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ABSTRACT

Aims. Using the unprecedented combination of high resolutionssmgitivity dfered by ALMA, we aim to investigate whether and
how hot corinos, circumstellar disks, and ejected gas dagekin young solar-mass protostars.

Methods. We observed CECHO and deuterated water (HDO) high-excitati@ (1p to 335 K) lines towards the Sun-like protostar
HH212-MM1.

Results. For the first time, we have obtained images ofCHO and HDO emission in the inner 100 AU of HH212. The multi-
frequency line analysis allows us to contrain the densitg @ cm3), temperature< 100 K), and CHCHO abundancex(0.2—2x
1079) of the emitting region. The HDO profile is asymmetric at loalacities € 2 km s from V). If the HDO line is optically
thick, this points to an extremely sma# 0—40 AU) and dense>(10° cm3) emitting region.

Conclusions. We report the first detection of a hot corino in Orion. The HD¥@rametric profile indicates a contribution of outflowing
gas from the compact central region, possibly associatddandense disk wind.

Key words. Stars: formation — ISM: jets and outflows — ISM: molecules Mi$hdividual objects: HH212

1. Introduction: The HH212 laboratory need to be studied using mm observations at high spatidlreso

. . . tion (on scalesx 100 AU).
The birth of a Sun-like star is a complex game played by sev-

eral participants whose respective roles are not yet énttear. HH212 is located in Orion (at 450 pc) and is one of the best
On the one hand, the star-to-be accretes matter from a suip laboratories in which to study the (Class 0) protostellagst
envelope. It is commonly believed that the gravitationadrgy The HH212-MM1 protostar is hidden in a rotating and infajlin
released in the process heats up the material surroundimgth envelope (Wiseman et al. 2001; Lee et al. 2014) and drives a
tostar, creating warm regions (100 K) enriched by complex spectacular jet and outflow. It has been extensively studitd
organic molecules (COMs) called hot corinos (e.g. Cecliatel the SMA and IRAM PdBI on scales down to 073-(04 (Lee
al. 2007). On the other hand, the presence of angular momenf al- 2006, 2007, 2008; Codella et al. 2007; Cabrit et al.7200
and magnetic fields leads to two consequences: (i) the fismat2012), showing a microjet with inner peaksst-2" = 450
of circumstellar disks, also called protoplanetary digis] (i) 900 AU of the protostar. Furthe_r observations perform_edh.wn
substantial episodes of matter ejection (e.g. Frank etGild2 ALMA Early Science in Band 7 in HCQ C'O, and SO indi-
and references therein). cate a small—_scale velqcity gradient along the equatotaie
Despite the progress achieved in the last decade, to &@pSistent with a rotating disk o 0’2 = 90 AU around a
knowledge only three hot corinos have been imaged so fa .3+0.1M,, source (Lee et_al.2_014;CodeIIa etal. 2014; Podio
in COMs on< 100 AU scale (|RASl6293-2422, NGCl333_et al. 2015). The HH2_12 reglon is thus, so far, the onIy pITBlOS
IRAS2A, and IRAS4A; e.g. Jargensen et al. 2012; Maury et 4¢nere both a bright bipolar jet and a compact rotating diskeha
2014: Taquet et al. 2015, and references therein). Henaerate PEEN reV(_eaIed. Given its association with all the ingredief .
questions about these three components (hot corino, ciftelm the Sun-like star formatlon_rec!pe, HH212 stands out asgoein
lar disk, and ejected material) are still unanswered. Whihe the perfect target for investigating the link between hairm
origin and composition of the hot corinos: are they therynail disk, and outflow in the protostellar stage.
shocked heated regions? What is the origin of the ejectames:  |n this letter, we further exploit the ALMA dataset of Cogell
they due to disk or stellar winds? How are these three phenog-al. (2014) to probe the inner region of HH212. Specifically
ena linked? In addition to the physical and evolutionarym®m we report the detection of twelve high-lying( > 150 K)
tion, the three phenomena have one thing in common: they jiles from acetaldehyde (GEHO) and one, = 335 K) line
from deuterated water (HDO). They reveal the presence of a ho
Send  offprint requests to:  C. Codella, e-mail: corino previously unknown in this source and, possiblybgro
codella@arcetri.astro.it the base of a slow disk wind.
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2. Observations Table 1. List of unblended transitions detected towards HH212—
HH212 was observed at 856m with ALMA using 24 12 m MM1 and used for the CkCHO (LTE) and HDO (LVG) analy-

antennas on 2012 December 1 (Early Science Cycle 0 phase;

