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ABSTRACT

Context. To investigate the disk formation and jet launching mecsranin protostars is crucial to comprehend the earliest stafje
star and planet formation.

Aims. We aim to constrain the physical and dynamical propertigh@molecular jet and the disk of the HH 212 protostellareyst
at unprecedented angular scales exploiting the capabilifithe Atacama Large Millimeter Array (ALMA).

Methods. ALMA observations of HH 212 in emission lines from sulfurawing molecules, SOs9- 87, SO 1Q; — 109, SO, 8,65 — 71.7,
are compared with simultaneous CG- 2, SiO 8- 7 data. The molecules column density and abundance areastimsing simple
radiative transfer models.

Results. SO %—-8; and SQ 8,6— 717 show broad velocity profiles. At systemic velocity they pedbe circumstellar gas and the cavity
walls. Going from low to high blugred-shifted velocities the emission traces the wide-aogtiow and the fast{ 100-200 km s?)
and collimated £ 90 AU) molecular jet revealing the inner knots with timessat 50 years. The jet transports a mass loss rate
> 0.2-2x 10 M, yrt, implying high ejection fliciency & 0.03- 0.3). The SO and S©abundances in the jet axe107 — 105,
SO 1Q; — 10,9 emission is compact and shows small-scale velocity grégliadicating that it originates partly from the rotatingkli
previously seen in HCOand G0, and partly from the base of the jet. The disk mass 6002- 0.013 M, and the SO abundance
in the disk is~ 1078 — 1077.

Conclusions. SO and SQ@are dfective tracers of the molecular jet in the inner few hund&ldgrom the protostar. Their abundances
indicate that 1%- 40% of sulfur is in SO and S{due to shocks in the j&tutflow andor to ambipolar dfusion at the wind base.
The SO abundance in the disk is-3 orders of magnitude larger than in evolved protoplanedisis. This may be due to an SO
enhancement in the accretion shock at the envelope-diskane or in spiral shocks if the disk is partly gravitatityanstable.

Key words. Stars: formation — ISM: jets & outflows — ISM: molecules — ISikdividual: HH 212

1. Introduction recipe (cavities of swept-up material, infalling envelpptatic
ambient cloud).

(O The first steps of the formation of a low-mass star are regdlat The HH 212 region in Orion (at 450 pc) can be considered as

by the simultaneousfiects of the mass accretion onto the stam ideal laboratory to investigate the interplay of infallitflow
and the ejection of matter from the stellar-disk system. As-a and rotation in the earliest evolutionary phases of thefetan-
sult, protostars (the so-called Class O objects) are ctaised ing process. HH 212 is low-mass Class 0 source driving a sym-
by the occurrence of fast bipolar jets flowing perpendictddine metric and bipolar jet extensively observed in typical ncalar
plane of accretion disks. In practice, although the prdeisech tracers such as 4 SiO, and CO (e.g.|_Zinnecker et al. 1998).
region (star, inner disk edge at0.1 AU, outer disk at- 0.1- High-spatial resolution observations (downtd®’3 — 0"’4) per-

10 AU) remains unknown (e.g., Ferreira etlal. 2006), jets af@med with the SubMillimeter Array (SMA)_(Lee etial. 2006,
thought to remove excess angular momentum from the stlar-d2007a, 2008), the IRAM Plateau de Bure (PdB) interferome-
system, thus allowing disk accretion onto the central dbjgo- ter (Codella et al. 2007; Cabrit etial. 2007, 2012), and the At
fortunately, the observations of the jet-disk pristinetegss in acama Large Millimeter Array (ALMA; see Lee etial. 2014;
deeply embedded protostars are verjidilt to perform given |(Codella et al. 2014a) reveal the innel” — 2”” = 450— 900 AU

the small scales involved as well as the occurrence of numenllimated jet (width~ 100 AU) close to the protostar. HH 212
ous other kinematical components involved in the star féiona is also associated with a flattened rotating envelope indoe-e
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Fig. 1. Channel maps of SO39- 8; (top) and SQ 8,6 — 717 (bottom) at systemic, low (LV), intermediate (1V), and high (HV) eeities panels
from left to right). The green, blue, and red contours trace the emission tnsigsvelocity and over the labeled blue- and red-shiftedoity
intervals (V — Vsyd). The lowest contour of the emission at systemic velocitshiswn in all panels. The first contour is at for SO and 3 for

SO, with steps of & (Veys) and 2@ (LV, IV, HV) for SO and 3r for SO, (1o ~ 3-4 mJybeanf0.43 km s). The tilted black cross is centred at
the source position and indicates the jet and the disk PA(PR2, PAysk = 112). The ellipse in the bottom-left corner shows the beam HPBW
of the line emission maps (65 x 0747, PA= 49°). The triangles indicate the emission peaks along the bideed lobes.

tor perpendicular to the jet axis observed firstly with theAOR no detection of SO (and4$) from three prototypical protoplan-
Very Large Array (VLA) in NH; emission by Wiseman etlal. etary disks, Fuente etlal. (2010) reported a detection iligle
(2001) on 6000 AU scales. More recent SMA and ALMA obef the T Tauri star AB Aur, and Guilloteau et/al. (2013) showed
servations in the CO isotopologues and HCa@h ~ 2000, 800 that SO is exceptionally observed in disks with only one diefin
AU scales indicates that the flattened envelope is not only etection on a sample of 42 T Tauri and Herbig Ae stars towards
tating but also infalling onto the central source, and cargh 04302-2247. The statistics regarding disks around Class 0 pro-
fore be identified as a pseudo-disk according to magnetizes ctostars is even poorer. The only case is represented by |, 1527
collapse models_ (Lee etlal. 2006, 2014). In addition, a comvhere Sakai et all (2014) have shown that SO as observed by
pact £ 120 AU), optically thick dust peak is observed byALMA originates from the outer disk near the centrifugal-bar
Codella et al.[(2007); Lee etlal. (2006, 2014) and attribited rier, and its emission is argued to be enhanced by an aacretio
an edge-on disk rather than the inner envelope. This seebgs tahock. Observations of HH 212 in the S@-98; line obtained
confirmed by HCO and CG’O emission showing signatures ofwith the SMA byl Lee et &l (2007a) suggest that SO may have
a compact disk of radius 90 AU keplerian rotating around atwo components, a low-velocity one originating in the inner
source of~ 0.2 — 0.3 M, (Lee et all 2014; Codella etlal. 2014a)tating envelopgesudo-disk and an high-velocity one from the
Keplerian rotating disks had previously been observed rtdsva jet. However, a detailed analysis of these two componenss wa
only other three Class 0 objects: IRAS 4A2 (Choi et al. 201Q)revented by the lack of angular resolution and sensitivity
L1527 (Tobin et al. 2012; Sakai etal. 2014), and VLA1623A |n this paper we exploit the unprecedented combination of
(Murillo et alll2013) but HH 212 can be considered as the onljgh-spatial resolution and high-sensitivity of ALMA to age
object clearly revealingoth a disk and a fast collimated jet,and characterise both the molecular jet and the disk arced t
calling for further observations aimed to characteriséniter HH 212 protostar through SO and Sihes. In order to evaluate
regions. the reliability of SO and S@lines as tracers of shock chem-
Recent observations show that SO can be used to image higtry andor high-density gas in the disk, the SO and,Spatio-
velocity protostellar jets, similarly to a standard trasach as kinematical properties are compared with a well-know shock
SiO (Lee et all_2010; Tafalla etial. 2010; Codella et al. 2()14tkchemistry tracer (SiO), with a universal outflow tracer rets-
However, only two protostellar jets have been so far cleariye to density or chemistry (CO), and with a disk tracet’(@).
mapped in SO lines: HH 211 and NGC1333-IRAS2A, and e$he ALMA observations of SO and S@mission presented in
timates of the SO abundance have been derived only for FBéct[2 are at higher angular resolution than previous SM&son
211. On the other hand, sulfur bearing species have been Itwyd_ee et al.[(2007a) (HPBW 0765x 0747, i.e. around a factor
searched in protoplanetary disks associated with evoleedy 4 better than at SMA, HPBW 1716 x 0784) and~ 100 times
stellar objects (i.e. Class I-Il) but only CS has been raljimb- more sensitived ~ 3 — 4 mJybeani0.43 kms* with ALMA
served while SO is hard to detelct: Dutrey etal. (2011) regbrtando ~ 450 mJybeanikms™ with SMA). This allows us to
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Table 1. Properties of the observed transitions. mined by Wiseman et al. (2001 1.6+0.1 km s1) and the value
adopted by Lee et al. (2006, 2007a, 2014).7 + 0.1 kms™?).
Line o Ewp Sijy® 100104 As argued by Codella et al. (2014a) this discrepancy can be du
(MHz) (K) (D?) (s to the fact that the €0, C¥*S, SO, and S@emission seen by
SO, 8,6 — 717 334673.352 43 49 _39 ALMA probes the gas motion on much smaller spatial scales
SO 1Q;- 10,0 336553.346 143 0.3 -52 (£ 1350 AU) than the ammonia observed lby Wiseman et al.
cl’03-2 337061.130 32 0.04 -56 (2001) ¢ 6000 AU). Moreover, SO and SQine peaks towards
CO3-2 345795990 33 0.04 -56 the MM1 protostar are redshifted by +1 kms* with respect
SO -8, 346528481 79 215 -33 to the velocity where they show the maximum spatial extes# (s
Si08-7 347330631 75 77.0 -27 Sect[3.4). This may due to optical depftfe¢s, and suggests that
afrom the JPL molecular database (Pickett 6t al. 1998) adopting the velocity where the ambient gas show the maximum

