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ABSTRACT

Context. Observations of the atomic and molecular line emissionaatam with jets and outflows emitted by young stellar olgect
provide sensitive diagnostics of the excitation condsicemd can be used to trace the various evolutionary staggpéss through
as they evolve to become main sequence stars.

Aims. To understand the relevance of atomic and molecular coolisgocks, and how accretion and ejectidiiciency evolves with
the evolutionary state of the sources, we will study thermared counterparts of bright optical jets associatethwlass | and Il
sources in Taurus (T Tau, DG Tau A, DG Tau B, FS TatBAand RW Aur).

Methods. We have analysetierschelPACS observations of a number of atomic ([€Bum, 145m, [Cu]158um) and molecular
(high-J CO, HO, OH) lines, collected within the Open Time Key project GAS{PI: W. R. F. Dent). To constrain the origin of the
detected lines we have compared the obtained FIR emissips mi¢gh the emission from optical-jets and millimetre-ouitfs, and
the measured line fluxes and ratios with predictions frontklamd disk models.

Results. All of the targets are associated with extended emissiohdratomic lines; in particular, the strong 3 um emission

is correlated with the direction of the optical jf@m-outflow. The line ratios suggest that the atomic lines loarexcited in fast
dissociative J-shocks occurring along the jet. The mokeceimission, on the contrary, originates from a compacireghat is
spatially and spectrally unresolved, and lines from hightgited levels are detected (e.g., the g5H8,5 - 757 line, and the CO336-
35 line). Disk models are unable to explain the brightnede@bbserved lines (CO and.€ line fluxes up to 16:%-6 10716 W m~2).
Slow C- or J- shocks with high pre-shock densities reprodbeebserved D and high-J CO lines; however, the disk grdJV-
heated outflow cavities may contribute to the observed éomiss

Conclusions. Similarly to Class 0 sources, the FIR emission associatéu @lass | and Il jet-sources is likely to be shock-excited.
While the cooling is dominated by CO and® lines in Class 0 sources, [Pbecomes an important coolant as the source evolves and
the environment is cleared. The cooling and mass loss ratesaged for Class Il and | sources are one to four orders afnihzde
lower than for Class 0 sources. This provides strong evielémindicate that the outflow activity decreases as the scawralves.

Key words. Astrochemistry — Stars: formation — ISM: jets and outflowSMI molecules — ISM: individual objects: T Tau, DG Tau
A, DG Tau B, FS Tau A, FS Tau B, RW Aur

1. Introduction are often indirectly identified by means of their strong gf@c
. | - - . activity, which is manifested in the form of bipolar parsssale
Theoretical _model_s (e.9., Sh_u etal. 1994, Konigl & P_Ud”t olecular outflows often observed at millimetre wavelesgth
2000) predict a tight correlation betwee_n the accretion ? .g., [Bachiller_1996). The ejection associated with esd)v
matter onto a young star and the ejection in winds/and o o)y visible T Tauri stars (i.e., Class Il) is insteasually
jets._Measureme?ts of stellar accretion ar_ld mass 10Ss, (&iceq by bright blue- and red- shifted forbidden emission
Hartigan etall_1995) support the general picture presebyed jineg nresent at optical and near-infrared (NIR) wavelesgt
these models, but the uncertainties of these measurements( 9., [Hartigan et all_1995). For Class | sources and some
too large to provide a quantitaive test of the predlctlohm_e Class Il sources both the molecular outflow and the optical
ratio of the mass accretion rate to the mass loss rate. 30CEe have heen observed (Gueth & Guilloteau 1999; Pety et al.
the earliest stages in their evolution (Class 0) are noblésand 5056y These observations show that the two components are
N . . . . onnected. The optigilIR forbidden lines trace hot(0* K
Herschelis an ESA space observatory with science 'n-su-umeng%omic gas Whichpisd%lelieved to have been extragt%d fro)m the
provided by.E.uro.pean-Ied Principal Investigator consaatid with im- disk i ! | din the ob dqf d collimi
portant participation from NASA. isk, and accelerated in the observed fast and collimpgstisd
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(velocities up to hundreds of km’ and jet widths smaller ular lines (se€, Mathews etlal. 2010 and Dent etialprepa-
than 200 AU). The millimetre observations, instead, tramlel ¢ ration). The five sources presented in this paper form a subset
(~10-100 K) and slow (tens of knT¥) gas, which is thought to of the Taurus sample analysed in Howard etialpreparation
be ambient gas that has been set into motion by the jet prop&ese sources were selected on the basis of their assaciatio
gation (i.e.,jet-driven molecular outflowe.g.,Raga & Cabrit with bright and extended stellar jets detected in the typ®al,
1993; | Cabritet all 1997). However, collimated high velpcit[N u], and [Oi1] optical forbidden lines (e.g.,[ Hartigan et al.
molecular gas (velocity up te60 kms?, [Lefloch et all 2007) (1995 Hirth et al. 1997). The details of the observationd, the
has also previously been detected at millimetre wavelengthpplied data reduction processing, are described in Sebt. 2
questioning this simple picture, and suggesting that nubddsc Sect[3 we show the obtained spectra and maps and compare the
can also be extracted from the disk and accelerated in the gpatial distribution of the atomic and molecular emissiathw
(Pontoppidan et al. 201/1; Panoglou €t al. 2012). that of the associated optical jets. In SEEtt. 4 we will coraphe
observed line fluxes and ratios with predictions from bo#kdi

In this context, observations at far-infrared wavelengths and shock models. Hence, we will use the observed line fluxes
low us to trace the intermediatgarm gas componerih the and the results from shock modelling to estimate the faaneid
jet/outflow system. Previous observations from the Infraremoling and the mass loss rate. The comparison with the salue
Space Observatory (ISO, Kessler et al. 1996) targetingavutfl estimated for Class 0 and | sources will allow us to place<las
sources have shown emission in a large number of atomig,([Osources into an evolutionary picture. Finally, in SEtt. Ssu-
[Cu]) and molecular (HO, CO, OH) lines. Despite the verymarise our conclusions.
low spectral and spatial resolutioffered by ISO, analysis of
the line fluxes and ratios indicates that the bulk of the detkc :
[O1] and molecular emission is most likely to be excited in th%' Observations
shocks occurring along the jetitflow (Nisini et all 1996, 1999; The observations analysed in this paper have been acqusred u
Giannini et all 2001). The line fluxes have previously beadusing the HerschelPACS integral field spectrometer. The criteria
to estimate the cooling in the atomic and molecular lines, amsed to select the sources are explained in Begét. 2.1. lafam
to quantify the outflow fliciency as the ratio between the to-on the instrumental settings and on data reduction prougssi
tal luminosity radiated away in the far-infrared lines, URF, are given in Secf. 212, and then in Séct] 2.3 we will expla@ th
and the source bolometric luminosityd-(Giannini et all 2001; procedure to distinguish extended and unresolved emisson
Nisini et al.[2002). However, because of its limited sew#iti observed with the PACS spectrometer.
ISO observations have been restricted to studies of brigtt a
extended outflows from Class 0 and | objects. The Eefschel .
Space Observatorjersche) has allowed, for the first time, ob- 2-1- Sample selection

servations of the FIR counterparts of optical jets assediaith Many of the sources in Taurus are associated with stellar jet
Class | and Class Il sources whose environment has beeiylarg@sed on the detection of extended emission in optical derbi
cleared. o L den lines, such as [8, [O1], and [Nu] lines in the 6300-6700
As the source evolves, the accrefigjgction activity is ex- A wavelength range, which are thought to be excited in the
pected to decrease, with the surrounding cloud materiagoeishocks occurring along the jet (see, e.g., Hartiganlét &519
either accreted onto the star, or dispersed by the jet. AS1a c@jirth et al.[1997). Within the Taurus sample (Howard et al.,
sequence, the optical jet will become visible while the &mis preparatior), we selected five well-known jet sources (T Tau,

at far-infrared wavelengths should be expected to be feémtd DG Tau A, DG Tau B, FS Tau AB, and RW Aur) having the
less extended than in Class 0 sources. However, FIR obsemowing characteristics:
tions of the ejection activity associated with more evol@ass . . N S .
I and Il sources is interesting for the following reasons: - they are associated with bright jet emission in opticabidy
den lines, extending on spatial scales larger than the PACS
- The source, disk, and accretion properties of T Tauri sta's spatial sampling (i.e~9’4);
well-known, and so we can study the correlation between the they show extended emission in thel[@3 um line (see
detected ejection phenomena and these properties. Thus, weSect[Z.B and 311 for details);

can estimate the mass ejection to mass accretion ratio; - they also show emission in the atomic jA145 um and
- Itis usually the case that Class O sources are observalyle on [Cu] 158 m lines and in a number of 4 and high-J CO
at millimetre wavelengths, whilst the ejection activityifin lines (see Seck]3) which make it possible to compare ob-

T Tauri stars is detected only in the optical. FIR lines can served line ratios and fluxes with predictions from disks and
however be detected from Class 0 to Class Il sources, there- shocks models (see Sddt. 4).

fore facilitating a way to form an evolutionary picture of je - . )
9 y yp ! These characteristics make these sources ideal candimates

activity; X .
- The detection of molecular emission in sources whose eq{ydy the fe_lr—lnfrared atom|c_ and mOIeCUIar counterpamp}f
al stellar jets. Note that, with the exception of RW Aureir

vironment has been cleared may support the idea of a didea! . :
wind molecular component providing strong constraints vironment is not c.:omplet.ely cleared: T Tau, DG Tau B, _and
existing models of jet launching (Panoglou ef al. 2012). S Tau B are associated with CO 0“”"?""5 d_etected at millime-
= = tre wavelengths (Edwards & Snell 1982; Mitchell etlal. 1997;
Thus we have analysed the FIR emission from five Clas®hvis et all 2010), and arc-shaped reflection nebulae adedci
and Il sources in Taurus £d40 pc). These sources were obwith the optical jet have been observed for T Tau (W-E jeteblu
served as part of thelerschelOpen Time Key project GASPS lobe), DG Tau A (blue lobe), and DG Tau B (both lobes) by
(GAS in Protoplanetary Systep®l: W. R. F. Dent) using the |Stapelfeldt et al.| (1997, 1998). This suggests that thebelae
PACS integral field spectrometer (Poglitsch et al. 2010)aartd  are illuminated outflow cavities.
Herschel (Pilbratt et al.l 2010). These PACS observations pro- With the exception of T Tau, which has previously been ob-
vide maps of the emission in a number of atomic and moleserved in the FIR with ISO showing emission ini](JC ], OH,
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Table 1. Source properties: stellar and bolometric luminosity, S#d3s, and position angle of the associated optical jet.

