e.g. Taylor 199fg T
probability that the [G] and [Cu] lines are not correlated is
2% ([O1] 63um) and 1.3% ([Q] 145um) which implies a confi-
dence limit of 97% and 98% for the [ig- [O 1] 63 um and [Cu]-
[O1] 145um relations, respectively. Note that in the case of H
38120 the [G1] emission exceeds that of oxygen. If we exclud
this object from the analysis the Pearsonfiioent isP = 0.99
(for both the oxygen lines). The linear fit to the line luminies
gives

The atomic fine structure lines can be used as diagnostiteof t
physical conditions of the emitting gas. In this section wa-a
lyze the three line ratios: [@145um/[O1] 63 um, [O1] 145um
IS[C 1], [O1]63um/ [Cu].

With the assumption that the three lines come from the same
?egion the gas density and the incident FUV flux can be esti-
mated by comparing the observations with PDR models. In the
high density regimex 10* cm~2) different PDR models do not
converge and may predict veryfidirent gas temperatures (e.g.

2 The Pearson cdRcient varies between [-1.1], a value close to unityR0llig et al. 2007). Since the oxygen fine structure lines &y v
implies a linear correlation between the two variables. A value close$€nsitive to the temperature fidirent models produce very dif-
-1 reveals an anti-correlation. ferent line ratios. The aim of our analysis is to look for antte
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Table 3. OH line fluxes

Ty, o —? a2
9/2- —7/2¢  9/2—T7/2° 7/2 —5/2* 1/2*—5/2 5/2-—3/2* 5/2*—3/2" 1/2 —3/2% 1/2" -3/2°
65.13:m  65.28m  84.4%m  845%m  119.2%m  119.44m  79.1%m  79.18&m

AB Aur 7.0+ 2.0 125+ 2.0 10.1+ 15 10.1+ 15 28+ 14 3.1+14 <9.0 <9.0
HD 36112 2.2£ 05 2.9+ 05 2.5+0.8 2.6+0.8 0.49+0.20 0.52+0.12 <34 <34
HD 38120 <35 <35 <28 <28 <0.9 <0.9 <27 <27
HD 50138 4.0+ 0.8 4.1+ 0.8 a 1.9+0.6 1.0+ 0.2 1.1+ 0.2 <4.0 <4.0
HD 97048 49+1.0 5.7+ 1.0 6.8+ 1.0 6.8+ 1.0 <24 <24 <4.0 <4.0
HD 100453 <34 <34 <3.0 <3.0 <13 <13 <20 <2.0
HD 100546 13.6:0.4 19.9+ 3.3 a 13.8+ 2.0 4.2+ 0.9 4.2+ 0.9 <6.0 <6.0
HD 104237 3.0:0.5 3.0+ 0.5 3.1+ 05 3.1+ 05 1.2+ 0.3 1.2+0.3 <3.6 <3.6
HD 135344B < 4.0 <4.0 <3.8 <3.8 0.67+0.19 0.71+0.16 <3.0 <3.0
HD 139614 <4.6 <4.6 <3.6 <3.6 <1.2 <1.2 <3.0 <3.0
HD 142527 <9.0 <9.0 6.6+ 1.1 5.0+ 2.0 <4.0 <4.0 <4.0 <4.0
HD 144668 <45 <45 <4.8 <4.8 <0.8 <0.8 <4.0 <4.0
IRS 48 <9.6 <9.6 <4.0 <4.0 <12 <12 <3.0 <3.0
HD 163296 5.3: 0.8 4.5+ 0.8 2.8+ 05 2.7+ 05 1.3+ 0.2 0.74+0.23 <3.0 <3.0
HD 169142 <8.4 <8.4 <79 <7.9 <24 <24 <4.0 <4.0
HD 179218 <3.2 <3.2 <27 <27 <11 <11 <20 <2.0
DG Tau 5.9+ 0.7 8.9+ 0.7 10.6+ 0.7 10.4£ 0.7 2.6+ 04 3.8+ 04 47+ 0.8 4.7+ 0.8
AS 205 6.5+ 1.0 6.4+ 1.0 4.8+ 0.8 4.7+ 0.8 0.8+ 0.3 1.3+ 0.3 2.2+0.8 2.5+ 0.8
SR 21 <3.8 <3.8 <3.9 <3.8 <13 <13 <35 <35
S CrA 5.0+ 0.6 5.8+ 0.6 45+ 0.7 5.1+ 0.7 absorption absorption 2490.8 <45
My