extent may be more accurate than using the line peak velacity
defineVsys Note, however, that the results presented in the paper
disentangle for the first time the Origin of thefdrent V6|0City are not dependent on the8km S‘l Ve|ocity difference between
components in SO and $@nd to probe the flierent structures the diferentVsys estimates.
in the compact circumstellar region, i.e. the cavity walig, out-
flow, the molecular jet, the envelope, and the disk (see Bct.
The simultaneous observation of the Si©Band CQC’0 3-2 3. Results
lines presented in_Codella et al. (2014a) allows deterrgittie
molecules abundances and the physical and dynamical pro
ties of the jet and the disk (see Sé&gt. 4). Finally, our casiohs
are summarized in Se€t. 5.

order to constrain the origin of the detected S§-9%8; and
8,6 — 71,7 lines we define four velocity intervals over which
the emission show ffierent morphologies and kinematic proper-
ties]:

- systemic velocity: O< |V — Vs,d < 0.6 kms;

- low-velocity (LV hereafter): 6 < |V — Vsyd < 5.2 kms;

HH 212 was observed in Band 7 in the extended configuration intermediate-velocity (IV hereafter):5< |V — Vsyd < 10.2

of the ALMA Early Science Cycle 0 operations on December kms1;

1 2012 using 24 antennas of 12-m. The shortest baseline washigh-velocity (HV hereafter): 1@ < |V - Vgd < 152
about 20 m and the longest one 360 m, hence the maximum un-km g1,

filtred scale is of 3 at 85Qum. The properties of the observed

SO %-87, SO 1Q; — 1045, and SQ 8,6 — 717 transitions are Figure[1 shows channel maps of the the S&89and SQ
summarized in Tablgl 1 (frequeney in MHz, upper level en- 826 — 71,7 emission in the four velocity intervals defined above.
ergy Eyp in K, Sjj i? in D?, codficient for radiative deca in  In the following sections we discuss the origin and the pripe
s1). We also report the properties of the SiG-&, CO 3— 2, ©f the diferent SO and SPvelocity components.

and G’0O 3 - 2 transitions observed during the same run and

presented bv Codella etlal. (20_:14;1), which are also analgsed; ; 7he cavity walls

compare with the SO and $S@mission. The obtained datacubes

have a spectral resolution of 488 kHz4R-0.43kms?), atyp- At systemic velocity SO §8; and SQ 8,6 — 71,7 peak at the
ical beam FWHM of 065 x 0747 at PA- 49°, and an rms noise source position (see left panel of Figlite 1). This may be dwe t
of ~ 3— 4 mJybeam in the 0.43 knT$ channel. The calibration density enhancementin the circumstellar region, as stegby
was carried out following standard procedures and usingarsa the modeling of HCO 4-3 emissioni(Lee et &l. 2014), glodto
J0538-440, J0607-085, as well as Callisto and Ganymede- Spé@ enhancement of the SO and;S@undances due to dust grain
tral line imaging and data analysis were performed using thwntles sublimation and release of sulphur-bearing spewgie
CASAl and the GILDA$ packages. @sets are given with re- gas-phase. The SQ-8; emission also extends in a wide-angle
spect to the MM1 protostar position as determined from thst dipiconical structure around the direction of thg/SiO jet which
continuum peak by Codella etlal. (2014a), u€J2000)= 05" extends up to 2 — 3” distance from source and up #0.6
43" 515.41,5(J2000)= —01° 02 53717. These values are in ex-kms* with respect to systemic velocity. Also the SEmission
cellent agreement with those determined through previdis S shows a similar morphology even though only southern to the
and PdBI observations. Velocities are given with respe¢héo source. Given the high critical density of the observed S@ an
systemic velocityVs,s Which is estimated following the sameSO; transitions fcr ~ 2 x 10° cm™ for gas temperatures of
method as in_Codella etlal. (2014a). They show that the enfi€®— 100 K) and the similarity with the S emission detected
sion in the G70 3— 2 and &S 7- 6 lines is most extended andby [Codella et dl. [(2014a), this emission is believed to erigi
most symmetric in the 0.43 kms wide velocity bin centered at nate in the compressed, swept-up gas in the outflow cavitg wal
+1.13+0.22 kms?! and+1.42+ 0.22 kms?, respectively, and

assume thatsysis the average of these values. For SE&89and

SO, 8,6 — 717 the largest extension is observedrdt27 + 0.21

kms? and+1.53i0.2% kms?. The average of the central veloc—3'2' The outflow
ity of C1’0, C*S, SO, and S@givesVsys = +1.3+ 0.2 kms?, At low velocities the SO §8; and SQ 8,6 — 7,7 emission is
in agreement with the value adopted|by Codella et al. (2014Bjpolar and collimated along the jet direction. Blue- and-re
Note that despite the coarse velocity binning, all the limes shifted LV emission largely overlap in the two lobes siniifar
dicate a systemic velocity significantly smaller than wheted- to SiO 5- 4 and 8- 7 (Codella et al. 2007, 2014a; Lee et al.
20074a). The emission has a transverse FWHM 6’56, which

2. Observations and data reduction

! httpy/casa.nrao.edu
2 httpy/www.iram.ffIRAMFR/GILDAS 3 the defined velocity intervals are the same as in Cabrit| ¢2607)
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Fig. 2. Fromleft to right: Position-velocity diagram of CO-32, SiO 8-7, SO - 87, and SQ 8,5 — 717 lines obtained along the jet (RA= 22°,
top) and the disk (PAsx = 112, bottom). Horizonthal and vertical dashed lines markd= +1.3 kms® and the continuum peak MM1. The
red arrows on the S{8B,s — 7,7 PV indicates emission from complex organic molecules wisdblended with the S©emission at the source
position. For CO 3- 2, SiO 8- 7, SO § — 8;, SO, 8,5 — 717 the first contour is at& (oo = 10 mJy for SiO, 4 mJy for SO, and 3 mJy for §O
with steps of 16- (CO, SiO, and SO), and5(SG;).