Codella et al. 2014). The baselines were between 20 m and 360Transition N E2 Sp@  me =
m with a maximum unfiltered scale of 3The spectral windows (Ikaxce) (MHz)  (K) (D?) (mK) (Kkms?)
333.7-337.4 GHz and 345.6-349.3 GHz were observed using CH;CHO

spectral units of 488 kHz (0.42-0.44 km's Calibration was ~ 18,5171, E 333941.4 155 226.8 51 2.8(0.5)
carried out following standard procedures, using qua$fid3g®- 17151614 A 3349314 153 2121 57 2.6(0.1)
440, J0607-085, Callisto, and Ganymede. Spectral line imag&:is-1/%17A 335358.7 154 2268 52 2.3(0.5)
ing was achieved with the CASA package, while data analysi 81-17k1s A 3475192 179 2213 68 2.400.2)
was performed using the GILDAackage. The continuum- 1816161 E 3475633 H1D7§ 2211 68 1.7(0.3)
subtracted images have a typical clean-beam FWHM’'66&

0’47 (PA= 35°), and an rms noise level of 3—-4 mJy bedm - 35142 3353955 335 0'49 57 4.9(0.2)
in 0.44 km s channels. Positions are given with respect to thd "oM the JPL database (Pickett etal. 1998). Tg scale.
MM1 protostar continuum peak locatedt12000)= 05" 43"

5%41,5(J2000)= —01° 02 53’17 (Lee et al. 2014).

dance) because the submillimetre continuum peak seeren int
ferometric maps is optically thick (Codella et al. 2007; lezal.
2008, 2014). Taquet et al. (2015) measured N(@#H 1074-10>°
The ALMA 8 GHz bandwidth presents a very rich spectruram 2 towards the NGC1333-IRAS2A and IRAS4A hot corinos
with many lines in emission towards the MM1 protostar (Fig. Jon a spatial scale of 470 AU, i.e. a factor 3 higher than is
that have revealed a number of high-excitation molecurasli sampled here. If we take these values a8l & emitting size,
(see also Table 1), among which (i) twelve lines of acetaldthen Xcp,cro ~ 0.2-2x 1079, in agreement with the value re-
hyde (CHCHO) with E, between 150 K and 200 K and (ii) cently derived in the IRAS16293-2422 hot corino (using kng
the 31—4, line of deuterated water (HDO) fror, = 335 dish data; 3« 10°°: Jaber et al. 2014).

K (see Figs. 2 and 3). The lines were identified using the Jet

Propulsion Laboratory (JPL) molecular database (Pickedl.e 32 HDO emission

1998). Figure 1 shows that GBHO and HDO are only ob- ="
served towards the protostellar position and are spatiaihg- Figure 3 compares the HDO profile derived towards MM1 with
solved. For the first time these high-excitation molecuilees that of CHsCHO(18& 1s-1717)A; we chose this transition as
have been detected towards the HH212 inner region revealiegresentative of the acetaldehyde linefesing no contami-
the existence of hot gas around the MM1 protostar driving thetion. At low velocity € 2 km s from V¢ the HDO profile
bipolar SiO jet. The line profiles peak in thel.2+2.0 km s*  shows an asymmetry; the redshifted emission is clearlyhbeig
range, i.e. close to the systemic velditysys Which is also than the blueshifted. The line profile is determined by theeki
quite broad (FWHM= 5-6 km s1). We now examine the con- matics and, in case of high optical thickness, by radiatiieocts
straints brought by CECHO and HDO on the nature and physisuch as self-absorption. In order to understand the relativ
calchemical conditions of the emission region(s). portance of each, we study two limit situations: (i) the oplily

thin case where the kinematics will dominate and (ii) thei-opt
. cally thick case where the profile will be stronglffected by