Source L. Lol Class PAet Ref
(Lo) (Lo) )
T Tau (N, SaSb) 73, - 155,10 1,1 180,270 (1)
DG Tau A 3.2 6.36 I 226 2
DG Tau B - ~1.1 [ 115 ()
FS Tau (Aa-Ab, B) | 0.15+0.17,- 1.4>05 I, -, 55 (4)
RW Aur (A+B) 1.7+40.4 3.2 I 120 (5)

References. (1) L. (only for T Tau N) by White & Ghez (2001),ds by Kenyon & Hartmann (1995), Class by Furlan €tlal. (2006 hian et al.
(2010), PAe; byiSolf & Bohm (1999); (2) L. and Class by Luhman etlal. (2010); Rebull etlal. (201Q),lyKenyon & Hartmann (1995), RA by
Mundt & Fried (198B); (3) k. average value of the range estimated by Kruger et al. (2@la¥s by Luhman et al. (2010); Rebull et al. (2010),
PAie: by IMundt & Fried (1983); (4) I, Ly, and Class for FS Tau AsAb by [Hartigan & Kenyon (2003), Kenyon & Hartmann (1995), and
Luhman et al.[(2010), o and Class for FS Tau B hy Stark et al. (2006), and Luhman eR@l(1); Rebull et al. (2010), BA by [Mundt et al.
(1984); (5) L by White & Ghez I(2001), Ly by [Kenyon & Hartmann|(1995), Class by Furlan et al. (2006)hian et al. [(2010), PA by
Hirth et all. (1994, 1997).

CO, and HO lines (Spinoglio et al. 2000), and a tentative deteobservation identifiers (OBSIDs) are summarised in TRbE A.
tion of the [O1] 63 um line at 3.5 for DG Tau A (Cohen et al. in Appendix{A.

1988), the sources in the sample have not previously been ob-AII the data were reduced using HIPE 4.0.1467. The PACS
served at FIR wavelengths. C e . i .
pipeline included corrections for: saturated and bad pigel
The stellar luminosity, bolometric luminosity, and Clags amoval, chop subtraction, relative spectral response fomcor-
the selected sources are summarised in Thble 1, along witletion, flat fielding, and mean of the two nods. The spectrawe
the position angle of the associated optical jets. The diass Nyquist binned in wavelength, with non-overlapping binstee
been estimated by means of recent Spitzer observationsHayf the width of the instrumental resolution. An apertuce-c
Furlan et al. [(2006);_Luhman etlal. (2010); Rebull et al. (A01 rection was not applied because (i) in some cases the tagget w
from the source spectral energy distribution (SED) in the imot centred onto the central IFU spaxel and (ii) extendedsemi
frared according to the classification.of Lada & Wilking (98 sion was detected in some of the detected lines. The comtinuu
Lada (198]7). For multiple systems (T Tau, FS Tau, RW Aur) witux was recovered by summing the emission over tk8 &r-
list the stellar, bolometric luminosity, and the class ofteae- ray, then by applying a first-order polynomial fit to estimtite
solved component, along with the PA of the jet associatel witontinuum level at the line rest wavelength. The error orctire
each of them. However, these systems, and their associatled rtinuum was calculated as the standard deviation of thierdince
tiple jets are not resolved with PACS. Thus the continuum ameétween the estimated continuum level and the observedione i
line flux values quoted later in this paper refer to the whgke s a region from 2 to 10 instrumental FWHM from the line rest
tem, as explained in the following section. wavelength. The line flux was recovered by summing the emis-
sion over those spaxels where the line wass detected to tid
suppression of faint lines by the noise in the outer spaX¢is.
2.2. Instrumental setting and data reduction integrated flux of the detected lines was estimated by measur
ing the total flux under the gaussian line fit. We calculatelihe

The observations were acquired between February 2010 diyef by integrating a gaussian with height equal to the cantm
March 2011. The PACS integral field unit (IFU) allows simulRMS, and width equal to the instrumental FWHM; we repart 3
taneous imaging of a 4&47” field of view, resolved into §5 UPper limits for non-detections. All of the spectral ranges-
spatial pixels of 9.4x9.4" (also calledspaxel}. In spectro- ered_ by Ourobservatl(_)ns in the spaxel whe_re the line ennssio
scopic mode for each spaxel a 1D spectrum is recovered simfieXimum are shown in Figl 1 and the continuum and integrated
taneously in a selected spectral range in the blue (B: 5145 line fluxes are summarised in Tablés 3 &hd 4 .

and in the red (R: 102-22@m) arm of the spectrometer. The ob-

servations were carried out in the chop-nod mode to remayre th

background emission and with a single pointing on the sourcég3. Extended and unresolved emission

Spectroscopic observations in line mode (PacsLineSper we

obtained by performing one nod cycle for a total on-sourge-in Fig. [2 (left panels) shows the 1D spectra in the 63.12 - 6325
gration time of 1152 s. These simultaneously covered atsglecrange for the 25 spaxels of the PACS array of the 5 sources in
wavelength range in the blue and in the red arms. Spectr@scopur sample. All of the maps show bright [063 um emission
observations in range mode (PacsRangeSpec) were acqyirethta number of spaxels. This suggests that the line may origi-
performing 1 nod cycle for T Tau, DG Tau A, and RW Aur, anghate from an extended region such as the jets detected at opti
2 nod cycles for DG Tau B, and FS TauB. These scanned cal wavelengths, rather than from a circumstellar diskebd
three wavelength ranges in the blue, and simultaneoustiiein if the spectroscopic point-spread-function (PSF) is senalian

red arm, for a total integration time per spectral range &215the spaxel size, the emission from the source and the citelims

s (1 nod cycle) and 3184 s (2 nod cycles). In some of the dbr disk (typical disk sizes in Taurus a#&00 AU) will be spa-
servations: specifically in the case of DG Tau and DG Tau B, tlially and spectrally unresolved with PACS, and thus cormfine
target was not centred on the central IFU spaxel, but at @iposi in the central spaxel of the integral-field array. On the con-
~6.7" away from it. The order, arm, spectral coverage, specttahry, if the emitting region is more extended than the spsizxe
resolution, integration time, and targeted lines relativthe ac- (9/4x9’4) the line and continuum may be detected in the outer
quired line and range spectra are summarised in Tdble 2. Emaxels.



L. Podio et al.HerschelPACS observations of young sources in Taurus: the farsiefraounterpart of optical jets

Table2. SpectroscopitierschelPACS observations: order, arm, spectral coverage, résojutitegration times, and targeted lines.

Order Arm Spectral Coverage R intl Lines
(um) (kms™) (s)
3 B 62.93 - 63.43 88 1152 [D3P;-°P,, 0-H,0 8,5-7¢7
1 R 180.76 190.29 200 1152 DCQ=22-21
2 B 71.82 -73.33 162 1592, 3184 B 757-615, CH" J=5-4, CO F36-35
1 R 143.61 - 146.66 258 1592, 3184 pBI4;3-32, CO JE18-17, [O1] 3Py-3P;
2 B 78.37 -79.73 147 1592, 3184 @@ 43-3;2, p-H20 615-524, OH %Iy /217 - “Tl3/23/2, CO F33-32
1 R 156.73 - 159.43 239 1592, 3184 1C2P3)2-2Py)2, P-HoO 3s1-404
2 B 89.29 - 90.72 121 1592, 3184 RO 3;,-2;;, CH" J=4-3, CO ¥29-28
1 R 178.58 - 181.44 204 1592, 3184 012;,-1p1, CH* J=2-1, 0-HO 21-2;5

For the sources in our sample, this simple picture is compB-1. Atomic [O1], [Cu] emission: correlation with optical jets

cated for two reasons: (i) in some observations the sounetis and millimetre outflows

centred in the central spaxel. In this case, even when oinggerv . . .

an unresolved source, the emission is detected in a numbeB?\sed on the analysis presented in Secl. 2.3 and AppEndix B,
spaxels around the source position; (ii) the spectroscepie all Of the sources in the sample show extended emission in the
width in the observed spectral ranges is equal or largertan [O1] 63 um and in the [Gi] 158 um lines, with the exception
spaxel size (the PSF width for a source centred on the cenﬁ)&ﬁw Aur which shows faint and unresolved i emission.
spaxel vary between9” at 60um and~13" at 180um), thus espite the limitations imposed by_the low spatlal_resohutl_
may cause line and continuum detection also in the outer-sp the PACS data, the extended emission detected in thetbrigh

els. This éfect is greater at the longer wavelengths, for bright ] 63 um line is spatially correlated with the direction of
sources, and when the source was not centred. the Jet$outfl_ows. In the following we examine the P63 um
maps obtained for each source in the sample, and compare

A simple method to distinguish between extended and nofse with observations at optical, near-infrared andimiire
extended line emission is to calculate the line-to-contmuatio wavelengths (see Fil 2).

in each spaxel of the grid. This is defined as the ratio between
the line flux, integrated over its spectral profile, and thetite

uum, integra_ted over o.ne.spect_ral resolution eIementeIiitje . T Tau is a multiple system consisting of the optically visi-
and the continuum emission originate from the same regien, iy northern component T Tau N, and the "infrared” companion
from the star-disk system, then the line and the continuuf P$ 1, s |ocated 07 to the southl(Dvck et al 1982). The lat-

will peak at the same position, and the line-to-continuutiora ter is itself a close binary with a separation between the-com