9/2- - 7/2 9/2—-7/20 T7j2 -5/2" 7/2*-5/2° 3/2*-1/2° 3/2 -1/2*
55.89um  55.9%m  71.17m  71.2um  163.12%m  163.4Qum

AB Aur <224 <224 4.5+ 0.6 45+ 0.6 <3.3 <3.3
HD 36112 <7.6 <7.6 1.2+ 0.2 1.2+ 0.3 <15 <15
HD 38120 <5.6 <5.6 <23 <23 <13 <13
HD 50138 <8.0 <8.0 2.0+ 04 2.0+ 04 <1.8 <1.8
HD 97048 3.0+ 0.8 2.4+ 0.8 1.8+ 0.4 1.8+ 0.4 <25 <25
HD 100453 <55 <55 <3.0 <3.0 <14 <14
HD 100546 <16.0 <16.0 8.0+1.4 8.0+ 1.4 <3.7 <3.7
HD 104237 2.4+ 0.8 2.7+ 0.8 1.4+ 0.3 1.4+ 0.3 <17 <17
HD 135344 B <8.2 <8.2 <27 <27 <1.6 <1.6
HD 139614 <85 <85 <29 <29 <1.6 <1.6
HD 142527 <13.0 <13.0 <6.3 <6.3 <2.8 <2.8
HD 144668 <7.8 <7.8 <29 <29 <23 <23
IRS 48 <8.3 <8.3 <29 <29 <1.6 <17
HD 163296 4.8t 1.0 6.0+ 1.0 <1.8 2.9+ 0.3 <14 <14
HD 169142 <135 <135 <5.8 <5.8 <2.8 <2.8
HD 179218 <7.0 <7.0 <22 <22 <1.0 <1.0
DG Tau 5.0+ 1.0 5.0+ 1.0 4.0+1.0 4.0+ 1.0 0.9+ 04 1.3+ 0.4
AS 205 3.8+1.2 5.6+1.2 2.1+ 0.6 2.1+ 0.6 <15 <15
SR 21 <5.8 <5.8 <3.2 <3.2 <15 <15
S CrA <6.0 <6.0 1.6+ 0.6 1.9+ 0.6 <1.6 <1.6

Notes. Flux units are 10 Wm2,
@ Blended with CQJ=31-30.

consistent with the observations. For this reason, the eoisgn  this reason the gas densities found in Fig. 7 should be ceresid
of the data to a single PDR model is justified. The model used a lower limit to the gas density of the oxygen emittingoagi
here is from Kaufman et al. (1999). Fig. 7 shows the observed

line ratios and the model predictions According to this nipde

there is a group of sources (AB Aur, HD 50138, HD 97048%3. OH and HyO excitation

HD 100546, HD 179218) with gas density> 10°cm3 and . . . ,
) 9 ty> i this section the rotational diagrams of OH are analyzéwk T

G between 18— 10°. These values correspond to surface te . "
0 P measuredHerschelPACS line fluxes of all sources are fitin a ho-

peratureTs ~ 500K - a few 18K at radii where most of the . . ; .
emission originates. The density is lower for IRS 48, DG Tﬁr%ogeneous way with a uniform slab of gas in local thermal-equi

~ 10 cm3) and HD 38120 (a few Zm3). As noted before, ! rium (LTE) including the éects of line opacity and line over-
not all the [Cu] emission measured with PACS comes from thiP (Fedele etal. 2012). The analysis of OH an@Hines in AS
same region as the oxygen lines, thus the intrinsic (disyjer- <02 S CrA and DG Tau is presented by Salyk et al., Vicente et
carbon line ratio can be higher than what is found here. Adrigh?:- and Carr etal. in prep., respectively, and includesSpiezer

O1]/[C 1] ratio shifts the results to even higher gas densities. FBft@ On those sources. Here the OH lines are re-analyzed us-
[O1/C ] gherg Ing just the PACS data for consistency and comparison wéh th
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Fig. 5. Correlations between the luminosities of theff@nd [Cu] lines. Dots are the detections, triangles are upper limits.