implies an intrinsic width ot~ 073 = 135 AU after correction SO and S@ emission along and perpendicular to the jet direc-
for the ALMA HPBW (~ 0747 in the transverse direction), i.etion (PAet = 22°, PAgisk = 112°) are extracted and compared
larger than the SiO jet width measured|by Cabrit etlal. (200&)th the PVs of CO 3- 2 and SiO 8- 7. Figurd 2 shows that the
(~ 90 AU for all velocity components). This indicates that theonsidered tracers havefidirent spatio-kinematical properties.
LV component, with large blyead overlap, is probing a slowerWhile SiO traces only jet emission with no contaminatiomiro
wider-angle outflow surrounding the narrow HV jet (see tHe foambient gas, SO and $@re dominated by cloud and outflow
lowing section). emission at systemic and low velocities. Moreover, the L' an
IV SO emission shows accelerating “arms”, from systemic ve-
locity at the source position to +/ — 8 kms™! at~ +1” — 175
3.3. The fast and collimated molecular jet distance from source, which are not seen in SiO. These arms
, , i suggest that some $80,-rich gas from the circumstellar en-
Figure[1 shows that as we move to intermediate and hig8jope or disk may be continuously accelerated to high veloc
velocities SO 9 — 87 and SQ 8,6 — 717 blue- and red-shifted jijies away from the source, either by interaction with thst fa
emission only slightly overlaps and become more and mqgg o hy magneto-centrifugal forces operating on enveltiple
collimated. The FWHM is- 05 which translate in an intrinsic gcajes (e.q.] Ciardi & Hennebélle 2010; Panoglou t al. [p012
width of ~ 072, i.e.~ 90 AU, after correction for the beamp|so CO 3-2 traces multiple components depending on veloc-
HPBW across the jet 0747). Assuming an inclination anglejy, (the envelope, the outflow, the jet). Moreover, the CO PVs
| ~ 4° (Claussenetal. 1998) the de-projected gas velocity diow a strong absorption feature at sligthly red-shifteidarty
V ~ 70210 kms~. The inferred velocity and width are in(_ ;1 km s1). Despite the dferent behaviours of the considered
perfect agreement with those es'qmated from Siofemission (racers Figur&l3 shows that for velocities larger tham/ — 8
(see, _Codella et al. 200i7; Cabrit etlal. 2007) and indicad¢ thyy <1 the PV diagram of SO along the jet is very similar to
for radial v_elocmes larger than 5 km’ SO and SQ@ trace the that of CO 3-2 and SiO 8-7 suggesting that at high velocitles a
molecular jet. tracers probe the same jet component. This in turn allows us t
compare the emission from SO and CO at high velocities and to
To further investigate thefkectiveness of SO and SGis
tracers of the molecular jet, position-velocity diagraf¥$) of
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Table 2. Properties of the observed emission lines on-source (MMd)aa the position of the knots along the jet.

rms Vmaxba’* Vmaxra* FWzIb* Vpeakc'* Tmb,peakd medee HVjet/diskf mede (ijet/disk)g

(K) (kms?) (kms?) (kms?t) (kms?) (K) (Kkms™) (kms1) (Kkms™)
CO3-2
B2 0.3 -168 7.3 24.1 - 33.90.3 370.0+1.1 [-8,-15] 82.6+ 0.5
B3 0.3 -16.8 7.7 24.5 - 73.920.3 732.5:0.9 [-8,-15] 46.7+ 0.4
MM1 0.3 -129 7.3 20.2 - 62.90.3 424.3:1.0 - -
R2 0.5 -95 16.8 26.2 - 71.%205 567.51.6 [+10 +15] 43.3+ 0.7
Si0O 8-7
B2 0.5 -168 8.6 25.4 -2.6 27.6+0.5 350.2+1.6 [-8,-15] 87.0+0.7
B3 0.4 -159 11.2 27.1 -4.7 25.2+ 0.4 294.2+1.3 [-8,-15] 30.5+ 0.6
MM1 0.3 -194 15.9 35.3 34 11.20.3 163.2+1.1 - -
R2 0.4 -7.3 14.2 21.5 9.0 31.804 252.6+1.1 [+10,+15] 32.2+ 0.5
SO% -8,
B2 0.1 -163 6.9 23.2 -8.2 44+0.1 494+04 [-8,-15] 18.5+ 0.2
B3 0.1 -151 9.9 24.9 -6.4 13.1+ 0.1 140.2+0.5 [-8,-15] 14.6+ 0.2
MM1 0.1 -129 11.6 24.5 1.1 26.280.1 238.1+0.4 - -
R2 0.1 -103 12.9 23.2 7.7 11.60.1 118.8:0.4 [+10 +15] 2.2+ 0.2
SO, 86— 717
B2 0.1 -141 1.8 15.9 -10.2 0.4+0.1 3.7+ 0.2 [-8,-10] 0.9+0.1
B3 0.1 -115 10.9 22.4 -6.5 1.2+ 0.1 11.6+ 0.3 [-8,-10] 0.8+0.1
MM1 0.1 -6.0 11.3 17.3 1.0 4.40.1 - - -
R2 0.1 -7.2 10.0 17.2 -1.2 0.6+0.1 5.9+ 0.2 [+8,+10] 0.9+0.1
SO 1Q1 - 1060
MM1 0.1 -5.2 4.7 9.9 - 0.#0.1 4.2+ 0.3 [-1.9,-3.5] 14+0.1
[+1.9, +3.5] 0.8+0.1
Ccl’'03-2
MM1 0.1 =77 10.8 18.5 -04 7.7+0.1 30.7+ 0.3 [-1.9,-3.5] 5.0+0.1
[+1.9, +3.5] 3.2+ 0.1

* velocities are in terms of — Vs and the error on the velocity values is half of the specteheint, i.e+0.2 kms*

a maximum blue- and red-shifted velocity defined as the vefaghere the intensity becomes lower thanrins noise

b full width at zero intensityFWZ1 = [Viaxr — Vinaxo

¢ velocity at the emission peak. No value is reported for liaféescted by self-absorption, i.e. CO-2 and SO 1@, — 10
4 main-beam temperature at the emission peak. For lifiestad by self-absorptiofinspeax could be a lower limit

€ line intensity integrated over the whole velocity profile(iover the FWZI)

f high velocity range where jet and disk emission are detected

9 line intensity integrated over H¥gisx. For SO 1@; — 10,0 and CG’O 3- 2, mede (HV 4isk) is measured for both the blue- and the red-shifted
line wings

estimate the abundances of SO and 8Che jet by comparing From the velocity at the SO emission peak reported in Table
their column densities with that of CO 3-2 (see Secl. 4.2). [2 we estimate the knot de-projected velocity= Vpea/ sin(i),
and derive the knots dynamical timescatg, ~ 15 years for

Figured shows that the SQ 9 8, and SQ 8, — 717 HV B3 and~ 30 years for the symmetrically located blue- and red-

emission has three emission peaks, or knots, marked by bI%h fted knots B2 and R2. The position, distance, velocitgl an

triangles on the SO and S@hannel maps, two along the bluqn Table[4. The inferred dynamical timescales are very logt su
lobe (B3 and ?2) an,<,j one alon/g the red lobe (R2). The KNIz iy that the observedySO emission probes very i}(/-','C(g:t eje
are_located_ ath8, 1’55, and 143 respeciively, i.e. at a de"ﬁon events. Note, however, that these estimatesféeetad by a
prﬂeGCégdA?Jlst_?ﬂceBgom(’;hSZMMl pLototstar of arouhr|1d 300, 7 rge uncertainty due to the assumed inclination anglehibee
ggnt with thé Bze R? ?(rr]mts obssse(r)\zle(;]?nss?ée-éog%isysﬁ)?:nk?- of the tracer Vpeaxvaries up to a factor 3 depending on the tracer,
! T Y either SO, S@, or SiO), and the broad line profiles (up+t027
Codella et al.[(2007) and the SN, SS knots in Si© Band CO s1). The line broadening may be caused by the jet geom-
3 - 2 emission observed by Lee et al. (2007a). 1d spectra of %I@y andor by internal jet shocks. In the first case, if the jet is
9—87and SQ 8,67, 7 are extracted at the position of the knotg 5| "and propagates with constant velodityat an angld
using the_same synthetized be_am andlthe obtamed_mte_merty Ro the plane of the sky, the observed maximum blue- and red-
files (Tmy in K versus ¥ — Vg in kms™) are shown in Figure shifted velocities (see Tablé 2) imply a jet half-openinglan