:,S expectec_i to be consttanctl ir(; alljggxe'l[s. _Itfhthe Iinetotritg;ﬁa ponents Sa and Sb of 03 (Kohler et all 2008). T Tau N has
rom a region more extended gld offset with respect to the poo, ¢|5ssified as a Class | source, while T Tau S is deeply

continuum emitting region, we should measure higher Ime'tembedded and probably a Class | souice (Furlan et al.l 2006;

continuum ratios in the outer spaxels along the directiothef. | ,an et 4l 2010). Both T Tau South and T Tau North drive
extended emission. Following this method, we compute : jets whose forbidden optical line emission is detected up to

to-continuum ratios in all the spaxels for all the lines aeekby distance of~40" along the North-South and the West-East di-
our observations. In the [(P63 um maps shown in Fid.2 the rections (Solf & Bohr 1999)
presence of extended emission is indicated by Iine-toi-n_outn PACS photometric ob;er;/ations at 70, 110 and A60ac-
:ﬁg%g\m:gzﬁr;eiéa;?:régi?nﬁtﬁ)measured on-source ("erthuired within the GASPS project, and presented in Howard et
: al. (in preparatior) show that the FIR continuum emission as-
To quantify and localise the extended emission identifieghciated with T Tau is extended4”). In the spectroscopic ob-
through the line-to-continuum ratios, we subtracted ome® servations presented in Fig. 2 the unresolved multipleesyss
line and continuum emission, which could be detected in thentred on the central spaxel.
outer spaxels because of the spectroscopic PSF widfbreoftt The [O1] 63 um line and continuum emission are maximum
centre sources. This analysis was applied to all the olitdine o the central spaxel, and are detected in all the spaxatsscr
emission maps and allowed us to determine which lines sheie PACS field of view. The line-to-continuum ratios are &rg
evidence for extended emission, to identify the spaxelsrehgn the outer spaxels, indicating that the line emission isemo
this is detected and at which confidence level. The mathematiextended than the continuum. After Subtracting the ones®ur
formulation of the applied analysis is explained in Appetidli  |ine emission scaled to the detected continuum level in all
while the obtained continuum and residual line emissiort@an spaxels (see AppendiX B for details), we detected resido@l |
plots for the [G] 63 um line are shown in Fig.]2 (right panels). emission above theds confidence level in most of the outer
spaxels up to a distance eR8”. The residual emission shows
two peaks located 10" to the north-east (Esigual ~ 1.7 10°%°
Wm2) and~8" to the south (Rsidual ~ 8.2 1016 W m~2) with
3. Results respect to the source. At the PACS resolution it was imptessib
to distinguish the emission associated with the two jeteatet!
All of the observed sources show emission in a number of atonait optical wavelengths but only possible to identify thesprece
([O1] 63.2, 145.5um, [Cu] 157.7 um) and molecular (high-J of extended line emission. Note that the bulk of ther][€B
CO, ortho and para #0, and OH) lines (see Figl 1 and Tab. 4)um line emission originates from a region 911"’ around the
The spatial distribution of the atomic and molecular lireedis- source but extends up te30”(i.e. up to the edge of the PACS
cussed in Sedi. 3.1 and Séct]3.2. grid) similarly to what is seen in the optical forbidden kne

T Tau:
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Table 3. Continuum emission, in Jy, in the spectral ranges coverettidiierschelPACS observations. The continuum flux was
estimated after integrating the emission over the 25 PAGSedp.

Source T Tau DG Tau A DG Tau B FS Tau-AB RW Aur
Spectral rangeum) Cont+ACont (Jy)
62.93 -63.43 132.4+ 0.8 14.6+ 0.3 11.9+ 0.2 5.2+ 0.2 0.7+ 0.2
71.82-73.33 129.9+ 0.1 155+ 0.1 11.48+0.06 4.65+0.05 2.25+0.10
78.37 -79.73 130.5+ 0.2 16.3+ 0.2 11.9+ 0.2 44+ 0.1 2.3+ 0.3
89.29 -90.72 129.6+ 0.2 17.3+ 0.2 12.3+ 0.1 5.14+ 0.10 3.2+ 0.1
143.61 - 146.66 | 105.36+0.10 17.19+0.09 16.93:0.06 6.69+0.05 1.36+0.07
156.73 - 159.43 102.6+ 0.1 17.3+ 0.1 17.43+ 0.06  7.19+ 0.05 1.0+£0.1
178.58 - 181.44 81.9+0.2 15.4+ 0.1 15,57+ 0.09 6.71+ 0.08 0.8+ 0.1

Table 4. Atomic and molecular line fluxes in WTA. The line fluxes were obtained by summing the emission owesplaxel where
the line was detected (see text for details).

Source T Tau DG Tau A DG Tau B FS Tau-B RW Aur
Transition A(um) Fine + AF (WM ?)
[O1] 3P.-3P, 63.184 | 1.91+0.01 16 1.79+0.0710™ 7.3+0410%® 52+0.310%® 2.0+0.2107'°
[O1] 3Py-3P; 145.525| 8.8+ 0.31076 8.6+0.910Y 24+0.210Y 23+0410Y 1.3+0.410Y
[Cu] 2P3;p-2Py, 157.741| 7.5+0.31076 3.0+0.210% 24+0510Y 4.2+0910Y <4108
CO J=36-35 72.843| 1.0+0.110% 1.5+ 04 10% <5107 <410 <1107
C0O J=33-32 79.360| 2.1+0.210% <110Y <9108 <4108 <110Y
CO J=29-28 90.163| 3.9+0.210% 2.9+0910Y <3108 <3108 <5108
COJ=18-17 144.784| 1.29+0.03 10%° 5.2+0.910Y 1.3+0.210Y 3.6+0.410Y 1.2x0210Y
p-H2O 65 - 524 78.928 1.0+ 0.210%® <1107 <710 <310 <1107
p-HO 3 - 244 89.988 3.3+0.21016 <110Y <3108 4.9+1.61018 <6108
p-H,O 4y3-3,, 144518| 7.0+2.910Y <110v <6108 <3108 <3108
p-H.O 3% -4p4 158.309 <110% <110v <6108 <5108 <4108
0-H,O 815 - 797 63.324 3.2+1.2107% <410 <1107 <4107 <1107
0-H,O 7p7 - 616 71.947 2.9+0.21016 <110Y <5108 <4108 <9108
0-H,O 453 - 315 78.741 5.6+ 0.2 1016 1.9+1.410Y <7108 1.2+0.210Y 2.1+0.810%
0-H,O 215-1p; 179.527| 6.1+0.210% 1.5+ 0.310Y 2.6+0.610® 36+0.410Y7 1.9+0.610"
0-H,O 2, -2, 180.488| 1.7+0.210% <110v 1.9+0.610%® 1.1+0510Y7 1.0+0.710"
OH 2Tly/21,2 79.110 8.9+0.1107 5.2+ 0510% 87+2410® 18+0.110Y7 7.7+3.210%
OH 2[13/53/ 79.180 | 1.18+0.01 10%° 2.8+ 0.510Y 6.0+2.410%® 1.7+0.110Y 1.7+0.310%7

(Solf & Bohm|1999). position of spaxel (2,2), i.e~6/7 to the west with respect to
the source. This indicates that the line emissionffset with
respect to the continuum, and is possibly more extended. The
right panel of Fig[2 shows the residual line emissidtset

With respect to the continuum emission, and displaced aloag
irection of the blue lobe that is detected at optical wavglles.

e residual line emission reaches its maximufi from the

urce (Fesidual ~1.5 108 Wm=2) and extends 11”.

DG Tau A:

DG Tau A is a strongly accreting Class 1l source (e.
Hartigan et all. 1995; Luhman et/al. 2010) associated with.a j
The DG Tau A jet was first detected at optical wavelengths
Mundt & Fried (19883). High angular resolution studies aicydt
and NIR wavelengths showed a bright collimated blue-sthift&®
lobe moving with radial velocities up t6350 kms?, whilst
only faint emission was detected on the red-shifted sidg.,(e.DG Tau B:

Dougados et al. 2000; Pyo et al. 2003). Spectroscopic o#tserv DG Tau B has been classifies as a Class | source by

tions taken with the Hubble Space Telescope and presented Byman et al. [(2010)_Rebull etlal._(2010) and is associated
Bacciotti et al.|(2000) and Maurri etlal. (2012) indicatedtttine \ith the bright, asymmetric HH 159 jet (Mundt & Fried 1983;
bulk of the emission in the [@6300 A, and in the other optical [Ejsjéffel & Mund? [1998). The red lobe consists of a chain of
forbidden lines ([Si] and [Nu] lines) comes from the first’B  pright knots detected in the optical forbidden lines gJN[O 1],
of the blueshifted jet lobe. Beyond3, two strong bow-shocks [sy)) that extends-55" from the source. The fainter blue lobe
are detected. One is aB”-4/5 from the_source and the other.|s15 only detected up te-10” from the source in the same lines.
at~9-10" from the source. Both working surfaces are movingpservations at millimetre wavelengths in the CO low-Jdine
with a proper motion 0f-0.3"/year. confirm the asymmetric structure showing a slow, wide-angle
Fig.[2 (left panel) shows that in our PACS observations thed-shifted outflow which is displaced along the axis of the o
source is not centred in the central spaxel but I8 ® the tical jet, while blue-shifted CO emission is faint and coefin
east with respect to it. Thus, both the line and the continuusn-source (Mitchell et al. 1994, 1997). The non-detectibtme
emission are detected in a number of spaxels around theesounitie lobe at millimetre wavelengths suggests that the obsder
position. However, whilsty the continuum emission peaks asymmetry is not due to obscuration of the blue lobe but to dif
the position of spaxel (1,1), the {063 um line peaks at the ferent physical conditions in the two lobes, where the knigh
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Fig.1. Spectral ranges covered by thierschelPACS observations for all of the sources in the sample. Theeleagths of the
targeted atomic ([@, [C n]) and molecular (HO, OH, CO) lines are shown by the vertical dotted red lines.

lobe is two times slower and less ionized but denser, and m&i8 Tau A, B:

collimated than the faint blue lobe (Podio et al. 2011). FS Tau A is a Class Il close binary system (separation

~0’23 by [White & Ghez 2001, class by Furlan etal. 2006;

o . Luhman et al! 2010), associated with a bright reflection neb-
The [O1] 63 um emission map in the left panel of Figl 2, sjty but showing no clear evidence of an associated jet

further confirms this asymmetric structure. The peak of ithe: | (Krist et al 1998 Eislffel & Mund?[1998). FS Tau B is an em-
emission (in spax_el (2,2)) is not coincident with t_he pe@m‘ bedded not optic'ally visible Class | source (Luhman et al.(R0
continuum emission (at spaxel (1,1)), and the line emis@ongep et 4] [ 2010) located20” to the west. This source is

displa.lcedfv34” (i.e. up to the edge of the PACS grid) .alonquiving a parsec scale collimated outflow (Mundt etial. 1984;
the direction of the optical-jgthm-outflow red lobe. Residual Eisiarar & Mundt 1998).