Herbig AeBe sources, which do not show molecular lines in thkall lines are optically thin, the column density and eimidt
Spitzerspectra. area fr?) are degenerate. In this case we can measure the total
number of molecules and constrain the upper limiNgf, and

the lower limit of r. For optically thick lines, the spectrum is
calculated on a very fine wavelength grid using

The molecular emission is assumed to emerge from a disk with

4.3.1. Slab model

homogenous temperature and column density and aradie |, = dQsB, (Tex)(1 - €7) (8)
solid angle is given byQs = #r2/d?, whered is the distance of
the source. The flux of an optically thin line can be written as with 7, obtained form the sum of the
r2 hy, e Bu/KT ,
Fu=dQs- 1y = T E aw A NmolquT ®) 4= Au|cz( & N, ©)

with the line frequencyy, the Einstein-A cofficient Ay, the
molecular column densiti{m, the statistical weight of the up-
per levelg,, the energy of the upper levél, and the partition
functionQ(T). Rearranging eqg. 5 yields

over all fine structure components € 1,2,...). Here,¢n, is
the normalized line profile function, which is assumed to be a
Gaussian with width corresponding to the thermal line witith
further (e.g. turbulent) line broadening is included. Mdegails

4nFy r2 e Eu/kT r2 N are given in Bruderer et al. (2010). The best fit parametars ar
e=—Y 71 _Nnol—— =71— — (6) found by minimizing thee? between model and observations.
Aghvugy d? Q(T) d2 Qu
Thus 4.3.2. OH
Vol Ak | r? Nmol Ey 7 OH rotational diagrams have been fitted only for sources for
=N Auhvaga ]~ N7 QM) kT (™ \which 4 (or more) OH doublets have been detected. The OH ro-

tational diagrams are presented in Fig. 8-9 where the PAGE me
The free parameters of the model are the excitation temyperatsurements are shown as red dots and the best-fit model as blue
Tex and the column densitime. The emitting area can be de-stars. The figure also shows thcontours of the fit to the data;
termined uniquely for every given combinationTf andNpo. that of HD 163296 is reported in Fedele et al. (2012). For most
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i ] Transition Wavelength HD 100546 HD 97048
(um)

1.00 = J=6-5 60.248 18.5 2.0 29+15
= E 3 ] J=5-4 72141 14820 22+05
& S e ; J=4-3 90017 13120 <30
el B A b J=3-2 119.858 2.8 2.0 <25
5 r 7 J=2-1 179.605 4217 <27
= 0.10 £ E
5 F 1  Table5. H,0 line fluxes (167 W m-2). TBC whether AS 205 fluxes in
- C 3 this paper.

i 6
Transition Wavelength AS 205
0.01 ¢ E (um)
S B TN T FETTETTIT ITTTTITTN I 45— 3, 58.711 25+ 1.1
726 — 615 59.986 2.4+ 0.7
10 20 30 40 50 716 — 625 66.103 3.0:1.1
[O1] 63um / 145um 330-2  66.439 2.9+ 1.1
To7 — 616 71.963 3111
. . . D . 31— 212 75.386 2.0:0.8
Fig. 7. Observed line ratios of the atomic fine structure lines and PDR 4ys—3 78.746 27+ 1.0
Fp . . . . . 3 12 . LA L.
model predictions. The continuous lines indicate the region of constant _
. e . ' 615 — 524 78.928 2.8:1.0
Go for values 16 - 3.6 x 1(P. The dashed lines indicate the iso-density 6 —5 83.289 1.7+ 0.7
06 15 . AT Y.
surface for values of £0- 10° cm 3. RNO 90
925 — 919 62.434 3.6:1.0
of the object the OH emission is characterized by a warm tem- ?61 - ?52 gg-g%g %i 8';
perature withT ¢, ~ 200-400 K (AB Aur, HD 97048, HD 100546, 761 ~ 652 66.095 17:07
HD 36112, HD 163296, AS 205). For some sources all the OH 7o 6w 71551 10 0.7
lines are optically thinKime < 10" cm?). For these sources, the oy - 34 125359 0803
OH column density and emitting radius are degenerate soaonly Tos— T 127.869 0.6+ 0.3
lower boundary to the emitting radius is given, varying bestw SCrA
20 and 50 AU. In the case of HD 50138 and DG Tau we find 81s— 707 63.310 2.3:0.6
a lower temperaturelgy, ~ 100-130 K). Note that lowle, does 716 — 625 66.087 1.6+ 0.6
not necessarily imply a lower kinetic temperature of theamai 7o7— 6156 71.966 2.4: 0.7
can also be caused by lower density (sub-thermal excitatign 43— 312  78.768 2.3:0.7
Herczeg et al. 2012). 43— 4os 187110 1.2:04
4.3.3. H,0 Table 6. Results of the slab model
Fig. 10 shows thg? contours for AS 205TBC, Salyk et al. in Tor Nooy T
prep) and RNO 90. Individual analysis of HD 163296 and S [K] [cm~2] [AU]
CrA is reported respectively in Fedele et al. (2012) and Miee OH
et al. (in preparation). For the Herbig Ae source HD 163296 AS 205 190 8 10™ 19
Fedele et al. (2012) find that the far-infrareg®emission is op- DG Tau 115 4x 10 50
tically thin, Nmor < 10* cm2 with an emitting radius ~ 20 AU AB Aur 190 <10% >50
and excitation temperature Ty~ 200 - 300K. For the other HD 36112 240 <10 . > 50
Herbig sources, HD 142527 and HD 104237, the individugDH HD 50138 130 X 1014 95
lines are too weak (belowd®) for such an analysis. With the as- HD 100546 210 X 18115 40
sumption of optically thin emission, the number of warm wate HD 104237 160 X1 . 20
molecules is HD 163296 425 i 1001 15
2
I (H20) Q(T) exfEy/KT) AS 205 120 > 10Y 28
N(H0) = v A - (10) RNO90 160 > 107 17
ul Al Qu HD 163296 250-300 TF6-10" 20