. From the spectra we estimate the emission line propértie o - . . .
[tgﬂ]e knots i.e.?rms noise in K, maximum blue- andpredlo—sdiftgmaX ~ 108 This in turn implies a knot deprojected velocity

velocity (Vmaxb and Vmaxr in kms1), full width at zero inten-
. ; 1 . . ;
sity (FWZI in kms™), velocity at the emission peak/feaxin R is the algebrical ratio of maximum to minimum radial vetas and

kms*), main-beam temperature peaknf,peax in K), and inte- j the inclination with respect to the plane of the sky (See_Gad al.
grated intensity [ TmpdV in K kms™) (see TableR). 2007).

amical timescale of the detected SO knots are summarized

4 the jet half-opening angle tan 6 = (R—1)/(R+1)x tan(i), where
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Fig. 3. Left panels: The PV of SO § — 8; emission along the jet PA (in i S0 9,-8, x 2.4
red) is overplotted on SiO 8 7 and CO 3- 2 PVs (in black, top and < ol
bottom panels, respectivelygight panels: Ratio of the SO 9- 8; PV =
to the SiO 8- 7 and CO 3- 2 PV (top and bottom panels, respectively). 8T
The colour scale is logarithmic. 201
V = Vmax/Sin(i — 6max) Which is about a factor 2 smaller than ° B
the deprojecte¥,ear, implying a factor 2 larger timescales than 80 CO 3-2
those reported in Tablg 4. Note, however, that the obseimed | [ Si0 8-7 x 2.2
profiles are strongly asymmetric and show broad line wings, u 60~SO 9,-8, x 6.1
like the sinthetic profile computed by Kwan & Tademaru (1988) < ¢
for a conical jet of constant speed seen close to edge-on (see ™, 40
their Fig. 1, dashed curve for= 82.8° and Dmnax = 20°). Al- L
ternatively, the observed line broadening may be due toman “i 20
ternal jet shock” where fast jet material catches up andlshoc 3
slower previous ejecta. In this scenario, over-pressuredked 0 ?se-ﬂ%ﬁ%ﬁ-é

material is squeezed sideways out of the jet beam, producing
an expanding bowshock structure in its wake, which cause the
observed line broadening. The bowshock scenario is favoyed
Codella et al..(2007) and further supported by the SiO mags an ) ] _
transverse PVs of Lee etlal. (2008). In that caggax traces Fig- 4. Intensity profiles of SiO 8- 7 (blue), SO § - 8, (red), and SO
the bow wings while the knot velocity along the jet axis i§26 ~ 717 (orange) over CO 3-2 (grey) at the knots (B2, B3, R2) and
V = Vimax/sin(i), i.. around a factor 2 larger than the depra:2\"c® (MM1) positions. The name and distance of the knadstia
. 4 . . normalization factor to the CO 3-2 peak intensity are inidan the
jectedVpear This Wogld imply a factor two smaller t'mescaleq!op of the panels. The orange vertical arrows at the MM1 osihdi-
than those reported in Taklé 4. We conclude that the estimagie emission lines from complex organic molecules whietbénded
knot timescales areffected by an uncertainty of a factor 2-3q the SQ line.

depending on the origin of the line broadening and the sadiect

knot tracer.

In Figure[4 the obtained SQ9 8; and SQ 8,5 7, 7 inten- . . =
sity prof?les are also compared with the profiles of a typieal U1 stratification shown by the symmetically located B2
tracer, i.e. SiO 8 7 (Codella et al. 2007; Lee etlal. 2007a), an nd R2_sqggfest fierent shock conditions in the blue and red
a jefoutflow (at highlow velocities respectively) tracer, i.e. CO obes within 2" from source. This asymmetry IS In contrast with
32 2, extracted at the same positions and with very similar syiie. Symmetry observed on larger scales in(Binnecker et al.
thetized beam (dlierences between the beams ar@’1). The 1.998)’ and suggests that asymmetries may wash. out on large
comparison shows that even though the SiO and SO knots HF&ESC?"GS- A detailed comparison Of. the observed intepsit .
roughly co-spatial SO and S@eak at higher velocities than SiolleS With shock models predictions is out of the scope of this
in the blue lobe and at lower velocities in the red one. Thiatst PaPer and will be presented in Gusdorf et al. (in prepargtion
ification in velocity is a typical signature of shock-exdtemis- Finally, it should be noted that, even though SO,S8I0,
sion as both the abundances of the observed molecular speaiel CO show dferent behaviours at low velocity (i.e.fiirent
and the gas physical conditions (density and temperature) spatio-kinematical distribution in the PVs andfdrent line pro-
dergo strong gradients in the post-shock cooling regioringi files and peak velocities), the maximum blue and red vekxiti
rise to chemical segregation. Thefdrent profiles and molec- are remarkably similar. This indicates that, as also suggddsy
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Fig. 5. Blue- and red- shifted emission of SO;16 10, at low velocities [V — Ve,d < 1.9 km s, left panel) and in the higher velocity range
where the emission is consistent with a rotating disk gk 1.9 < |V — Veyd < 3.5 km s, middle panel) is compared with €0 3 - 2 emission
in the HVys range (ight panel,|Codella et al. 2014a). The tilted black cross indicategehéPA = 22°) and the disk (PA= 112) direction. The
ellipse in the bottom-left corner shows the beam HPBW of ithe émission maps (85 x 0747, PA= 49°). First contour at & with steps of b
for C170 3- 2 and at 3 with steps of & for SO 1Q; — 104.

the comparison of the line PVs in Figure 3, all the consideréeft panel). However, in the velocity range wheré’G 3 — 2
lines probe the same jet component at high velocities. probes a compact(90 AU) disk rotating around a.8+ 0.1 Mg,
star (19 < |V - Veyd < 3.5 kms,[Codella et al. 2014a) the SO
. 1011-1050 emission peaks are consistently displaced along the
3.4. The flattened rotating envelope disk axis (see middle and right panels). This suggests ket t

As suggested by Lee etlal. (2007a) while the high-velocity S%)O emission at those velocities may also originate in the-com

ST . . ; ct disk.
93-8; emission is clearly associated with the molecular jet, s . . . .
low velocity one could arise in the inner rotating envelopd/ar The PV diagram perpendicular to the jet axis in Elg. 6 sup-

. T parts this scenario as it shows a blue- and a red- lobe which
in a pesudo-disk. The bottom panels of fEly. 2 shows the PVs (ﬁe consistent with emission from a rotating structure. ek,

the (cj)_bsclerved ?\miSSi%l"nes olbtain(;d ((:;_Jttling_ the_dat&%cAabe 'é/ivhen cutting the datacube along the jet PA the blue- and red-
pendicular to the jet PA, i.e. along the disk direction = chifted lobes are consistent with | A e