emission above thedSlevel was detected in four spaxels along
the red-lobe jet PA, decreasing from 1.5 10Wm=2 at ~7” The [O1] 63 um map in the left panel of Fid.]2 shows
downto 2 10" Wm2 at 26’ from the source (see Figl. 2, righttwo continuum peaks, at the position of spaxel (2,2) and)(1,4
panel). An order of magnitude decrease in flux between the ficorresponding to the position of FS Tau A and FS Tau B,
few arcseconds of the jet and the emission dt-30” from respectively. Line emission was detected in a number ofedpax
source was also seen in the optical forbidden lines (Podit etlocated along the PA of the optical jet associated with FSBau
2011). Therefore, the PACS maps suggest that th¢ 6@ um (PA~55°, IMundt et al/ 1984) and around FS Tau A. However,
line is tracing a warm outflow component, intermediate betwebecause of the limited spatial resolution of PACS, it is not
the hot, fast and collimated jet traced by the optical fodeid possible to separate the line and continuum emission agedci
lines and the cold and slow wide-angle outflow traced hyith the two sources and to apply the analysis presented in
millimetre CO emission. Higher angular and spectral rasmiu Appendix(B. Thus, the total line and continuum emission from
observations are required to fully analyse the spatiorkimtical the FS Tau system (AdAb+B) is considered throughout the
structure of this warm component. paper.
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Fig.2. Left panel:[O1] 63 um line spectra in the 25 spaxels of the PACS array. Each spmladelled by its (x,y) index and its
position is indicated by a black cross. The RA and Declinatidsets with respect to the source (in arcseconds) are indioatéhe

x and y axis. The black star is the source position and thgigldelashed lines the position angle of the optical-jet/ohaelobe. In
each spectrum, vertical and horizontal dotted lines shewitte wavelength and the zero flux level, respectively. bsthspaxels
where the line is detected above thel8vel, the spectrum is drawn with a black thick line, and tstineated continuum level (in Jy),
line flux (in Wm2), and line-to-continuum ratio (in red) are indicated. Whtire line is not detected only the estimated continuum
level (in Jy) is given. The optical-jet emission in thel]316716, 6731 A forbidden lines is overplotted (green contp@sntours
are from_Solf & Bohm|(1999) (T Tau), Eisffel & Mundt (1998) (DG Tau A, DG Tau B, FS Tau+#B), and Dougados et al. (2000)
(RW Aur).Right panel:Contour levels of continuum (dotted lines) and line residsi@lid lines) emission obtained from the analysis
in AppendiXB. The spaxels where residual line emission teated with a confidence leveb are highlighted by a red circle (for
RW Aur the red circles indicate residual emission above thé&fel). The contours indicate that the line emission istsHiingor
more extended with respect to the continuum emission alomgptical jet PA.

RW Aur: The binary system is not resolved with PACS. The emission
map at 63um in Fig.[2 shows that both the continuum and line
RW Aur is a binary system~1”4 separation) and has beeremission peak on the central spaxel but the][€8 um line is
classified as a Class Il sour¢e (White & Ghez 2001; Furlanlet gptected also in a few outer spaxels located along the wirect
2006). RW Aur A is associated with an asymmetric jet whog¥ the optical jet red lobe (PAL2(?, [Hirth et al.|1994| 1997,
bright red lobe is detected in the opticali$ [N u], and [Or] [Dougados etal. 2000). This suggests the line is tracing the

forbidden lines up to~15” from the source (e.g.._Hirth etlal. warm FIR counterpart of the hot optical jet. After subtragti
1994/ 1997; Dougados et/al. 2000; Melnikov et al. 2009). on-source emission there is no residual emission abeve 5
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However, residual emission abover2s observed along the
red-shifted jet direction at9” and ~15” from the source
(Fresidua| "‘1.8 1017 W m72).

e [01]63.2pm

e [CII]157.7um
e CO18-17

o 0-H,0179.51m

10—14

Trad

Since all of the sources in our sample show extended
[O1] 63 um emission spatially correlated with the direction {'DGTauA ;
of the optical jets we also expect the line profile to be blue- 10 ﬁ g E
or red- shifted in agreement with what is observed at opticak f@m peB peTauB ]
wavelengths. However, the low spectral resolutidfered by =
PACS (-88 kms?! at 63 um) is further limited by the fact X }RWAur
that extended emission can broaden, and shift, the lingrsppec = 10°
profile (see PACS manual). In the case of T Tau, DG Tau A, and } 1

FS Tau ArB this dfect clearly dominates, as we can see tha

the line peak shifts from red to blue velocities moving asros

the PACS field of view (see Fifl 2). However, in the case of DG g7
Tau B and RW Aur the [@ 63 um spectral profile is much

larger than the instrumental one (FWHM up to 200 ki) sind
consistently shows a red-shifted peak velocity in all thaxsts
displaced along the direction of the optical jet red lobee Th  1¢8
peak velocity estimated from those spaxels showing rekidua

line emission>5¢ is of ~45 kms?! and~95 kms?! for DG Luminosity (L
Tau B and RW Aur, in agreement with values estimated from T T w T w
optical forbidden lines (Podio etlal. 2011; Melnikov et #108). I %Tau’
10%L e [O11632Im _
Even if for all of the sources in the sample extended emis- F : [ch]llgif "
sion is detected in the atomic [Pand [Cu] lines suggesting a " e 0-HO179.5Im

)

)

jet/outflow origin, the emission from the disk may dominate on- %DGTMA
source. For this reason we compare observed atomic linés wit  10%°

l DG Tau B

F

predictions from both disk and shock models in Selct. 4. < Tau A

3.2. Molecular H,O, CO, and OH lines: unresolved emission RW Aur

16
and high excitation lines 10

Line Flux (W m?

iy

In our brightest target, T Tau, we have detected five orth@-H
and four para-BHO lines, including lines from highly excited
levels, such as the 04® 85 - 707 line (Eup ~1070 K). In the 107
other sources, only a few of the lower excitatiogHlines were
detected, up to the 04D 4,3 - 311 line (Eyp ~432 K). T Tau and
DG Tau also show emission from high excitation CO levels up to
CO J=36-35 line (Ep ~3668 K). Only the lowest CO transition 10%8, ... L ‘ L
covered by our observations, i.e. the C£18-17 line (p ~944 1 10 100
K), is detected from our other sources (see Table 4). Continuum (Jy)

We have also detected the5}4 CH emission line at 72.14
um from T Tau. The other CHitransitions falling in the spectral Fig-3. The fluxes of the [G] 63 um, the [Cu] 158 um, the
range covered by our observations (i.e. thd-B and #2-1 lines CO J18-17, and the 0-kD 179.5um lines are plotted versus
at 90.01 and 179.60m, respectively) are blended with the pthe source luminosityi¢ft pane) and their adjacent continuum
H,O and 0-HO lines at 89.988 and 179.52. These are the (fight pane) for all the sources in our sample (black, red, green,
brightest transitions of para and ortho water in all of ourrses. and blue dots). For FS Tau+8 and T Tau N-S the plotted
Because of the low spectral resolution of PACS and that the wiurce luminosity is a lower limit, since, lof the Class | com-
ter lines are an order of magnitude brighter than the dedecfeonents FS Tau B and T Tau S is unknown. The upper limit on
CH* emission line {4 1017 Wm~2), we cannot deconvolve thethe _stellgir Iumlno_S|ty for DG Tau B correspondsto its boldmice
lines and recover the flux of the faint CHines. The origin of luminosity as estimated by Kruger ef al. (2011).
the spectrally and spatially unresolved Chkhe is unclear. This
line could be excited in the disk (Thi etial. 2011) #ordin the
directly irradiated outflow cavity walls (Bruderer et al.1x0).

On the contrary to that found for the atomic fjCand [Cn]
lines, the emission in the molecular lines is both spegti@lid ting regions are unresolved. This implies that the atomid an
spatially unresolved with PACS. By applying the analysis imolecular lines have fferent spatial distributions and origins.
AppendiXB we found that, even when line emission is detect®dhile the extended atomic emission is clearly associateld wi
out of the central spaxel, the line-to-continuum ratio iastant the optical jets, the compact molecular lines may be exdited
across the PACS grid and there is no residual line emissioveabthe disk, in the UV-heated outflow cavities, gmdin the first &
50 after the subtraction of on-source line and continuum. ldeng~1300 AU) along the jet. To understand which of these compo-
the line and continuum emission detected in the outer spaxel nents dominates the line emission, we investigate possise
due to the spectroscopic PSF and the line and continuum emigrios in the following section.

1
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Fig.4. Observed [@], [Cu], CO, and BO line fluxes and ratios (red dots) are compared with praatistirom a subsample of disk
models from the DENT grid_(Woitke et al. 201.0; Kamp et al. Z0Tontours encircle 85% of the DENT disks for star lumingsit
values from 16% L, to 9 L, (red, yellow, green, cyan, blue, and black crosses). Tta éstors on the observed values (dotted
red lines) are obtained summing the error due to the lineasiginoise (solid red lines) and the 30% erréiieating PACS flux
calibration. The subsample of disk models is obtained bgcsielg M<2.5 Mg, Tert < 5500 K, L<9 Ly, Rin=Rsup, and dust-to-gas
ratio= 0.01.

4. Discussion find that the emission from the disk may account for 3% to 15%

of the observed [@ 63 um line flux. This suggests that in jet

versus the source luminosity (left panel) and the continflum

adjacent to the considered line (right panel). The plotsvsho

clear correlation, except for the [{P63 um line. Howard et

al. (in preparatior) examine a large sample of Taurus sources,

including optical-jet sources (i.e. sources with jet sigmnes, To verify this hypothesis and constrain the origin of theasnr
such as forbidden emission lines which are extendedoandsolved molecular emission in the following sections we carsp
show blue-shifted profiles), and sources showing no evielertbhe atomic and molecular line fluxes, and their ratios, wittkd
of outflowing activity. Most of the Class Il jet-sources inifas models and shock models predictions (Ject. 4.1 and[Sekte4.2
are associated with micro-jets extending only up to a few arspectively). The line ratios are computed by using the limesf
seconds away from source in the typical optical tracerss&@hesummarised in Tablg 4. Unfortunately, an analysis of théavar
sources show unresolved {063 um emission at PACS reso-tion of line ratios with distance from source is not possfioben
lution, making it dificult to disentangle jet and disk emissionseveral reasons, i.e. (i) in some observations the souncetis
However, Howard et al.if preparatior) find that optical-jet centred on the central spaxel; (ii) because of the speapisc
sources show excess {063 um emission with respect to thePSF the emission in the outer spaxels is strongly contaednat
tight F ([O1] 63 um) - Continuum (63:m) correlation which is by on-source emission overlapping to local extended eonissi
found for sources with no evidence of outflowing activity. Byiii) the source position on the PACS field of view may bé&el-
using this correlation and the measured continuum fluxes wet when observing at fierent wavelengths.