with 1(H,0) the line luminosity,Q(T) partition sum,E, upper
level enegyyy transition frequencyd, Einstein coéicient, gy

Table 4. CH* line fluxes (16 W m™2)

upper level degenerack,Boltzmann’s constant anld Planck’s

constant. For this calculation we used the upper limit to t > : 4o 5" 5
707 — 616 line at 72um. The molecular data are from the JP g‘i"sg) N(Hz0)/(xF), is a few 16*cm2 (10*°cm? for HD
database and the partition sum is taken from HITRAN TIPS pro- '

In the case of the T Tauri sources AS 205 and RNO 90, the

gram (Laraia et al. 2011). The typical upper limit to the kota
number of warm water molecules is froma few 132 — 10 H,O emission is at the border of optically thick witla, ~ 100~

for T = 300K. This number decreases by20% for a gas 300K and a column densityi,o > 10 cm2. According to the
temperatureT = 400K. Assuming a characteristic emittingslab model, the emitting radiusiis~ 15— 30 AU.

dius of 30 AU the upper limit to the water column density,
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Table 7. H,O results settling, the gas temperature in the surface layers shoeld b
lower (Jonkheid et al. 2007) and the atomic and moleculasemi
T =200K T =300K sion at far-IR wavelengths is expected to be drasticallyced
N N N N in group Il disks. The excitation of the GR,) level (upper
(molecules)  (cr?)  (molecules)  (crP) level of the [O] 63um line) is mostly due to collisions with H

and H. Once the gas density overcomes the critical density of

_ _ the line (it ([O1] 63um) = 2.510° cm3at 100 K) a higher gas
5. Discussion temperature is required to further excite the oxygen atdms.
this scenario, group | sources can have strongef§®um and
[O1] 145um emission due to the higher temperature of the gas.
According to the results of the OH rotational diagram, th@-sa The lower detection rate of [@145um emission in group I
ple presented here can be divided in two groups: the firstpgrosources is in line with this hypothesis.
is characterized by optically thifNg < 10" cm2) OH emis- There are dferences also among group | sources. The in-
sion with emitting radiusz 30 AU. The sources belonging totensity of the [Q] 63 um line varies by two orders of magnitude
this group are HD 36112, HD 104327, HD 100546, and Afr a given value of the continuum flux at géh. This implies a
205. The derived excitation temperature of the OH emission different gas density structure (in theij@orming region) from
Herbig AeBe disks Tex ~ 200 - 400K) and the emitting ra- object to object.
dius are consistent with a disk origin with the emission amgni According to model preditions (e.g. Woitke et al. 2009;
from the upper layers of the disk at distances of 20-50 AU froByuderer et al. 2012), the oxygen emitting region is more ex-
the star. Given the high excitation temperature and higicali tended than the far-infrared continuum. The FIR continuum
densities (of order Focm 2 to excite OH), the emitting radius emission comes mostly from the inner50 AU, while the osy-
cannot be much larger. In the case of HD 50138 we foundgen lines originate in the outer disk (up to a few? M in
lower excitation energyTex~ 100K) and a larger emitting ra- the case of Herbig AeBe stars). The large spread i} §@um
dius (~ 100 AV). DG Tau also shows “cold” OH emission. Thejuxes for a given FIR continuum flux suggests that tha]{O
OH emitting radius is- 50 AU, which his 2.5 times larger the pright sources might have an enhanced scale-height (more