; . ) ; . jet emission. This inisghat
11Z). With _the exceptlon.of SiO, which Shqws POOT €MISSIOY 1Q1-10y0 traces partly rotating gas in a flattened envelope
along the disk, the other lines show a velocity gradient ee+p andor in a disk, and partly the jet

dicular to the jet PA of a few knT$ over a scale< 1” (i.e. . o : ,
. S In Figure[T the SO 10-10y0 line intensity profile extracted
<450 AU), which suggests rotation in a flattened envelopﬁmndat the source position is compared with'O 3— 2 analysed by

a disk with the same rotation sense as observed in HGYD ) .
Lee et al.[(2014) and in O 3 - 2 bylCodella et &l (2014a). Codellaetal. [(2014a). In the? <NV- .VSVSI = .3'5 velocity
range the SO 18-10i0 and C’O 3 - 2 line profiles are very

The SO 9-8; and SQ 8, 5— 71 7 intensity profiles at the po- _; 3 ; i .
" 6= L . .~ similar suggesting that at those velocities they are tradie
sition of the MM1 protostar (Fid.14), peak at sligthly redted same diskggompognent. However, at low velocit>i/es the%Q-lO

o 1
veloc_lty, €.~ +1 kms , where C.O 3-2 ShOV.VS a_deep ab- 10y line intensity profile shows a red-shifted absorption featu
sorption feature. This could be a signature of infalling.g&ls at~ 05 kmst. This may be due to the SO %010;, higher
?ISO note that the S(B, 6 — 717 line profile shows two spectral o, ;- eneréy which makes it les§exted by the emission
tbutm(g)?n ?rt] blutﬁ- ratr;d rerd-s#]ftegolzliou:leri, i\r/]VYIIEI]Ch ;reh n\z‘s?from the circumstellar gas and more sensitive to absorition
ecte € other tracers. The agra 9. £ ShO rf.’fi‘e infalling gas. As the observed S0O,300,¢ is compact, the

these spectral features are seen only in a spatially uN"Emoldetected absorption feature could probe the infall of thierou

region towards the MM1 position, and not along the outflovy. ; ; :
This suggests that SOs blended with two unidentified Iinesv&'SIgOe%'?nzs’ on much smaller scales than the infalling gaed

emitted in the inner few 100 AU of the protostellar envelope:

These lines are likely produced by Complex Organic Molezule

(COMs) evaporated from the icy mantles of dust grains in the piscussion

warm circumstellar region @lst > 100 K), as observed towards

many other low-luminosity protostars (e.g., Maury et all20 4.1. Searching for jet rotation
The identification and analysis of these lines is out of thapec

of this paper. Magneto hydro-dynamical (MHD) models predict that the get i

launched by magneto-centrifugal forces which lift the gasnf
the disk along the open magnetic field line, acceleratingcahd
3.5. SO 1011-1010: the compact rotating disk ? limating it. According to these models the jet rotates anbitis

axis carrying away the excess angular momentum from the disk
Channel maps and position-velocity diagrams along andgperpthus allowing accretion onto the central star. Many rectrtiss
dicular to the jet direction are also obtained for the fail8® have been devoted to search for systematic velocity asyrianet
10,1 — 1040 line as shown in Figurdd 5 ahdl 6. Affidirence with across the jet axis as a signature of jet rotation, first atailpt
SO $-8; and SQ 8,6 — 717, the emission in the SO 1810, wavelengths (e.g.,_Bacciotti et al. 2002;f&y et al| 2004) and
line is compact{ 90 AU scales) and narrow in velocity extendmore recently in the sub-mm and mm range (€.g., Codella et al.
ing only up to+5 kms? with respect to systemic. As shown2007;]Lee et &l. 200¥a,b, 2008, 2009; Launhardt &t al.l2009).
in Fig.[3 the red- and blue-shifted emission peaks are displa  Tentative rotation measurements have been obtained for HH
roughly along the jet direction for velocities 1.9 kms? (see 212 byl Davis et &l.. (2000), Codella ef al. (2007), and Leelet al
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Fig. 6. From left to right: Position-velocity diagram of SO 10— 10,9
obtained along the jet (RA = 22, left) and the disk (PA« = 112,
right). Horizonthal and vertical dashed lines marld= +1.3 kms*
and the continuum peak MM1. The first contour is at@c = 2 mJy)
with steps of 0.6.. On the PV along the disk the keplerian curves for
M, = 0.3+ 0.1 M, (solid and dashed black curves) and thkeaurve
for infalling gas with angular momentum conservation (redve) are
overplotted.
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Fig. 8. From left to right: Position-velocity diagrams of SOz 9- 87,
and SQ 8,5 — 717 lines obtained perpendicular to the jet axis (PA
112) at the position of knots B2, B3, and R2. The distance of thetkn
; R L from the driving MM1 protostar is indicated. The first contdsiat 5
A . (o = 4 mJy for SO, and 1.5 mJy for SPwith steps of 16- (SO), and
5 10 50 (SO,).
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Fig. 7. Intensity profiles of SO 1Q — 10y (grey) and €’0 3-2 (red) perpendicular to the jet axis at the positions of knots B2, 238
extracted at the source position. The horizonthal barsérbtittom of R (see Fid8). PV diagrams of SiO are not shown as these are at

the panel indicate the high velocity range (j¥ = 1.9 — 3.5 kms™) ; ; ! )
where the lines are consistent with a disk origin_(Codelial ¢20145). lower resolution with respect to those by Lee etlal. (2008 T

The normalization factor to the SO 40- 10, intensity at peak (solid figure shows no evidence of a velocity gradient across the jet

line) and in the blue-shifted H}x range (dotted line) are labeled on theaXiS' consistent with the high-vglocity PED; jet being. practi-
top of the panel. cally unresolved transversally. Higher angular resotuio 0”’1)

which will be available with the full ALMA array is needed to
properly sample the velocity pattern across the jet widith tan
(2008).| Davis et &l.[(2000) reported a rotation speed af.5 provide a reliable test of rotation in the HH 212 jet.
kms? at a distance of 230 AU from the jet axis in the south-  Inthe PV across the B3 knot there is a hint of rotation for the
ern H knot SK1 located at 2300 AU distance from the sourcgas close to systemic velocity, which could indicate rotaif
However, the velocity asymmetry in the northern lobe would i the outflow cavity as seen indés (see Codella et al. 2014a).
dicate rotation in the opposite sense. Moreover, at sugle ldis-
tances from the driving source and from the jet axis the vgloc . .
pattern is likely dominated byfiects other than rotation, i.e. by4'2' SO and SO, abundance in the jet
interaction with the surrounding cloud in the bow-shockggn In order to constrain the physical conditions of the gas #wed t
andor jet wiggling and precession (e.g.,_Correia et al. 20080 abundance in the inner jet knots (B3, B2, and R2) the ob-
More recent high angular resolution measurements in theringerved SO line intensities (corrected for beam dilutiorg e
B2 and R2 knots« 1” — 2” from source) gives contradictorytios (independent of beam dilution) are compared with tle pr
results Codella et al. (2007) do not observe transverseitgl dictions of the statistical equilibrium, one-dimensiomatlia-
shifts above 1 km$ in the SiO 5-4 emission with 078x 0734 tive transfer code RADEX adopting plane parallel slab geom-
HPBW resolution, while higher angular resolution SMA obseetry (van der Tak et al. 2007). Figuré 9 shows the SO line tem-
vations of SiO 8- 7 (HPBW= 036 x 0”33) indicate a velocity perature ratio, (SO 1Q1 — 1010)/Tr(SO & — 87), versus the
shift at the tip of the two bow-shocks (Lee etlal. 2008). SO & - 87 intrinsic line temperature, SO % - 87), pre-
To test the validity of these tentative rotation measuramemnlicted by RADEX for a reasonable range of kinetic tempegstur
we search for velocity asymmetries across the collimatebyje (Tx = 50— 500 K) and H densities iGy, from 10 to 10/ cm™3)
extracting PV diagrams of S@8; and SQ 8,5— 71,7 emission (e.g.,/ Cabrit et al. 2007) and for SO column densitNsy{AV)
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Table 3. Beam-averaged column densities and abundances of S©,a8@ CO in the jet knots B2, B3, and R2. The column densities ar
estimated from the SG;9- 87, SO, 8,6 — 717, and CO 3- 2 line intensities integrated over the indicated high viyo@nges assuming optically
thin thermalized emission &f,x = 50 — 500 K. The abundances of SO and Sfde derived aspecie = Nspeci/ Nco X Neo/Np, and assuming
Xco = Neo/Nw, = 1074,