10
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4.1. Emission from disks

10.0000= 2 :,:_,3 =
To understand how much the disk can contribute to the extende F P L ]
[O1] and [Cu] atomic lines and to the unresolved molecular r T TS ]
emission, we compare observed line fluxes and ratios with prez %% = / Y log 3
dictions from the DENT grid of disk models (Woitke etlal. 2010 § B L e 2 ]
Pinte et all 2010: Kamp etlal. 2011). The DENT grid consists ot |- f DGF;a;:: = e ]
300 000 disk models spanning a large range of parameters defig § T Tmﬁ;w B

Te3V30_ |-t

ing the source (mass, Mtemperature, d; ¢, luminosity, L., UV -
RW Aur

excess) and the disk (disk gas mass, gas-to-dust ratia, amae
outer disk radius, R, Rout, surface density, flaring, dust grain
size distribution, dust settling, disk inclination) propes. For
each model, the dust temperatures, gas temperatures am@ che 0010
cal structure are computed to produce a large set of obdessab
such as the SED and selected FIR and submillimetre line fluxes
We consider a sub-sample of models in the grid corresponding 00001 —
to typical low-mass young stellar objects (YSO) and T Tatai s [O1] 63.2um / [O1] 145.5um
properties (M < 2.5 My, Tefs < 5500 K, L, <9 Ly). We also

assume that the inner disk radius,,Rs located at the position ig 5 Observed atomic line ratios are compared with predic-
of the dust sublimation radius s (Pinte et al. 2008) and that tjons from PDR (dotted line$, Kaufman et /al. 1999) and fast J-
the dust-to-gas ratio is 0.01, as expected in the case ofgyoyfine shock (solid lines, Hollenbach & McKee 1989) models. Fo
primordial disks. . the PDR models, the labels on the broken curves indicatestbe g
Fig.[4 indicates that the selected disk models cover a largensity (1) and the intensity of the FUV field3y), respectively.
range of line ratios but cannot reproduce the absolute flakesFor the shock models, the pre-shock density is marked at the
the observed bright lines. In particular, we observe|[€B um  |owest shock—velocity point (Moea=30 kms?), and the shock

fluxes up to 1.9 10 Wm™ and 1.8 10" Wm™ for T Tau velocity increases along the full curves, up tg)=150 kms™.
and DG Tau A, which cannot be produced by the disk even for

high star luminosity. DG Tau B and FS TawB show lower
[O1] fluxes (~5-7 1016 Wm™2) but, if we consider that their
luminosity is lower than 1 }, disk models cannot account foremission in the atomic lines originates from the shocks ooyl
the observed flux. The emission in the fine structure linesfroalong the jet antr from the UV-heated gas in the outflow cavity
disk models is similar to that predicted by PDR models, whth t walls, rather than in the circumstellar disk. Thus, we corapa
fundamental dference that it originates over a wider range adtomic line fluxes and ratios with predictions from shock risd
densitytemperature. The [@ lines are optically thick and close and PDR models.
to LTE (the critical densities for the [P145um and [O] 63 um Fig. [ shows the observed atomic line ra-
lines are 6 16, 5 10 cm3 respectively: Kamp et &l. 2010). tios  [O163um/145um, hereafter  [G@]63/145, and
The discrepancy between observed fluxes and predictiq@si]158.m/[O1]63um, hereafter [G]/[O1], and the pre-
from disk models is even more evident for the molecular tinedictions by PDR models (Kaufman et al. 1999) and fast J-type
while observed CO 18-17 and;B 179.5um line fluxes are of shock models, in which His fully dissociated and the gas is
10717-1071° Wm=2 and 3 10'8-6 101 Wm=2, the predicted partially ionized in a radiative precursér (Hollenbach & Ké
fluxes are always lower than a few 20W m~2 for the CO 18- [1989). The lower—velocity (Mock~10-40 km s?) C- and J-type
17 line and 10 Wm~2 for the H,O 179.5um line. According shock models df Flower & Pineau Des Foréts (2010), which do
to the disk models these lines originate at the disk surfade anot incorporate a radiative precursor, are absent fromptiois
the line excitation temperature determines the radialrexté as they predict [@] 158 um emission from 2 to 8 orders of
the emitting area. For solar-type stars these water line®ps magnitude lower than the [{P63 um emission with increasing
tically thick and not in LTE|(Aresu et &l. 2012). The high-J CQyre-shock density.
lines are generally in LTE due to their low critical densstiand Fig. [§ indicates that both PDR models with densities
they can be optically thick depending on the details of theleho 10¢ cm3 and FUV field G > 10° and dissociative J-type shocks
Higher atomic and molecular line fluxes can be obtained by agith low pre-shock density @10%-10* cm3, Vghock = 30-150
suming a lower dust-to-gas ratio (dust-to-ga8.001) and very kms1) are able to reproduce the [{B3/145 and the [G]/[O1]
large inner radii (e.g., R >10 Rsu). These values, however,jine ratios for most of the sources in our sample. The exoapti
are typical of more evolved disks but are not appropriatesto dare RW Aur, which cannot be reproduced by PDR models be-
scribe the young disks observed around Class | and Il sourcgsuse [Gi]/[O1] <0.02, and DG Tau A, which cannot be repro-
Since some of the observed sources are strong X-rays emitt@liced by the fast J-shock models because of its largg/[O1]
(GUd.eI et all 20_07), we alsp checked ttiieet of X-rays on the |ine ratio (~0.17).
con__3|d_ered emission lines in the work of Aresu etial. (20bt) a ¢ [O1] 63 um maps presented in Figl 2 show that the
Meijerink et al. (2012); Aresu et al. (2012). It can be shohait 15 ,] jine emission originates from a region extending up t6 30
for the considered subsample of disk models the line fluxes gfom the source. Such extended emission could not be prdduce
not significantly enhanced by X-rays (less than a factor of 2) py y\/jlluminated outflow cavities. Thus a shock origin liice
dominates the [@ line emission. However, part of the observed
emission may originate from the illuminated outflow cawtie
which would also explain [@]/[O1] line ratios higher than what
The strong spatial correlation between tha][®3 um line and is predicted by shock models. Note that the only object shgwi
the optical jets and the large observed fluxes suggest that itto evidence of surrounding cloud material or outflow casit&e

0.0100

[Cll] 157.7 ym

4.2. Emission from shocks
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Fig.6. Observed HO and CO line ratios (black dots) are compared with the ptiedis of slow C-typered lineg and J-typedreen
lines) shock models (Flower & Pineau Des Faréts 2010). The swolgslindicate the errors due to the line signal-to-noisélethe
dashed lines indicate the total error, obtained by addia@0% error in the PACS flux calibration. The crosses alongedeand
green curves correspond to increasing shock velocity, ftolkm s* to 40 kms?! (C-type shocks) or from 10 knts to 30 km st

(J-type shocks). At the lowest velocity {dq=10 km s1), the pre-shock density is given.
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Fig.7. Observed HO line ratios for T Tau (red pointarrows) are compared with the predictions of C-tyledt pane) and J-type
(right pane) shock models (Flower & Pineau Des Foréts 2010) with nedditihigh pre-shock densities . The@ line ratios and
upper limits for the other sources in the sample are ovagadblack points and arrows).

RW Aur, which is also the only source in our sample with nm this paper (T Tau, DG Tau A, and RW Aur). They detected
detected [Gi] 158 um emission. molecular hydrogen at distance$0 AU from the star and de-

Determining the origin of the observed molecular lines idved excitation temperatures1800 K. They also found that
more dificult because, as explained in SEct] 3.2, they are sp#te emission lines were consistent with existing shock risode
trally and spatially unresolved with PACS. The fact thatltirge Based on these measurements and the kinematics of thesfgatur
CO and HO line fluxes cannot be reproduced by disk modhey concluded that most of the tbward these stars arose from
els, with parameters typical of low mass YSO and T Tauri staghocks associated with the known HH objects rather than from
favours either a shock origin or a PDR origin in UV-heated ougluiescent disk gas illuminated by the central star. Morgave
flow cavities. The molecular emission is more compact than tfew recent studies have shown that high excitatig®Hines

atomic emission but could, nonetheless, arise in a shock orand even highed CO transitions (up to & 46-45) can be
outflow. produced in the outflows emanating from young Class 0 and |

Evidence of molecular emission associated with a jet, bpurces.(van Kempen etal. 2010; Herczeg et al.2012).
which is less extended than the atomic emission, has beadfou In view of the results above, we have attempted to simulate
in evolved CTTSs, observed at near-infrared wavelengths. the observed molecular line emission by means of shock raodel
particular, Beck et al.| (2008) analysed high angular rdgmiu As shown by Hollenbach & McKee (1989), fast J-type shocks
observations+0’1) of the K, 2.12um line in CTTSs that are give rise to a radiative precursor and are strongly dissweia
driving jets. They showed that the emission in this line igenofor a given [O] 63 um line flux, the emission in the ¥ lines
compact than the emission in atomic optical forbidden linés negligible. Accordingly, we have compared the observe@d H
([O1], [Su], [N n]) but still extends up to1-2” and is spatially and CO line ratios with the predictions of slow C-typey{Mk=
associated with the jet directidn. Beck et al. (2008) ingased 10-40 kms') and J-type (Vhock= 10-30 kmst) shock mod-
the origin of the H emission in three of the sources analyseels of| Flower & Pineau Des Foréts (2010) (see Eig. 6 [@nd 7).
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In these shock waves, much of the mechanical energy is trafable 5. Diameter of the HO emitting area (in AU) estimated
formed into HO and CO line radiation, as illustrated in Tabldrom C-type shock models.