emitting radius of the other T Tauri star (AS 205). Given thfiared) compared to the [(Pfaint sources. Interestingly only the
large emitting area in HD 50138 and DG Tau, it is possible thg 1]-bright sources show [@] emission.

a further contribution to the OH lines is produced in a shagk a |5 paper | we found that far-IR CO emission is only de-

sociated with amolecullar.outflowin aremnant envelope.edde_ tected in HAeBe systems of group |. The highCO lines de-

compact warm OH emission has been observed to be associgiébd with PACS are sensitive to the UV flux impinging onte th

outflows in embedded young stellar objects (van Kempen et gjsk which controls the disk gas temperature. Using thenbe

2010; Wampfler et al. 2010, 2011; Podio et al. 2012, Karska @emical models of Bruderer et al. (2012), we showed thadlar

al. 2012, submitted). o _ disks indeed have higher gas temperatures out to sevesabten
For the two T Tauri stars in which® lines are detected (AS Ay and stronger highJ CO fluxes. This is an independent proof

205 and RNO 90) the derived emitting radius-id0—- 30 AU,  that the disks of group | indeed have a flared geometry. On the

also consistent with a disk origin. o . _other hand, the OH lines are less sensitive to the gas tempera
The flux of the oxygen fine structure lines is consistent witfyre, consistent with its detection in both Group | and |l rees

a disk origin for most of the sources. The line ratios can be f'(tBruderer etal., in prep.).

ted with PDR models and give gas densities 10°cm-® and An alternative scenario is that the total gas massfiewmint

high UV fluxes. The' [611 emission is spatlally extended' in allyyith group | sources having higher disk mass. In this case the

sources \_Nhere the line is detected. This suggests thatithare oxygen line intensity correlates with the gas mass. We fiigl th

contribution from a dfuse cloud (or remnant envelope) aroung,ytion very unlikely as there is no evidence that groupirses

the young star. HIFI spectra of the {{line profiles are needed phaye higher disk masses. No correlation is found between the

to determine its origin (Fedele et al., in prep.). [01] 63um intensity and the 1.3 mm continuum.

5.1. Origin of far-infrared emission lines

5.2. Disk geometry and dust settling 5.3. Comparison to near- and mid-IR spectroscopy

The protoplanetary disks presented here havéfardint geome-
try and a dfferent degree of grain growth and settling. These f
tors are important for the excitation of the atomic and maliaic

The comparison of the far-infrared spectra shown here to the
Afear- (1-5m) and mid- (10-4@m) IR spectra can give us in-
. S sights on the radial distribution of fiierent gas species in the
gas. For example, in the case of water, a combination of th

factors can play a role in the low detection rate towards lgerb erlayers of protoplanetary disks.
AeBe systems as pointed out by Woitke et al. (2009), whether Herbig AeBe The major diference between short and long
or not the ptfed-up inner rim shadows the hot water layer isvavelengths is the lack of any,B lines at near-IR (Mandell
important, since shadowing reduces the UV radiation field &t al. 2008; Fedele et al. 2011) whereas wealHtnes are de-
about two orders of magnitude and increases water by the saewed at mid- and far-IR in some sources (Pontoppidan et al.
amount. Also, grain settling, presence or absence of PAlds &011; Fedele et al. 2012; Meeus et al. 2012). Even though the
the gas-to-dust ratio can all have a largi=et in boosting line detection rate of warm O is low and the individual lines are
fluxes (e.g., Meijerink et al. 2009; Tilling et al. 2012; Brrér weak  a few 137 W m~2), this finding suggests aftierent HO
et al. 2012). abundance between the inner and outer disk. Also integeitin
The [O1] 63um line is detected in most of the disks indethe high detection rate<(40 %) of far-infrared OH emission for
pendently from disk geometry and stellar parameters. Tl hisources with full spectral coverage. This emission is detein
detection rate toward group Il sources is interesting. &sth both group | and Il sources in contrast to near-IR OH emission
sources are indeed self-shadowed/antlave grain growth and which is preferentially detected in group | sources onlydgle