Jet HVjet Nso Nco Xso HViet Nso, Nco Xs0,
knot | (kms?) (10%cm?) (107 cm?) (1077 (kms?1) (10%cm?) (10 cm™) (1079

B2 [-8,-15] 30-71 >04-21" <75-33 | [-8,-10] 01-13 >18-101" <47-124
B3 [-8,-15] 23-56 02-12 105-4.6 | [-8,-10] 01-11 16-90 47-124
R2 | [+10,+15] 04-08 02-11  17-08 |[+8+10] 01-13 - -

*As CO 3-2 is optically thick in knot B2, the estimated CO cotudensity,Nco, is a lower limit, and the SO and S@bundancesso andXsg,,
are upper limits.

T = 500 K
K
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prTTTn T Tttt eters. The SO 4@ — 1040 line is not detected in the jet knots,
Te= 20K R2 hence we report the upper limit of the considered SO lin@rati
The SO line ratios do not depend on the assumed beam filling
B3 factor, as long as both lines trace the same volume of gas. The
? observed SO §- 8; line intensity, Ty, is corrected for beam
dilution, as the jet of~ 0”72 width is broadened by a facter 2
by beam convolution across the jet. The errorbars on ther&0 i
intensity in Fig[® accounts for the range of intensity valoeer
i T4 +y iy HVjet, and for pos_s;ible beam dilution alpng the jet axis (a factor
: : ' ~ 3 if the knot is circular, see also Cabirit etlal. 2007).
Figure[® shows that the avalaible SO observations do not
: allow constraining the density and temperature of the émgitt
o . " PoX gas. However, for the considered temperatures gnddisities
i A * X the observations are in agreement with the model prediefimm
584 A+ ' column densitieNso/AV ~ 101 — 10" cm? (kms ™)~ For
54 R g ; these values of the column density the emission in the censid
etz ts o X ered SO lines is optically thin.
' If the density is sfficiently high, i.e. forny, larger than a
few 1P cm™3, the emission is also in local termodynamic equi-
librium (LTE). In this case, an estimate of the beam-avedage
SO column density in the inner jet knots can be derived from
the SO @ — 87 line intensity integrated over the high velocities
range H\fe assuming optically thin and thermalized emission at
Fig. 9. SO line temperature ratiog{SO 1Q; — 100)/Tr(SO & — 8;) 1K ~ Tex = 50— 500 K. Following Cabrit et al. (2012) also the
versus intrinsic line temperature;{SO & — 8;) predicted by RADEX beam-averaged CO column density is derived from the CO 3-2
slab models &fy = 50, 500 K (black and red pointsirves). Each curve intensity integrated on the same velocity range as for SGnass
corresponds to the labelled column dendityo/AV increasing from ing optically thin, LTE emission. The latter assumption @& n
10" to 10" cm2 (kms1)~2 by factors of 10 (left to right). Each dot valid for knot B2 where the ratio between the CO 3-2 and SiO
along the curves corresponds to the labeledrigg((from 10 to 10 8—7 emission is- 1 over the H\ velocity range. This indicates
cnr ). Optically thin models are marked by a cross, opticallghtone  that hoth lines are optically thick. Therefore, for knot B2 de-
by a star. The black points indicate the upper limit of the 8@ fatio  rj,eq CO column density is a lower limit. Then, the abundafce
223 tRh§ ksn(gtg o\?;r'mgﬁg{/g%ﬁ?g‘g. beam dilution in the B2, B3(S:8 is derived a¥so = Xcox Nso/Nco, Whe_re the abun_danc4e of
with respect to blis assumed to b¥co = Nco/Nu, = 107°.

The main uncertainty on the estimated column densities and

abundances is due to the assumption on the gas temperature,
increasing from 18 to 10'° cm? (km s71)~%. The model predic- therefore we report a range of values corresponding to the te
tions are compared with the observed line ratios and lirenisit perature value$yk ~ Tex = 50— 500 K. Moreover, if the density
ties corrected for beam dilution. As discussed in $Sect.&.8d- in the jet is lower than a few £0cm™, the SO g - &; line is
locities higher than- 8 km s with respect to systemic the SOsub-thermally excited implying higher SO column densities
emission is co-spatial with that of CO 3—-2 and SiO 87 indicaparticular, assumingy, = 3 x 10° cm™3, the SO column densi-
ing that SO originate in the collimated molecular jet withaom- ties and abundances estimated using RADEX are from a factor
tamination from the surrounding outflow and cloud. Therefor2 (for Tx = 500 K) to a factor 4 (foiTx = 50 K) larger than in
the SO ratios and intensity are measured on the jet higheitelo the LTE-optically thin case.
range defined as: HY = [-8,-15] km s for knots B3 and B2 The SQ 8,6— 71,7 emission is much fainter and covers lower
and HVig; = [+10, +15] km s for knot R2. The diterent veloc- velocities than SO, therefore it is not possible to comparBV
ity range defined for R2 is to avoid the strong absorptionuieat with that of CO 3-2 (see Fifl] 2). However, based on the inten-
around+9 kms?! when comparing with the CO 3—2 emissionsity profiles shown in Fig.]4 we tentatively assume thas §6d
As discussed by Lee etlal. (2007a) and Cabrit ef al. (2018) tRlO 3—2 emission probe the same jet component over the veloc-
feature is present at all positions and may be caused by anigkrange HVe = [-8,-10] km s in knots B3 and B2 and that
tended foreground component fully resolved-out by interfie-  both are optically thin and thermalized. Based on thesenagsu
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tions the column density and abundance of, 8 inferred by locity is optically thin and traces all the emitting mass et
applying the same method as for SO. The main source of erbeam. As CO 3-2 in knot B2 is optically thick théy,, ny,,
on the estimated Srolumn densities and abundances is due &md M;e; values inferred for this knot are lower limits. First, the
the assumed gas temperature, therefore we report a range oflveam-averaged Hcolumn density is derived assumigo =
ues forTx ~ Tex = 50— 500 K. As for SO, if the density in the Nco/Nw, = 1074, Then, the H density is derived assuming that
jet is lower than a few 10cm™3, the SQ line is sub-thermally the jetis a cylinder uniformely filled by the observed gasnéts
excited. In that case, using RADEX witly, = 3x 10° cm™®  ny, = (H PBWi/2Riet) X Nh,/2Rier, Where R is the jet width
and Tex = 50— 500 K we obtain a factor 2 to 4 higher columr(~ 90 AU) and the factorfl PBW/2Riet) accounts for the beam
densities and abundances. dilution of the~ 90 AU jet emission in the transverse beam di-
The SO, S@, and CO line intensities integrated over the higtection. Finally, the mass loss rate is estimated assurhatghe
velocities range H) in the inner jet knots (B3, B2, and R2) aremass in the jet flows at constant density and speed alongtthe je
reported in the last column of TdB. 2, while the column déssit axis over the beam length. The latter assumption is notlfdfil
and abundances estimated assuming LTE-optically thinsoms if the gas in the knots is highly compressed by shocks, thezef
are summarized in Tabl 3. The SO abundance in the high velfmlowing|Lee et al.|[(2007a,b) we correct the mass loss ata f
ity jet of HH 212 (Xso ~ 107" — 2 x 10°°) is comparable to compression factor of 3. Based on the above assumptidvig,
that estimated in other Class 0 jets, namely HH 211 (Leel et@lcalculated anet = 1/3x My, X (Nco/Xco) X HPBWi X Viet,
2010), the extremely high velocity (EHV) wings of the L1448whereV is the de-projected jet velocity in the consideredidV
the Bl_ and B2 bowshqcks at the tip of the L1157 outflow .cavime jet width HPBW; = 0747). Note that the correction for
(Bachiller & Perez Gutierreéz 1997). On the other hand, thie racompression is uncertain, as it depends on the unknown shock
SO/SO appears variable from jet to jet: we find 380~ 0.5-4  parameters (magnetic field and shock speed), thereforlhe
in HH 212, while itis around 1in L1157, and0.1- 0.3 in the ya|yes are fiected by a factor 3 uncertainty. Moreover, the
L1448-mm and IRAS 04166270 EHV gas. estimated mass loss rate accounts only for the mass traedpor
Assuming a sulfur elemental abundancé{g ~ 1.38x10"°  py the molecular jet component at high velocity ¢ Vs,d > 8
(Asplund et al| 2005), these_values indicate that from 1% g, s1). The total jet mass loss rate may be up to a factor of a
to 40% of the elemental S is in the form of SO and230@ ey higher than the estimated value as the low velocity compo
the HH 212 jet. This represents an enhancement by a fagiah can considerably contribute to the total mass lossifriite
10-100 with respect to SO and @bundances in prestel-y,ceg 5 slow wide angle wind rather than entrained ambiant m
lar cores and protoste!lar envelopes (Bachiller & PereZda@z qrig)| (see, e.gl, Maurri et 4l. 2014). If the jet is pargiadinized
1997; Tafalla et &l. 2010). ., . the atomic gas may further contribute to the mass loss rate- H
SO and S@ enhancements up te 107" — 10 are gyer Spitzer anderschel observations of molecular jets driven
predicted by models of magnetized molecular C-shocks, @5 cjass 0 sources indicate that the mass flux transportefgby t
a result of neutral-neutral reactions in the shock-hea®@sl gomic component is about 10 times smaller than that carried
(Pineau des Forets etal. 1993) and sputtering g-Hch icy p the molecular gas (Dionatos ef al. 2009, 2G10; Nisini et al
grain mantlesl(Flower & Pineau des Forets 1994). The forsi5) Hence, the atomic component of HH 212, if any, should
tion thSka?: oxyda#on of S? |se%ed|ctleéjgo OCC,“:jl,ate n t?‘ﬁot significatly contribute to the total jet mass loss rate.
post-shock, hence the ratio of 8O would be an indicator o The inferred values dfl,, ny,, andMje for the B2, B3, and