1 of [Flower & Pineau Des Foréts (2010). Figk. 6 &hd 7 suggest
that relatively high pre-shock densities are required ppaduce

the intensities of transitions from high excitation levetd1,0 ,
such as the 0-pD 85— 7o7 line (Eyp ~1070 K).

source R (H20)
(AU)
T Tau 220 - 360

In the case of T Tau, all thed4® lines falling in the spec- DGTauA | 35-270
tral range covered by our observations are detected withod go DG TauB | 14-110
signal-to—noise ratio. A satisfactory fit to the observed hatios FSTauArB | 54-412
is obtained for a C-type shock with a pre-shock density éf 10 RW Aur 39 -298

cm3 and a velocity in the range 20-30 kntésee Fig[T). The
diameter £ 220—-360 AU) of the emitting region that we estimate
for T Tau is comparable with that deduced by Spinoglio et al. _ . .
(2000), using a large velocity gradient (LVG) model to fit th ons to the emission from the disk, UV-heated outflow cavity
observed FIR lines. walls, and shocks.
For the other sources, we detected a maximum of fou® H
lines. Under these circumstances, it makes little sensedb | 4.3. T Tau: comparison with previous ISO data
for a best—fit model; but the few line ratios and the upper lim-
its overplotted in Figl17 indicate that C- and J-type shockk w T Tau is the only source in our sample previously observed wit
pre-shock densities of #9107 cm™ and 16—1° cm™3, respec- 1SO. The ISO observations were acquired with both the Short
tively, produce HO line ratios which are consistent with thosdVavelength Spectrometer (SWS) and the Long Wavelength
observed. Moreover, the models can easily reproduce the lappectrometer (LWS) providing complete spectral coveregya f
H,O 179.5um line fluxes for an emitting region with a diame-2 um to 190um. These observations showed seversgDHCO
ter of a few tens to a few hundreds of AUs (see Tab. 5), which(gp to J,=25), and OH emission lines (van den Ancker et al.
consistent with the fact that the source of the moleculassimn  [1999;/ Spinoglio et al. 2000). OuderschelPACS observations
is compact and unresolved with PACS. complement the previous ISO dataset by revealing high-J CO
The observed 0-40 179.5um/CO 18-17 line ratios are lines (up to 336-35) and HO lines which were not detected
lower, by up to a factor 4, than those predicted by the slowith ISO because of its lower sensitivity.
shock models: bO/COgps ~ 0.2-2; HO/COshocks = 0.8 (see The absolute line fluxes measured by ISO-LWS and
right-hand panel of Figl]6). Furthermore, the observed OHerschelare in very good agreement as shown in Hi. 8.
line fluxes are much larger (by up to a factor 10) than tho&pinoglio et al.[(2000) modeled the observed lines by using a
predicted by these same models:QH abundances which areLVG code in a plane parallel geometry and found that most of
lower than predicted by slow shock models have been found e observed molecular emission may be explained by a dense
Santangelo et all_(2012) ahd Vasta étlal. (2012), from thé anand warm gas component£h0°>-10° cm3, T=300-900 K) with
ysis of a large number of #D emission lines associated withan emitting area of diameter of 300-400 AU.
outflows in Class 0 sources. These authors propose that the wa Following these results we have modelled the full
ter abundance may be reduced by UV dissociation (Bergin et EO+Herscheldataset with the shock models presented in the
1998) angor depletion onto grains. Photodissociation efHto  previous section. The left panel of Fig. 8 shows that most of
OH, by the stellar FUV radiation field, is a possible explandhe water lines are well fit with a single C-shock modet {6°
tion of these observations, as suggested aldo by Spindgib ecm3, Vgnoei=20-30 kms?, diameter of the emitting area of
(2000); but the further photodissociation of OH to O sholdtha ~360 AU). The exceptions are for a few high excitation water
be taken into account. For further details, see $edt. 4.3. lines between 25 and %0n observed with the ISO-SWS. To fit
From the comparisons with the models, we conclude thiéese lines, the pre-shock density must be about an ordeagf m
the atomic and the molecular emission — which hav@edi nitude larger (810" cm~3). However, this discrepancy between
ent spatial distributions (extended versus compact) -edris models and observations may be partially due to intercatiiton
shock waves with dierent characteristics (C- or J-type, withproblems between the SWS and LWS (the continuum flux mea-
or without a radiative precursor). This conclusion is cetgit sured by SWS is-10% higher than in the LWS).
with the results of previous analyses of FIR ISO observation The CO lines detected with ISO by Spinoglio et al. (Z2000)
of Class 0 and | sources, which demonstrated that a single gadicated that a warm component and a hot component are re-
component cannot reproduce both the atomic and the molgaired to reproduce all of the CO lines (Fid. 8). This is ferth
ular emission. It has been suggested that a dissociatiypel-tconfirmed by ouHerschelPACS observations of CO lines up to
shock, occurring at the apex of the jet, and non-disso@atiy=36-35. While the very high-J CO lines detectedHbgrschel
C-type shocks, occurring in the wings of the bow-like flow(CO J36-35, 33-32, 29-28) are well fitted by the same C-shock
may be responsible for exciting the atomic and the molecularodel used to reproduce the® lines (we assumed that the
lines, respectively (Nisini et al. 2002). Alternativeljet emis- H,O/CO abundance ratio is lowered by0.55 due to FUV ir-
sion might arise from the UV-heated gas in the outflow cavityadiation of the shocked region) a warm gas component is re-
walls and small-scale C-type shocks occurring along thé caguired to reproduce the lower-J CO lines (down tg=14).
ties (van Kempen et al. 2010). We cannot exclude the poigibilWe tentatively fit all CO lines by adding a warm gas com-
that the disk contributes to the molecular line emissionmtig@a ponent using a RADEX LVG model in plane parallel geome-
larly to the higher excitation water lines, as suggestediggant try (van der Tak et al. 2007) and choosing parameters whigh ar
study [Riviere-Marichalar et &l. 2012). similar to those used by Spinoglio ef &l. (2000}:16° cm3,
Follow-up observations with HIFI and ALMA are plannedT=300 K, A=360 AU, N=1.5 10 cm2). This warm gas com-
with the goal of resolving the molecular lines, spectrallyti ponent also reproduces the OH line fluxes for an OH column
HIFI) and spatially (with ALMA), and identifying the contri-  density of~5 106 cm.
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Fig. 8. All the available 1ISO (black points) antderschel(red points) observations ofJ@ (left pane) and CO (ight pane) lines
for T Tau are showrlLeft panel:Line fluxes predicted by a slow C-shock for an emitting area260 AU diameter and pre-shock
density of r=10° cm3 (velocity V=20-30 km s?, dotted lines), or 810’ cm3 (V=10-20 km s?, dotted lines). The low-excitation
water lines are well reproduced by C-shock with pre-shodisite of 16 cmi~3 while the higher excitation lines require higher pre-
shock densityRight panel:CO line fluxes predicted by: a C-shock modet it cm3, V=20-30 km s?, emitting area diameter,
D=360 AU, red ling); an LVG warm gas component£a0°, T=300 K, D=360 AU, Nco=1.5 108 cm2, blue ling; the sum of the
two models ¢reen ling. While the high-J CO lines are well reproduced by the sansh@:k model used for water lines, a warm
gas component is required to simultaneously fit the lowéreklobserved with ISO (down tgp¥14).

More detailed modelling of all the detected lines coulébr Class 0O, I, and Il sources. The luminosity values rembrte
be made by considering UV-heated gas in the outflow caviiy the figure are for: the Class 0 sources observed with ISO by
walls, and small scale C-shocks along them, as discussedGignnini et al. [((2001) and withlerschelby Nisini et al. (2010)
van Kempen et al! (2010). However, such detailed modelng (L7 Class 0 sources); the Class | (or unresolved Classl)
beyond the scope of the present paper. sources analysed in this paper (T Tau, DG Tau B, and FS Tau
A+B), complemented by ISO observations of Class | sources
by INisini et al. (2002), and PACS observations of HH 46 by
van Kempen et al.| (2010) (14 Class | sources); the Class Il
To evaluate theféiciency of the FIR outflow component assoSources analysed in this work (DG Tau A and RW Aur) (2 Class
ciated with the jet sources in our sample we estimate thé totaSources). Note that only 16 out of 17 Class 0 sources and 11
luminosity radiated away in the far-infrared lines, L (FIR) ~ out of 14 Class | sources are reported in the histogram of the

The [O1], [Cn], and OH luminosities were estimated fron{lecular cooling (middle panel of Fid.] 9). The other sosrce
the observed line fluxes (L [@= L ([O1]63 + 145um), L [Cu] N the sample by G|ann|n| etal . (2.001) and Nisini et al. (4)(_)2
= L [Cn] 157 um, L (OH) = L (OH 79.11 + 79.18 um)) do not show molecular line emission, probably due to the lim-
while for the CO and HO luminosity we give a lower limit, itéd sensitivity of ISO.
inferred by summing the fluxes of the observed lines, and an
upper limit inferred by adding up the predicted line intensi
ties for all the transitions considered in the shock modeds ( Despite the small statistical samples, in particular fassl
45 levels of 0-HO, 45 levels of p-HO, and 41 levels of CO, Il sources, the histograms in Fig] 9 and the range of values re
Flower & Pineau Des Foréts 2010). In particular, we considported in Tald b indicate that the total FIR cooling decrsagéh
the highest luminosity value obtained from thdfelient shock the source evolutionary stage going from valuesd®2 - 3 L,
models which reproduce the observed line ratios (i.e. odlsh for Class 0 sources to valueso6 104-10 L, and~ 9 10
with pre-shock densities opr10*-10° cm=3 and C-shocks with -2 103 L, for Class | and Class Il sources. In particular, LifO
np=10°-10" cm~3). Then the cooling in the molecular lines isis of ~ 103 -4 101 L, in Class 0 sources, of 3 104 — 101
computed as ko = L (OH) + L (H20) + L (CO), while the L, in Class I, and~ 10°* — 103 L, in Class Il sources. The
total cooling in FIR lines is estimated by summing up the eootooling in the molecular lines, e, Shows a stronger decrease
ing in all the detected species: L (FIR)L [O1] + L (OH) + going from Class O (ko Up t0 2.4 L) to Class | (Lyo Up to
L (H20) + L (CO). Note that following previous ISO studies0.04 L), and Class Il sources flej ~ 7 — 8 107* L,). This is
(Glannini et all. 2001; Nisini et &l. 2002) we neglect the lnos-  due to progressive clearing of the circumstellar materiaictv
ity of the [Cu] line when computing L (FIR) because the emisis accreted or transported away by the observed jets. Fitlad
sion in this line may be contaminated by cloud emission. e eottom panel of Fid.19 shows that also L (FIR), is decreasing
timated values of cooling in all the observed species)([[C ], going from Class 0, to Class |, and Il sources indicating that
OH, H,0, CO) and the total FIR line cooling are summarised ioutflow dficiency in radiating away the source bolometric lumi-
Tab[6. nosity is decreasing with its evolutionary state. Similesuits

The line cooling at dterent evolutionary stages is shown irare obtained by Karska et ain(preparatior) for a sample of
Fig.[@ by means of histograms of L [{) Lo, and L (FIR)Lpe  Class 0 and | sources observed witbrschelPACS.

4.4. FIR cooling: an evolutionary picture
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Table 6. Cooling in all the detected FIR lines.