3.1. CHyCHO emission radiative éfects. To this end, we compare the observed emission

The CH;CHO emission is symmetric around the systemic vavith that predicted by a non-LTE LVG (Large Velocity Gradign
locity and can be explained by assuming that it originates fodel using the code by Ceccarelli et al. (2003), a planelpara
the hot corino, namely the region where the dust temperatlgégeometry, the collisional cdiécients for the system HDO-H
is high enough¥ 100 K) to sublimate the frozen ice mantlescomputed by Faure et al. (20H2and assuming a Boltzmann
Given that the CHCHO emission is spatially unresolved, we asdistribution for the ortho-to-para Hatidl. Figure 4 shows the
sume a source size equal to half a beam, nani&y 8n LTE temperature versus the HDO column density predicted torgene
(Local Thermodynamic Equilibrium) optically thin analgsaf ate the observed signal (see Table 1). Given that the HDO-emis
CH3CHO (using only lines with less than 30% contaminatiofion is spatially unresolved, the upper panel shows the afese
from blended lines, in terms of integrated emission, sedeThp Source size equal to half a beartipand the lower panel shows
indicates temperature of 847 K and a column density o2l @ case with a size that is lower by a factor of five (see Sect.
x 10% cmr2 (see the the rotational diagram in Fig. A.1 and thd.2.2). The plots cover densities from ‘1@ 10 cm™3. The
synthetic spectra in Fig. 2). With these values the opasitgss high-density end, 18 cm 3, represents LTE conditions. The low
than 0.4. In the case of a smaller emitting size, €§60as as- €nd, 10 cm3, is set by the constraint that the HDO abundance
sumed for HDO in Sect. 3\ch,cHo increases by a factor of has to be smaller than 10% of th¢HDelemental abundance (in
20. agreement with previous observations of HBIQO towards hot
Unfortunately, we cannot use the continuum emission to e9rinos, assuming an initial #0 abundance of X 10°°; see
timate the H column density (and hence the @EHO abun- Taquet et al. 2014, 2015), namelfHDO)/N(Hz) < 3.2x 10°°,

1 httpy/www.iram.ffIRAMFR/GILDAS 3 The collisional cofficients are extracted from the BASECOL
2 In the literature, values betweer.3 and+1.8 km s* are reported database, Dubernet et al. (2013).
for the Vs of HH212. The value o#1.3 km s* adopted in Codellaet * The collisional cofiicients with ortho-H2 are a factor of 5 larger
al. (2014) was fiected by a shift in the frequency scale; we adopt hetban the corresponding rate ¢beients with para-H2 (Faure et al. 2012)
+1.7 km s? (Lee et al. 2014). However, the results are not all dependeattlow temperatures< 45 K) (Faure et al. 2012), while they are similar
on this choice. at higher temperatures.

3. Results and discussion
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Fig.1. Upper pane: The HH212 protostellar system as ob- I
served by ALMA-Band 7 (Codella et al. 2014). Blted con- 0
tours plot the blugredshifted SiO(8-7) jet at 8 km s*
from Vsys, overlaid on the 0.9 mm continuum (black contours).
Positions are with respect to the coordinates reportedéh 3e

The filled ellipse shows the synthesised beam (HPBW) for Si@ig. 3. Comparison between HDO{3-4,>) (black line) and
0/63x 0’46 (PA= 49). Middle panel: Zoom-in of the central CHsCHO(1815-1717)A (red, multiplied by a factor of 1.6)
region: the CHCHO(1&,1s-17,17)A emission integrated over as observed towards HH212-MM1 (ifs, scale). The vertical
+ 5 km s (green contours and grey scale) overlaid on the Si@ashed line defines the velocity with respecvigs = +1.7 km

jet. First contours and steps are $50 mJy beant! km s1) s (see footnote 2).

and 2r, respectively. The HPBW is”89 x 0/52 (PA = 42).

Bottom panel: Same asniddle panel for HDO. The HPBW is
0/68x 0’51 (PA= 42).
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et al. 2014) and whose'@ and SO emissions also extendtto
5 km s (Codella et al. 2014; Podio et al. 2015). However, the
low-velocity range of the HDO line being due to the protdstel
whereN(H) is consistently derived from the density and size afisk is not supported by the large (factor of 2feience between
the source. For a given size, this provides a limit to the iéeoh  (j) the blue and red peak brightnesses and (ii) the blue asd re
densityN(HDO) values. In particular, for a size of' 8, if the peak velocities\( sr—Vsysat< +1 and~ -2 km s1). This would
density is 16 cm3, thenN(HDO) should be< 7 x 10" cm™.  yequire a high degree of non-axisymmetry in the moleculsk di
We find that it is not possible, then, to reproduce the HDO linemission, which has never been seen at this level in the @sofil
intensity and we rule out a density of 26m™3. On the other of younger disks, not even when tidally disturbed (see ag. t
hand, at 16 cm®, N(HDO) has to be< 7 x 10'® cm™2, and Rw Aur disk profile in Fig. 4 of Cabrit et al. 2006), although it
the temperature has to be larger than 230 K (see Fig. 4). Armegk been revealed in some evolved transitional disks witmpr
with these predictions, we now discuss the implicationsaghe nent dust traps (e.g. Casassus et al. 2013).
assumption, the optically thin and thick HDO line. We can also rule out an origin from the rotating infalling
envelope; infall motions of 1 knT$ arise from radii 03 (Lee et
al. 2014), which would lead to spatially resolved peak eiiss
unlike the observed emission. In addition, in this caseretlie
If the line is optically thin, then the observed HDO asymmetmo reason for the redshifted emission being definitely teigh
at low velocities must be caused by intrinsic brightnessasg- than the blue.
tries between the red- and blueshifted components in thebea The last and most likely possibility is that the low-velgcit
We examine various explanations in turn. HDO emission is dominated by outflowing motions. The SiO(8—
First, the HDO emission might probe the rotating disk?) profile towards MM1 derived from the same ALMA dataset
whose density is expected to be larger tharl0’ cm™ (Lee (Podio et al. 2015) is definitely too broad (up4a20 km s?)