shock age (see e.g. Fig 7lof Flower & Pineau des Horets 19%&' knots are summarized in Tab. 4. These quantitiesféeetad

In the case of HH 212, the ratio $G0> 0.5 that we observe by the uncertainty on thco estimates, hence a range of values
seems inconsistent with the very short dynamical timescle> - 24 co : 9 :
given depending on the temperature assumed to diive

15- 30 years of the knots. Such a high ratio at early times wo o = 50,500 K). As explained above, thd;e; values inferred

require that S@is mainly released from grain mantles rath é&he molecular high velocity jet component are a loweitim

than formed in the gas phase out of SO as assumed in publis hetotal jet mass loss rate. Therefore, the mass flux tratespo
shock models. Observations of other sulfur-bearing spesieh by the jet Met > 0.2 - 2x 106 M, yr-1) is at least 3% to 33%

as CS, OCS, kb, H,CS, are crucial to constrain the sulfur chem- . . P 1
istry and obtain an accurate estimate of the sulphur refeiase Of the envelope infall rateMinr ~ 6 x 10 Moyr—, lLee et al.
gas-phase in shocks (e.d.. Podio et al. 2014). Alterngtitel 2006), indicating an high jettciency Miet/Mint > 0.03-0.3),
shocks, high SO and S@bundances up to 1Dare predicted at " agreement with the young age of the source. Note that the
the turbulent interface between the outflow and the surrimgnd Mass accretion rate from the disk onto the central source may
cloud materiall(Viti et al. 2002). SO and $@ also strongly en- be _h|gher than th(_a envelope mfal_l rate. However, there are n
hanced in an MHD disk wind due to the thermal sublimation &Stimates of the disk mass accretion rate for HH 212 as Class 0
icy mantles near the source and the gradual heating by ambip@UTces like this one are too deeply embedded in their parent
lar diffusion during MHD acceleration (Panoglou et al, 2012§Nvelope to enable the use of well-calibrated accretioretsa
Detailed comparison with such models will be the subject of%/ch as, &.9., the Biiine.

future paper (Tabone et al., in prep).

4.4. Disk properties: mass and SO abundance

4.3. Jet physical and dynamical properties: H, density and

mass loss rate An analysis similar to that performed in Sdci.]4.2 is apptied

constrain the gas physical conditions and the SO abundance i
From the beam-averaged CO column density estimated in the disk. The observed SO $0- 10,9 line intensity and the
HVije: range,Nco (see Tab[13), one can infer the;ldolumn SO 1Q; — 10,¢/SO & — 87 ratio in the blue and red disk lobes
and volume density in the knots along the j&i, andny,, and  (HVgisk : [V — Vsyd = 1.9 - 3.5 km s, [Codella et all 2014a)
the jet mass loss ratd/jer. The determination of these quantiare compared with the predictions of RADEX computed for
ties relies on the assumption that CO 3—2 emission at high g = 50— 500 K, H, densities larger than310° cm3 and SO
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Table 4. Properties of the knots along the HH 212 jet: positifiset (RA and dec i), on-sky and deprojected distance from the MM1 protostar
(danin 7 andd in AU), deprojected peak velocity/(in km s), dynamical timescalerfyn in yr), high velocity range on which the jet properties
are estimated (Hj in kms™*), beam-averaged Atolumn density i, in cm2), H, volume density iy, in cm™3), and mass loss raté/ in

Mo yr ).

Knot RA Dec dtan d \Y Tdyn HVjet NH2 nH2 Mjet
" () () (AY) kmshH n (kms?) (cm?) (cm™®) Moyr?)

B2 +063 +142 +155 700 -118 30 [8,-15] >04-21x10°" >06-31x10°* >04-19x10°%
B3 +0.25 +0.63 +0.68 300 -92 15 [8,-15] 02-1.2x10% 03-1.8x10° 02-1.1x10°
R2 -059 -130 -143 650 +110 30 [10,+15] 02-11x10* 03-1.6x10° 02-1.0x10°

* As CO 3-2 is optically thick in knot B2, the estimated CO cofudensity,Nco, and hence kFcolumn and volume densitiWy, andny,, and
mass loss ratéVlie;, are lower limits.

T T Table 5. Beam-averaged column densities and abundances of SO and
R2 T - 50K CY0 in the disk. The column densities are derived by integgatire
% « line intensity of SO 19, — 10, and G70 3 - 2 over the velocity range
T = 500 K defined by Codella et bl. (2014a) (H¥: [V — Vsyd = 1.9-3.5kms?).
‘ We assume optically thin emission at LTE will, = 50— 500 K. The
abundance of SO is derived &§yecie = Nspecie/Nci7o X Nei7g/Neo x
3 g Nco/Nu, and assumindNei7g/Nco = 1/1792 andXco = Nco/Nu, =
% 83 10* (Wilson & Roodl 1994).