10
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The excitation of the highJ CO rotational lines in disks is reg-

NIR MIR FIR ulated by the gas temperature which in turn is controllednay t
1 UV radiation field. This is not the case of the OH lines which ar
0Ff 1 I ] excited either by collisions with atomic and molecular login
P~ g * 1 1 1 and through infrared pumping. A third viable mechanism fét O
Q, -1 is the prompt emission where the OH molecules are produced
e 2F ‘5 1 rotationally excited by the photodissociation of watereTde-
% 3t B tection of (weak) HO emission and the presence of OH in disks
et = with less UV in the outer region (T Tauri and Herbig AeBe group
o A4r i II) suggests that the prompt emission process does not dbein
5F = Another interesting finding is the detection of (weak) far-
-6 = infrared O emission. The non-detection of hot®l lines at

near- and mid-IR wavelengths suggests that the atmospbgres
disks around early type stars are depleted i@hholecules due
"the photodissociation of #D by the strong UV radiation field of
the central star (Fedele et al. 2011; Pontoppidan et al.)2011
contrast, the PACS detection of warm®in some sources sug-
gests that HO molecules can survive at large distans&0 AU)
from the star, likely produced by high temperature reastiofiO

+ H, and OH+ H, driving much of the oxygen into water (e.g.,

unlikely that this is due to a fferent CO abundance between th8€9in 2011; Woitke et al. 2010). The importance of this lesu

two groups in the outer disk. Instead it is likely a conseqeen!S that it reveals the presence of aaireservoir in the outer
of the larger number of UV photons that impinge onto the di%sg around early type stars, beyond the traditional snoe. |i

Fig. 11. OH/H,0 ratio for T Tauri (red stars) and Herbig AeBe (gree
squares). The dashed regions indicate the range of observed ratio.

et al. 2011). In paper | we found that far-infrared CO lines a
mainly detected toward group | sources in contrast to nean
vibrational CO lines which are detected in both groups. Veis

surface in the case of a flared geometry which can heat the formation of OH and kD in the R-rich warm molecular

to the larger distances responsible for the far-IR lines. . é?:tcigr?ged by the far-infrared lines is regulated by gaase

T Tauri : the PACS spectra presented here reveal are ric
in molecular emission similar to the near-IR and mid-IR spec
tra. AS 295 and RNO 90 hgve a.rich OH andg@ spec- O+Hy, > OH+H (11)
trum ranging from pure-rotational lines detected here to r%H H H.0 4 H 12
vibrational lines detected with NIRSPEC and CRIRESu8 +H2 = FU+ (12)
and SpitzefIRS (10-4Qum) (Salyk et al. 2011b; Pontoppidan_ . . :
et al. 2011; Mandell et al. 2012). The energy levels invoIveV(‘fhICh requires high gas temperature to ocGut-(300 K).
range from a few hundreds to a few thousands K. Th@4rich CH* emission is found toward HD 100546 and HD 97048.
PACS spectrum is unlikely to originate from the same regibn §terestingly these are the only two Herbig AeBe sources@he
the disk as the shorter wavelength data. Indeed, based sfathe ro-vibrational i emission has been detected so far (Carmona
model, the emitting region of the far-IR lines of OH ang®has €t al. 2011). The velocity profile of the line suggests exéehd
aradiug ~ 20-30 AU in contrast to a radius of a few AU for theHz emission to more that 50 AU (radius) from the star (Carmona
hot H,O near-IR and mid-IR lines (Salyk et al. 2011b). The coret al. 2011). This is likely the same spatial region tracedhay
clusion is that disks around low-mass pre_main sequence star-IR CH* lines reported here. The detection of vibrationally
are chemically active and#@ rich from the inner{ 0.1 AU) to excited b and CH towards the same sources is not a coinci-