Source Class L[O1] L[Cu] L (OH) L (H,0) L (CO) L (FIR®
(Lo) (Lo) (Lo) (Lo) (Lo) (Lo)

T Tau In+1 1.210°? 4.6 10 1.310° 1510°-1.610%2 1.210%-9.710° 1.71072-4.010°
DG Tau A 1] 1.110°% 1.810* 4.910° 2.110°-4.210* 5910°%°-2510* 1510%-2.010°%
DG Tau B | 4.6 104 1.510°% 9.0 10° 2.710%-7.010° 8.010%-4.210° 4.910%-6.010*

FSTauAB Il +1 3.310* 2.6 10° 2.210° 3.910%-9.710* 2210%°-5810* 4.410%-1.910°
RW Aur 1] 1.310% 0.010° 1.510° 3.110%-5110* 7.410%-3.010* 1.810%-9.510*
Class @ 110°-4101 3107%-210t1 0-3101 0-1.2 0-9160! 1103-2.38
Class I° 310%-110t 710%-110° 0-710% 0-210? 0-410? 510%-1.4 10"
Class II° 110%-110°% 0-210* 110°-510° 410%4-510% 2104-310* 910%-210°%

aL(FIR)=L[O1] +L (OH) + L (H,0) + L (CO)

b The luminosity values for Class 0 sources are from Gianniallg2001) and Nisini et all (2010) (17 sources)

¢ The luminosity values for Class | sources are from this warkigu, DG Tau B, and FS Tau+B), lvan Kempen et al! (2010) (HH 46), and
Nisini et al. (2002) (14 sources)

4 The luminosity values for Class Il sources are from this W@ Tau A, and RW Aur) (2 sources)

Table7. Mass loss rates derived from the luminosity of the][68 um line are compared Withet values from optical forbidden
lines andM,c estimates obtained from UV veiling afod opticafNIR HI lines.

Source Mjet ([O l] 63) Mjet (Opt) a Maccb Mjet/Macc
(Moyr™) (Moyr™) (Moyr™)
T Tau 1.210°® 1-7107 +? 0.3-1.5106" + ? -
DG Tau A 1.1107 310%-3107 0.5-2 10° 0.05-0.2
DG Tau B 4.410°® 710° 2.2107 0.2
FS Tau ArB 3.1108 ?+<2510° 2-3107 0.17
RW Aur 1.210°% 210°-2-310% 0.034-1.6106° 0.008-0.35
Class O 1107-410° - - -
Class I 3108-110° 108-10° 10%-10° -
Class lI® 110%-1107 101-3107 1010-410° -

a Miet (opt) estimated: from optical [@, [Su] line luminosity byl White & Hillenbrand[(2004) (T Tau N, FS 08, RW Aur), Hartigan et al.
(1995) (DG Tau A, RW Aur), Herbst et al. (1997) (T Tau); anchfrfet density, velocity and radius estimates byf€p et al. (2008) (DG Tau A),
Podio et al.|(2011) (DG Tau B), and Melnikov et al. (2009) (RWrA

b M, estimates by Hartigan etlal. (199%); Hartigan & Kenybn (20@3ullbring et al. (2000)|_ White & Ghéez (2001); White & Hildrant
(2004); Calvet et all (2004); Beck et al. (2010)

¢ Mjet ([O1] 63) for Class 0 sources are from Giannini et ial. (2001) (1itses)

d Mjet ([O1] 63) for Class | sources are from this work (T Tau, DG Tau B, B&dTau A+B),lvan Kempen et al. (2010) (HH 46), and Nisini et al.
(2002) (14 sources)\'/ljet (opt) are from_Hartigan et hl. (1994); Bacciotti & Eifiél (1999){ Podio et Al (2006M.. from[Hartigan et d1[(1994)

¢ Miet ([O1] 63) for Class Il sources are from this work (DG Tau A, and RWrA(R sources) M (opt) are from_Hartigan et al. (1995);
Coffey et al. [[2008)M.c. from[Hartigan et 81.[(1995); Gullbring etlal. (1998)

4.5. Mass loss rates and that all the observed [P emission is produced by shocks.

o . Thus, if part of the observed [(P63 um emission arises from
The mass loss ratéfe, is estimated from the [@ 63 um lu- 5 photodissociation region due to, e.g., the UV-illumidabert-

minosity by using the relationship by Hollenbach (1985pnfr g, cavities, angbr from the disk we may overestimate the mass
which it is shown that if the ejected material is moving faq ss rate. '

enough to produce a dissociative J-shock, ther] [@mission

will be the dominant coolant in the postshock gas for tempera

tures of 100-5000 K. Thus, the [Pluminosity is a direct tracer The mass loss rates derived from therf@3 um line are

of the mass flow into the shock, and hence of the mass loss rgi@nmarised in Tablgl 7 and compared with mass loss and mass

Miet: accretion rates derived from optical lines and UV veilingy(e
_ Hartigan et al. 199%; Gullbring etlal. 1998, 2000). The mass |
Miet(Mo yr=1) = 1074L [0 1]63um(Lo) (1) rates derived from the [@ 63 um line are also compared

) with the values estimated previously for Class 0 and | saurce
This is a simpler method to estimat; than the use of op- (Giannini et al. 2001; Nisini et &l. 2002) (see top panel of[B).
tical lines (e.g.| Hartigan et al. 1995; Bacciotti & Eik|1999; In agreement with the estimated FIR cooling, the mass outflow
Podio et al. 2006) because it does not depend on estimates ofrates derived from the [@ 63 um line decrease as the driving
visual extinction, the inclination of the system, or the m@s source evolves from values 6f 1 107" — 4 10°° Mgy yr? for
try of the outflow. On the other hand, the derived estimates &tlass 0, to~ 3 10® — 1 10° Mg yr~? for Class I, and down to
based on the assumption that all the ejected material iscksld ~ 108 — 107 M, yr~! for Class Il sources.
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Fig. 9. Histograms of L [Q] (upper pané), Lo (middle pané),

and L (FIRYLpo (bottom panglfor Class 0, I, and Il sources
(solid, dotted, and dashed lines).

The comparison df?ljet([o 1] 63 um) with Mje[ andMgcc val-

ues derived from observations at optical and UV wavelenigths

Another fundamental issue is to understand how the mass
ejection to mass accretion ratio evolves with the sourcéuevo
tionary state. The values derived for the Class | and Il sesirc
in our sample seems to suggest thatkg/Macc ratio remains
constant. However, it is not possible to draw a firm conclusio
given the large uncertaintieffacting the mass accretion rate es-
timates and the small size of the considered sample.

5. Conclusions

In this paper we have analyséterschelPACS integral-field
spectroscopic observations of Class | and Il sources inugaur
which are known to drive bright optical jets. Thanks to the
Herschelsensitivity (100-1000 times larger than 1SO) we are
able to detect the FIR counterpart of optical jets from the se
lected Class | and Il sources for the first time. An except®n i
T Tau which is a bright multiple system unresolved with PACS,
consisting of a Class Il source and a Class | binary systedh, an
associated with at least two jets, which has been observibd wi
ISO (Spinoglio et al. 2000). We investigate the origin of tiee
tected atomic and molecular lines by carefully evaluating t
spatial distribution of the emission on the PACS detectat an
by comparing line fluxes and ratios with predictions fromkdis
and shock models. The results of our analysis are summarised
below:

- the emission in the atomi€)i] and [Cu] lines is extended
and spatially correlated with the optical jet emissidn two
cases (DG Tau B and RW Aur) we also detect a consistent
offset in velocity in all the spaxels where the B3 um
line is detected which indicates a gas velocity in agree-
ment with the values measured for the associated optical jet

- the emission in the molecular,B®, CO, and OH lines is
spatially and spectrally unresolvetiowever, by using the
DENT grid of models we show that for typical low mass

difficult because the latter show discrepancies up to one order of ySO and T Tauri star parameters the irradiated disk surface
magnitude depending on the adopted method. This is maimly du s ynlikely to produce the observed large®] CO fluxes

to the fact thatMjer and M, values derived from optical lines

(up to 1016 and 10%° Wm2, respectively) even when

and UV veiling are highly dependent on the estimates of the tne source is associated with a strong X-ray field. Slow C-

jet radius and visual extinction (see, elg., Hartigan e1885;

Bacciotti & Eisltffel[1999] Podio et al. 2006 for a discussion of

different methods to derivdje; from optical forbidden lines and
Gullbring et all 1998 for a discussion of the uncertaintisd-
iNg Macc estimates). Thus, fdvlie; (opt) andM,c estimates we
report in Tablél7 a range covering all théfdrent values found
in the literature. However, both for Class Il and Class | sear
the mass loss rate derived from theifl®@3 ym line luminos-

and J- shocks (Mock <40 kms?! and Vispock <30 kms?,
respectively), on the other hand, can reproduce the olderve
line fluxes for an emitting area of diameter of a few tens to a
few hundreds of AU. Thus, a shock origin is favoured.

- high-J CO lines (up to CO=J36-35) and HO lines from
high excitation levels (up to 5 ~1070 K) are detected
similarly to what was observed by van Kempen et al.

ity is larger than or comparable to the maximum value obthine
from optical and NIR forbidden lines. This suggests that the
mass loss rate can actually be larger than previously thargh

the ejection rate can be up to a few percent of the accretien ra
(Mjet/Macc up to 0.35). This is even more evident if we consider
that the loweiMjei/Macc ratios are derived by using the hidyycc -
values estimated hy Hartigan et al. (1995). More recent \agrk
Gullbring et al. (1998) showed that these values can be svere
timated by one to two orders of magnitude. Cabrit (2007) tbun
similar highMjey/Macc When considering the most recent and ac-
curateMacc andMje; estimates and showed that hityey/Macc
values may have important implications for jet launchingdmo
els. For example, they show that stellar winds cannot preduc
such high mass loss rates while X- (Shu et al. 1994) and Disk-
(Ferreira et al. 2006) wind models may provide mass ejettion -
mass accretion ratios up to 0.1-0.25.
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(2010) and_Herczeg etlal. (2012) for Class 0 and Class
| outflow sources (NGC 1333 IRAS 4B and HH /48,

respectively). This suggests that lines from high excita-
tion levels can be shock excited if the density is high enough

the extended atomic emission may be produced by fast
J-shocks Shocks with velocities higher than 30 knts
with a radiative precursor_(Hollenbach & McKee 1989)
strongly dissociate and ionize the gas giving rise to high
[O1] and [Cn] line fluxes, in agreement with the observed
line ratios ([O] 63/145~15-30, [Cu]/ [O1]<0.17). Excess
[Cu] emission may be due to UV-heated gas in the outflow
cavity walls.

emission
or J-

molecular
slow C-

may originate instead in
shocks which preserve molecules
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(Flower & Pineau Des Foréts| 2010). High pre-shociyck, H. M., Simon, T., & Zuckerman, B. 1982, ApJ, 255, L103
densities are required to populate the high excitatip®H Edwards, S. & Snell, R. L. 1982, ApJ, 261, 151
levels and reproduce the observed line ratios (i.e. J-sho@g'0fel J. & Mundt, R. 1998, AJ, 115, 1554