B2

©
o

Disk HV gisk Nso NC17O Xso
lobe (kms) (16°cm?) (10'%cm™?)  (107)
blue [-1.9,-3.5] 6.0-4.6 02-13 14-0.2
red [+1.9,+3.5] 34-26 02-09 12-0.2

2el16

L le16
disk—B

+
L S5el15 :: ,& g
over, volume densities are expected to be larger thdrca0®

Heisk—R ) X
A | in the disk (Lee et al. 2014), therefore we can assume that the
0 1 line emission is thermalized.

As the emission in the SO 1£10y is optically thin and
Tels | thermalized, we estimate the SO column density in the disk by
‘ L L integrating the SO 1@-10y line intensity on the velocity inter-

0.1 1.0 val where the emission is consistent with a disk origin,qlky
T(SO 10,,=10 ) (K) and assumingdk ~ Tex = 50— 500 K. Given its low abundance
(Xerro = Xco/1792, Wilson & Road 1994) and critical density
Fig. 10. SO line temperature ratior{SO 1Q-10,0)/Tr(SO $—-8;) ver-  the emission in the £O 3-2 line is also assumed to be opti-
sus intrinsic line temperatures{SO 1Q; — 10,0) predicted by RADEX cally thin and thermalized &« ~ Tex = 50— 500 K and the
slab models affk = 50, 500 K (black and red pointairves). Each 170 column density is inferred from the@ 3-2 line inten-
;:urvel%?srrtesgomiglgo the l(all(be”el(; column ?enufﬁfﬁv |.nck:teaEsmgh sity integrated on Hys as for SO. The SO 4@-10,0 and G7O
rom 02X cm = (kms )~ going from left to right. Eac L9 L .
dot along the curves corresponds to the labelechigg((from 1 to 3-2 line intensity Integra’[ed on Hiy are reported in the last
> 108 cm3). Models for which the emission in the SO,16- 10,0is column of Tablé R, while the estimated beam-averaged SO and

optically thin are marked by a cross, optically thick onesatstar. The CO column densities are summarized in TdBle 5.

T(SO 10,,-10, ) / T.(SO 9.-8.)

o
o
+

black points indicate the SO line ratio and the S@, 2010y, line inten- From the beam-averaged© column densityNci7o, we
sity (or their lowefupper limits) corrected for beam dilution in the B2 ,estimate the kb column and volume density in the disk and
B3 and R2 knots and in the disk blue and red lobes. its mass. The beam-averagegd ¢blumn density is derived as-

Suming XC”O = Xco/1792 andXCO = N(:o/NH2 = 10
Then, as the disk is seen almost edge-on, thedensity is
column densitiedNso/AV = 10,5 x 105,106, 2 x 106 cm 2 8 X Ny, /Ruisk, WhereRgisk ~ 90 AU and the factor 8 accounts
(kms 1. The observed SO 10— 10y line intensity, Ty, is  for the beam dilution. Finally, the disk mass is obtainedriig
corrected for beam dilution, as the emission from the compdtating the beam-averaged’© column density over the beam
disk lobes Rgisk ~ 90 AU, i.e. 0’2) is strongly diluted in the area,Aseam and summing over the blue and red disk lobes:
0765x 0747 beam (dilution factor 8). The SO 9—8; emission Maisk ~ (1.4 x My, X (Ncr7o/Xci70) X Apeampiuerresr Where the
at low velocities is heavily dominated by the outflow emissio factor 14 accounts for the mass in the form of Helium.
hence the observed SO16- 10,¢/SO & — 8; ratio is a lower Depending on the adopted temperature value, the estimated
limit to the SO line ratio in the disk. Figufe 110 shows that, tbeam-averageditolumn density and fvolume density in the
reproduce the bright SO 10— 10,0 emission, column densi- disk areNy, ~ 0.4—2x 10?2 cm 2 andny, ~ 0.2—1x10° cm3,
ties of Nso/AV ~ 1 — 2 x 10 cm? (kms)~! are required, where the lower and higher values correspondidgo= 50, 500
i.e. two orders of magnitude larger than what estimated én tK, respectively. The disk mass turns out to-b®.002- 0.013
jet (Nso/AV ~ 10'). In the considered models the emission ivl,. This value is close to the disk mass 0004 M, estimated
the SO Q - 8; line is optically thick (see also Fifl] 9), while thebylLee et al.|(2014) from HCO4 - 3. Hence, if 70 is tracing
emission in the SO 4@ — 10y line is still optically thin. More- the same disk layer as HCOIt is indeed optically thin and all
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in the gas phase in this region. Note that more mass could heutflows and jets (e.g., Bachiller & Perez Gutierrez 1997;
hidden in the dark disk mid plane where molecules are froz&afalla et all 2010; Lee et al. 2010), whi¥go,/Xso = 0.5. This
onto dust grains, so our estimate is only a lower limit to titalt indicates that between 1% and 40% of the elemental S has been
disk mass, i.eMgisk > 0.002— 0.013 M. converted into SO and S0n the shocks occuring along the jet
Finally, we estimate the SO gas-phase abundance in the diglat the outflow-cloud interface_(Pineau des Foretslet &319

by assuming that SO 1610, and C’O 3-2 originate from the [Flower & Pineau des Forets 1994; Viti eflal. 2002) amdt the
same disk layer in the.9 — 3.5 kms? velocity range and that base of the wind due to ambipolarfidision (Panoglou et al.
CY0 is all in gas-phase in the considered disk-emitting regia?012).
Based on the above assumptiofiy = Xcio X Nso/Ncirg ~ From C’O 3 - 2 emission we estimate a disk mass
108 — 1077. This estimate would remain correct even 0O 0.002- 0.013 M,, which is consistent with the estimate derived
is depleted onto grains, as long as SO ahtlCare depleted by from HCO' byiLee et al.|(2014). The SO abundance in the disk
the same amount (and both optically thin). The estimated®O Xso ~ 108 — 107") is 3 — 4 orders of magnitude larger than
umn density and abundance are much higher than what obsemwbdt estimated in evolved protoplanetary disks (Fuenté et a
in evolved protoplanetary diskdléo < 10" cm2, Xgso < 10711, [2010; Dutrey et al. 2011). Such an SO enhancement may be pro-
Fuente et &l. 2010; Dutrey etlal. 2011) and may be due to an 8@ed in the accretion shock occuring at the interface bEiwe
enhancement in the accretion shock at the envelope-disk inthe envelope and the disk as suggested by Lee et al.|(2014) and
face as suggested by Lee et al. (2014); Sakailet al. (2014). [Bbkai et al.[(2014), or in spiral shocks if the disk is partigng:
ternatively, an high SO abundance (up to®ds predicted by tationally unstable (llee et al. 2011; Douglas et al. 20H&)her
self-gravitating disk models due to the shocks occuringhim tangular resolution and sensitivity observations are requio
disk spirals caused by gravitational instabilities (ll¢éale2011; address the exact origin of the detected high-excitatioe®3-
Douglas et al. 2013). Since the central star has a mass of ogilyn.
0_‘2 -03 Mo (L_ee etall 2014; C_Ode”a etial. 20143') and c_)ur eﬁéknowledgements LP has received funding from the European Union Seventh
timates of the disk mass do not include the mass reservaiefro Framework Programme (FEZD07-2013) under grant agreement n. 267251. This
onto grains, such a scenario is not excluded. However, the prork was partly supported by the Italian Ministero delfistione, Universita e
sented ALMA observations do not allow us to distinguish b@{jcerca (MIUR) through the grants Progetti Premiali 2012LN/|A and PRI'N
tween these scenarios. The angular resolutiod’) is too low f/lol,{fE'CJOEEr:aErBGiggt'\[/__'ITS%[)altgfg%gg'_‘”OW'edge partial supem Spanish
to fully resolve the disk, therefore the SO,1.0y¢ line profile is
averaged over a large portion of the disk impeding to detéct S
enhancements as a function of velocity. Moreover, an edge-o
view is not favorable to search for SO enhancements in a grieferences
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