the outer ¢ 30 AU) disk. dence but relates to the gas phase reaction

Fig. 11 shows the OH,0O ratio for T Tauri and Herbig
AeBe stars measured afigirent wavelengths. The values repreC* +H; — CH" + H (13)
sent the ratio of the total number of molecules and are taiosn f o ) ] )
Salyk et al. (2008), Fedele et al. (2011), Salyk et al. (2)aha If H3 is vibrationally excited, the forward reaction (which

from this work. In the case of Herbig AeBe stars, the MIR ratitp €ndothermic by~ 4000K) is faster (see also Aigdez et al.
refers to the ratio of the upper limits. In all wavelengthgas, 2010; Thietal. 2011).
the Herbig AeBe disks show a lower8 abundance compared

to T Tauri stars. 6. Conclusion

We present far-infrared spectra of Herbig AeBe and T Taarsst
taken with HerschdPACS. Besides the fine structure lines of
The diferent detection rates and excitation mechanisms of tf@1] and [Cu], emission is detected of CO (paper ), OH;®{
various species provide information about the chemical pr&@H*". The most common feature detected is the] g3 um line.
cesses governing the atmosphere of protoplanetary diskisel Far-infrared OH emission is detected in several sources. A
case of the UV-bright Herbig stars, the chemistry and etioita LTE slab model including optical depttfects is used to fit the
are regulated more strongly by photoprocesses like UV fiior@H rotational diagram. The OH lines are likely associateth wi
cence (e.g. for CO) and photodissociation of molecules @y the disk, probing a warm layer of gas in the outer diskx(
H,O) than in T Tauri stars, unless those low-mass sources h&@AU). In the case of HD 50138 and DG Tau some of the OH
significant UV excess due to accretion. emission is likely associated with an outflow. In contrasthte
First, we find that OH far-IR emission is detected in alhigh-J CO lines, the OH lines are detected in both flat and flared
groups of sources in contrast to CO far-IR emission which @isks (Group | and Il) around Herbig AeBe stars. The reason fo
only detected in flared Herbig AeBe disks and T Tauri diskthis is the diferent excitation mechanisms for the two species.

5.4. Disk chemistry
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Warm HO emission is detected in three Herbig AeB@&aylor, J. 1997, Introduction to Error Analysis, the StudyUmcertainties in
sources and in four T Tauri sources. In the Herbig sources, th Physical Measurements, 2nd Edition (University SciencekBpo

e R : ; : Thi, W.-F., Ménard, F., Meeus, G., et al. 2011, A&A, 530, L2
emission is weak and the detection of warmCHis confirmed Tilling, 1., Woitke, P., Meeus, G.. ot al. 2012, A&A, 538, A20

only by .I|n.e stacking. Th|s resglt reveals the presence oﬁ@ H van der Plas, G.. van den Ancker, M. E.. Acke, B., et al. 20G8AAS00, 1137
reservoir in the outer disk region around Herbig stars, in-COvan Dishoeck, E. F. 2004, ARA&A, 42, 119

trast with their HO-poor inner region (Mandell et al. 2008;van Kempen, T. A,, Kristensen, L. E., Herczeg, G. J., et al02@KA, 518,
Pontoppidan et al. 2011; Fedele et al. 2011). However, a non+121

disk origin cannot be excluded based on the PACS lines onfyrelkens C., Waters, L. B. F. M., de Graauw, M. S., et al. 19684, 315,
model suggests “coldTex 100-150 K) HO emission coming Wampfler, S. F., Herczeg, G. J., Bruderer, S., et al. 2010, A&A, 536

from a the inner 20-30 AU from the star. Woitke, P., Kamp, I., & Thi, W. 2009, A&A, 501, 383
Woitke, P., Pinte, C., Tilling, |., et al. 2010, MNRAS, 4026
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Appendix A: [O1], [Cu] spatial extent

This section describes an analysis of the atomic lines gratn
addressing the spatial extent of the line. The HergPA€lS PSF
varies substantially from 5@m to 200um. As a consequence the
amount of flux in the central spaxel varies fren70 % at 6Qum

to 55 % at 16Qum. For this reason, line emission can be detected
outside the central spaxel (especially in the red patDOum).

To check whether a line is spatially extended or not we comput
the integrated line fluxK;) and integrated continuuni-{) next

to the line and check the relative spatial distribution.