3.2.1. Optically thin case
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for HDO to probe the inner portion of the fast jet traced by SiO 250
(Fig. 1). On the other hand, channel maps of S@ 3010y (E, S
= 143 K) have clearly revealed a low-velocity compact bipolar g 100
outflow (Podio et al. 2015) in the 2 km s (< 25 km s? af- 5 1°0F
ter deprojection) range. Hence, it seems quite plausilalette é’ 100F
low-velocity HDO would trace the inner regiog 0’3, i.e. 138 ©  sof size=0.3"
AU) of a more extended outflow heated by the protostar at a tem- = 20
perature high enough (at least 100 K) to release icy dustlasant o 200¢
and with a brighter HDO line in its red lobe. Z; 150
g& 100 F
3.2.2. Optically thick case @ sgf size=0.06"

1O|6 10|7

If we assume that the HDO line shape is determined by the HDO Column Density [cm™?]

line opacity rather than pure kinematics, then the line asgm

try is due to blueshifted absorption, revealing again owifig  Fig. 4. VG predictions of the temperature versus HDO column
gas (because an optically thick infalling envelope wouttlléo  gensity required to reproduce the observed velocity-iatiegl
redshifted absorption). We can obtain stringent condan emjssion (solid curves) and to have unit line opacity (ddshe
the size, density, temperature, and HDO abundance of the emgj;ryes) for densities of: a&m3 (green), 18 cm3 (magenta),
ting gas. To this end, in the non-LTE LVG predictions in Fig. 4 cm3 (blue), and 1& cmr3 (red). Optical depth increases

we add dashed curves where the HDO line opacity is equal{@th column density. The upper panel refers to a source dize o
unity, i.e. we assume a moderate thickness to explain tlee lig’3 and the lower panel td’06.

absorption. Also, the lower level of the HDO transition isywe
high (Ej= 318 K): the upper panel of Fig. 4 shows that if the

source size is'®, ther = 1 curves (dashed) are always shiftedpserved gas may be associated with a disk wind gas aceslerat
to the right of the curves of the observed signal (solid) a8en 5t the pase. Interestingly, the occurrence of a wide-angeifi
overlap: in other words, any optically thick layer of thigei(or 4212 with a nested onion-like velocity structure has relgen

larger) would emit more in HDO than observed in our beam. e suggested by?tS observations with ALMA (Codella et al.
order to avoid excessive emission, i.e. to have the two famil 2014).

of curves intersect, and to constrain ttNHDO)/N(H;) does
not exceed the 10% of the/B_ el_ememal abund_a_nce’ one needﬁcknomdedgerrmts We acknowledge the anonymous referee for instructive
to assume a larger beam dilution factor requiring a sou® Stomments. This paper makes use of the ABR®.ALMA#2011.0.000647.S
smaller than 008 (37 AU) and larger than/04 (18 AU). The data (PI: C. Codella). ALMA is a partnership of ESO (represenits mem-
lower panel of Fig. 4 shows the intermediate case, withg0 ber states) NSF((USA)v)a”d NINS (Japan), together wilh fisanada) and

. i . NSC and ASIAA (Taiwan), in cooperation with the Republic dfile. The Joint
(28 AU)' The solution is, in t_h,ls case, forgempz(;ratures MV ALMA Observatory is operated by ESO, ABIRAO, and NAOJ. This work was
70 K and 110 K and densities of $aL0'° cm3. In particu- partly supported by the PRIN INAF 2012 — JEDI and by the Italiinistero
ar, 1or a temperature aroun ~ (X cm 4, ell'lstruzione, Universita e Ricerca through the graradetti Premiali 2012 —
lar, for a temperat d 100 K(HDO)~ 7 x 10'" cm2,  dell [ iversita e Ri hrough th i iali
corresponding tdN(HDO)/N(H,)=1.7 x 10°°-10". Assuming IALMA. LP has received funding from the European Union Sehieframework
a typical water abundance ef 104 would impIy HDQH,0 Programme (FR2007-2013) under grant agreement n. 267251.
~ 1.7 x 102-1078, consistent with the values measured in hot
corinos (Persson et al. 2014; Ceccarelli et al. 2015). The o
cally thick case thus also requires slow outflowing gas hient