. 3 . 4 e erreira, J., Dougados, C., & Cabrit, S. 2006, A&A, 453, 785
with n~10%-10° cm® or C-shocks with R10°-10" cm™®).  ioer b, R. & Pineau Des Foréts, G. 2010, MNRAS, 406, 1745

We cannot exclude, however, that the disk and the warm gagian, E., Hartmann, L., Calvet, N., et al. 2006, ApJS, B&8
in the outflow cavity walls are contributing to the observe@iannini, T., Nisini, B., & Lorenzetti, D. 2001, ApJ, 555, 40
emission. Gudel, M., Telleschi, A., Audard, M., et al. 2007, A&A, 46815
Gueth, F. & Guilloteau, S. 1999, A&A, 343,571
. . . . . Gullbring, E., Calvet, N., Muzerolle, J., & Hartmann, L. Z0R\pJ, 544, 927
- the cooling in the FIR lines is decreasing as the sourcgyiiring, E., Hartmann, L., Briceno, C., & Calvet, N. 1998J, 492, 323
evolves:for the Class Il sources in our sample the coolingartigan, P., Edwards, S., & Ghandour, L. 1995, ApJ, 452, 736
is from one to four orders of magnitude lower than forartigan, P. & Kenyon, S. J. 2003, ApJ, 583, 334

" 4_10y3 Hartigan, P., Morse, J. A., & Raymond, J. 1994, ApJ, 436, 125
Class | and 0 sources (L [@ 107°-10" Lo, L H20 and Herbst, T. M., Robberto, M., & Beckwith, S. V. W. 1997, AJ, 1744

4 g X
L CO~107" Lo). The molecular CQOI'_ng '_S decreasing mor@lerczeg, G. J., Karska, A., Bruderer, S., et al. 2012, A&A) 5484
abruptly as the source evolves indicating that for ClassHpth, G. A., Mundt, R., & Solf, J. 1997, A&AS, 126, 437
sources the main coolants are water and CO, while in Clagsh, G. A., Mundt, R., Solf, J., & Ray, T. P. 1994, ApJ, 4299

I and Il [O1] becomes an important coolant. Hollenbach, D. 1985, Icarus, 61, 36
Hollenbach, D. & McKee, C. F. 1989, ApJ, 342, 306

. Kamp, 1., Tilling, ., Woitke, P., Thi, W.-F., & Hogerheijdé/. 2010, A&A, 510,
- the mass loss rate for the Class Il sources in our sampleag
is up to three orders of magnitude lower than for Clasgamp, I., Woitke, P., Pinte, C., et al. 2011, A&A, 532, A85
0 and | sourcesi.e. Mjet([O 1] 63 um) ~ 108-1077 M@yrfl. Kaufman, M. J., Wolfire, M. G., Hollenbach, D. J., & Luhman, M.1999, ApJ,
527, 795
. . Kenyon, S. J. & Hartmann, L. 1995, ApJS, 101, 117
- the mass loss rates inferred from th@i] 63 um line are qcgier M. F., Steinz, J. A., Anderegg, M. E., et al. 1996 /815, L27
larger than or comparable to values obtained from opticatshler, R., Ratzka, T., Herbst, T. M., & Kasper, M. 2008, A&482, 929
and NIR forbidden linesmplying higher mass ejection to Konigl, A. & Pudritz, R. E. 2000, Protostars and Planets 597
mass accretion ratios, up to 0.35. This may have importf;{}if‘xcféve Jr'E"JSt?e?sgg?tM K-JR-bE:Jr”gWSSv (éi j{l' ;toill 12’;%]%;%1' 841
|mpI|cat|on for]et Iaunchmg models. Lada, C J. ’1987, in' 1AU YSymp’osiumy, Vol. 115, YStar i:orming iBeg, ed.
M. Peimbert & J. Jugaku, 1-17
o Lada, C. J. & Wilking, B. A. 1984, ApJ, 287, 610
The above summary places the FIR emission from Claissloch, B., Cernicharo, J., Reipurth, B., Pardo, J. R., &Ner2007, ApJ, 658,
Il and | jet sources within an evolutionary picture. The Tamr 498

optical-jet-sources studied in this work show FIR atomid a&“&mpig’ féGL"llAl"e”' P.R., Espaillat, C., Hartmann, L., &1@t, N. 2010,

molecular emission similar to that previously observedW8O  yathews, G. S., Dent, W. R. F., Williams, J. P., et al. 2010 AA&18, L127
for Class 0 and Class | sources, including a highly exciteténio Maurri, L., Bacciotti, F., Podio, L., et al. 2012, submittedA&A

ular component. However, the emission associated withsQlas Meijerink, R., Aresu, G., Kamp, 1., et al. 2012, submittedAA
elnikov, S. Y., Eisldtel, J., Bacciotti, F., Woitas, J., & Ray, T. P. 2009, A&A,

sources is fainter and more compact (in particular the melec*

506, 763

lar component), and the FIR line cooling and mass |0SS r&€es gicnel, 6. F., Hasegawa, T. I., Dent, W. R. F., & Matthews, & 1994, ApJ,
one to three orders of magnitude lower than those estimated f 436, L1177

Class 0 and | sources.

Mitchell, G. F., Sargent, A. |., & Mannings, V. 1997, ApJ, 48327
Mundt, R., Buehrke, T., Fried, J. W., et al. 1984, A&A, 140, 17
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Table A.l. Target, observational mode (LineSpec ospaxel summing the flux density on each spectral elenigrin,
RangeSpec), operational day (OD), and identifier (OBSID) df, over then spectral elements in the defined wavelength range

the analysedierschelPACS observations. as follows:
n
Target Obs. Mode OD OBSID Fiinetcont = dv f; (B.1)
T Tau LineSpec 272 1342190353 =)
RangeSpec 272 1342190352
DG Tau A LineSpec 273 1342190382 n
RangeSpec 273 1342190383 AFjine+cont = dv Afi2 (B.2)
DG Tau B LineSpec 316 1342192798 =
RangeSpec 678 1342216652
FSTauArB  LineSpec 316 1342192791 where d is the average spectral element size, in Hz. The
RangeSpec 641 1342214358 continuum image, &nw With the associated errafFcon, in Jy,
RW Aur LineSpec 290 1342191359 are estimated in each spaxel by computing a weighted average
RangeSpec 290 1342191358 of the flux density over a region ofl spectral elements adjacent
to the detected line:
E. F., & Spinoglio, L. 1999, A&A, 348, 877 W= 1 B3
van der Tak, F. F. S., Black, J. H., Schoier, F. L., Jansed, [& van Dishoeck, "™ ™ A2 (B.3)
E. F. 2007, A&A, 468, 627 i
van Kempen, T. A, Kristensen, L. E., Herczeg, G. J., et al02A&A, 518, n
L121 fiw;
Vasta, M., Codella, C., Lorenzani, A., et al. 2012, A&A, 5388 Foont = Z nl (B.4)
White, R. J. & Ghez, A. M. 2001, ApJ, 556, 265 =1y w;
White, R. J. & Hillenbrand, L. A. 2004, ApJ, 616, 998 j=1
Woitke, P., Pinte, C., Tilling, I., et al. 2010, MNRAS, 405326
1 1
AFcont = = (B.5)
nl nl 1
Appendix A: HerschedPACS observation identifiers \/Elwi & Af?

Table[A] list the targets, observational modes, operatidays
(ODs), and identifiers (OBSIDs) of thé¢erschelPACS observa-
tions analysed in the paper.

Then we subtract from the linecontinuum image, fffe+cont
the “on-source” emission, i.e. the linecontinuum flux in the
spaxel showing the brightest continuum, which is scaledmtc
ing to the continuum level in each spaxelj i the spaxel where
Appendix B: Line extended emission the continuum emission is maximum, we obtain the image of the

characterisation residual flux, Fesiqguas @and the associated erravtesiqua, as:

. . . S . F
In this Appendix we describe the procedure which is applidéesiqual= Fiinercont — — cont (B.6)
to ascertain whether the line emission is extendedaaraffset R
with respect to the continuum emission. If both line and tont cont
uum emission originate from the same region, supposedly tRe= (F ! ) (B.7)
star-disk system which is unresolved with PACS, any emissio line+cont j
detected out of the central spaxel is due to the spectrosE&&gi
i AFy i\>  (AFcontj\?

andor to the fact that the source is not centred on the central, o line+cont j contj

i X =R + (B.8)
spaxel. The line and the continuum PSF have the same shapeand line+cont ] Feontj

are centred at the same position, hence the line-to-camtinu
ratio is constant across the PACS field of view. If, on the con- F2 (AR? AF2
cont [ J cont) (B.9)

trary, the line emitting region is more extended @mmaffset with  AFesiqua = AFﬁnemm
respect to the continuum emitting region the line and centin Rf
uum distribution across the PACS field of view aré@ient and

the line-to-continuum ratio should vary in theffdrent spaxels.
However, when most of the line emission is emitted closeo t

R F2

j cont

The confidence level at which residual emission is detected
Hﬁ each spaxels is:

source it can be dicult to detect extended afut offset emis- Fresidual
sion given the low spatial resolution and samplirfieced by 7 = 3F — — (B.10)
PACS.

To check for the presence of extended line emission we sub- Fig.[2 (right panels) shows the displacement of the] [68
tract from the line+ continuum image the “on-source” emissiortm_residual emission, (Esiqua, With respect to the continuum
and search for “residual” local emission above the confiden@mission, Eon, and the optical jet direction. We clearly see an
level. offset between the continuum emission (dotted contours) a&nd th

An image of the line and continuum emission is COT{-OI] 63ym line residual emission (SOlld COHtOUfS) which is dis-
structed integrating the PACS data cube over the wavelengifced along the optical jet PA (blired dashed lines). The spa-
range covered by the considered line. For example to obtdidl correlation between the [(P63 um line residual emission
line+continuum image for the [@ 63 um line we integrated and the optical jet is evident also for the sources for whith t
on the spectral range from 63.14in to 63.242um, for all line and_contlnuum emission p_eal_< on the same spaxel befere th
the sources in our sample. Integrated fluxagegon, and er- subtraction of “qn-source” emission (e.g., T Tau ar]d RW Aur;
rors, AFiine+cont, in UNits of W nT2, have been computed for eacts€e, for comparison the maps in the left panels of{fig. 2).
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