Al [Cll]158um

For the [Cn] line we integrate the line flux between 157.530 -
157.97Qum and the continuum flux between 158.5 - 162. If

the line emission is co-spatial to the continuum emissi@mnth
spatial distribution of the integrated line fluk,§ will be equal

to that of the integrated continuurird) (same PSF). In partic-
ular, the distribution of-; corresponds to the PSF at the given
wavelength (assuming that the continuum emission is not spa
tially resolved). To check the relative distribution of dirand
continuum we compare the relative integrated flux, that é th
flux measured in each spaxel relative to the total flux (mesasur

in the whole PACS array). Fig. A.1 shows the line spectral map
for different sources The spectral map shows the spectrum (con-
tinuum subtracted) in each spaxel. X- and Y-range are all the
same and scaled to the central spaxel. The numbers represent
relative continuumR., black) and line R, red) fluxes. If line

and continuum emission are co-spatial, these two numbess mu
be similar in all spaxels. The maps show instead two main dif-
ferences: 1R < R; in the central spaxel; 28 > R. in some
outer spaxels. The most clear cases are HD 38120, IRS 48 and
DG Tau. This pattern is the result of extended line emisdion.
the case of AB Aur and HD 97048 the object is mis-pointed and
the spatial distribution of the continuum emission de\gdtem

the PSF. Nevertheless, also in these two cases ffezatice be-
tweenR, andR; suggests a spatially extended line emission. The
case of HD 50138 is less clear.

In the case of the oxygen lines, the emission appears dpatial
unresolved and co-spatial with the continuum.

A.2. On-source [C11] line flux

To estimate the [@] emission associated with the protoplan-
etary disk we need to subtract the extended emission. To do
this the [Cu] line flux (integrated between 157.60-157,88)

in each of the 9 central spaxels is calculated. Then the d&tkn
emission is determined as the average of the line flux medsure
in the 8 neighbouring spaxels (around the central one) abd su
tracted from the value measured in the central spaxel. Thatre

is reported in Table 2. In this way, the large scaled(4) [Cu]
emission is approximately removed. The value of tha][@ux
derived by this method must be considered an upper limit¢o th
[Cu] emission arising from the disk as extended emission from
a compact remnant envelope may still be present in the d¢entra
9’4 x 9/4 area of the sky.

Appendix B: Molecular data of selected species
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Table B.1. Far-IR OH transitions

Species  Transition A E, log(Aw)
[um]  [K] (s~

OH M 9/2° - 7/27 55.891 875 0.34
OH M1,,,9/27 - 7/2¢ 55.949 875 0.34
OH M3,9/27 - 7/2¢ 65.131 512 0.11
OH Msp9/2° - 7/27 65.278 510 0.10
OH 2[1y,,7/2 - 5/2¢ 71170 617 0.01
OH MLy, 7/2" - 5/2° 71.215 617 0.01
OH My, — Mg I =1/27 - 3/2¢ 79.115 181 -1.44
OH Myp — Mz I =1/2F - 3/2° 79.178 181 -1.44
OH Mg, 7/27 - 5/2¢ 84.420 291 -0.28
OH sy 7/2° —5/2° 84.596 290 -0.28
OH M3, 5/2" — 3/2* 119.233 120 -0.86
OH My, 5/2" - 3/2° 119.441 120 -0.86
OH My, 3/2 - 1/2° 163.120 270 -1.190
OH My 3/27 —1/2° 163.410 270 -1.190
CH* J=6-5 60.248 839 0.27
CH* J=5-4 72.141 600 0.03
CH* J=4-3 90.017 400 -0.26
CH* J=3-2 119.858 240 -0.66
CH* J=2-1 179.605 120 -1.21
p-H,O 43— 35, 56.31 552 0.16
0-H, O 99— 88 56.82 1323 0.39
0-H,O 88— 707 63.32 1070 0.24
0-H,O 30— 201 66.44 410 0.09
0-H,O To7 — 616 71.95 843 0.06
0-H,O 31— 212 75.38 305 -0.48
0-H,O  4,3-3p2 78.74 432 -0.32
0-H,O 66— 5¢5 82.03 643 0.06
p-H,O 30— 211 89.98 296 -0.45
0-H,O 21— 149 108.07 194 -0.59
0-H,O 44— 303 113.54 323 -0.61
o1 %P, = 35, 63.185 228  -4.05
[O1] 3Py — 3P, 145.535 327 -4.75
[C H] 2P3/2 - 2P1/2 157.680 91 -5.64
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