constraining the physical conditions, i.e. a siz&8-37 AU, Tyj,  Cabrit S., Pety J., Pesenti N., & Dougados C. 2006, A&A 457, 89
~ 100 K, andny, > 10° cm3. Cabrit S., Codella C., Gueth F., et al. 2007, A&A 468, L29
Cabrit S., Codella C., Gueth F., & Gusdorf A. 2012, A&A 548, L2
Casassus S., van der Plas G., M. Perez S, et al. 2013, Na®Rjr& 91
4. Conclusions Ceccarelli C., Maret S., Tielens A.G.G.M., Castets A., & €&l 2003, A&A
410, 587
The combination of high sensitivity, high angular resantiand Ceccarelli C., Caselii P., Herbst E., Tielens A.G.G.M., &ukaE. 2007,
large bandwidth fiered by ALMA has allowed us to image high- Protostars and Planets V (Tucson: University of Arizond), 4

L. L. . Ceccarelli C., Caselli P., Bockeliee-Morvan, D., et al120Protostars and
excitation €, up to 335 K) CHCHO and HDO emission in the ™ pjanets Vi (Tucson: University of Arizona), 859
inner~ 100 AU of the Sun-like HH212 protostar for the firstcodella C., Cabrit S., Gueth F., et al. 2007, A&A 462, L53
time. Both HDO and CKECHO emission indicate$yi, larger Codella C., Cabrit S., Gueth F., et al. 2014, A&A 568, L5
than 70 K. while HDO requires gas densit'@SLO7 cm3. We Codella C., Fontani F., Ceccarelli C., et al. 2015, MNRAS 4481

. . . . . Dubernet M.-L., Alexander M.H., Ba Y.A., et al. 2013, A&A 5530
thus report the detection of the first hot corino in Orion. &ae Faure A., Wiesenfeld L., Scribano Y., & Geccarelli C. 201NRIAS 420, 699

etaldehyde abundance is similar to that measured in ha1@®ri prank A, Ray T.P., Cabrit S., et al. 2014, Protostars ande®$aVI (Tucson:
located in low-mass star forming regions in Ophiuchus. University of Arizona), 451

The asymmetric HDO profile at low velocities indicates thakeber A.A., Ceccarelli C., Kahane C., & Caux E. 2014, ApJ 291,
at least some of the deuterated water is associated withoalow J2rgensen J.K., Favre C., Bisschop S.E., etal. 2012, ApLas7
flowing gas, where a high SO abundance (u t07).ﬁas also Lee C.-F., Ho P.T.P,, Beuther H., et al. 2006, ApJ 639, L292

g gas, 19 pwoit Lee C.-F., Ho P.T.P,, Hirano N., et al. 2007, ApJ 659, L499

been _detecte_d by Podio et al. (2015)_. These ﬂ_ndmg supporntea C.-F., Ho P.T.P., Bourke T.L., et al. 2008, ApJ 685, 1026
chemical enrichment of the low-velocity outflowing gas leeht Lee C.-F., Hirano N., Zhang Q., Shang H., Ho P.T.P., & Krasiely R. 2014,
by the protostar in its surroundings. If the emission is cgily ApJ 786, 114

thick the emitting size must be very small (18-37 AU) and th%i[ﬁ;i JBeE';':ﬁgceh':AM%]ré'rg';'ﬁ etei"élz%i"fig:gzgll_z

density has to be extremely high, with, > _109 cm 3. With such  persson M.V., Jargensen J.K., van Dishoeck E.F., & Harso@0D4, A&A 563,
extreme sizes and densities, it is tempting to speculatetiba A74
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Tyo= 87K
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Fig. A.1. Rotation diagram for the C}CHO transitions reported
in Table 1. The parametels,,, gup, and E,p are respectively
the column density, the degeneracy, and the energy of therupp
level. We note that the error bars on My/gy,) are given by
the vertical bar of the symbols. Ty, value is 74 for all the
transitions used here (and reported in Table 1) with theiae

of 17,15-1614 A, wheregy, = 70. The plot allows us to derive
a rotational temperature of 847 K and a total column density
of 2+1x 10" cm2,

Appendix A: The CH 3CHO rotational diagram

Table 1 lists the emission lines observed towards HH212-MM1
and used for the standard analysis of the rotational diadfféagm
A.1), which allows us to deriv&,o; = 87+47 K andN; = 2+1

x 10 cm2,



