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ABSTRACT

Context. The region G24.780.08, which is associated with a cluster of high-mass youeligs objects in dierent evolutionary
stages, is one of the best laboratories to investigate weastir-formation.

Aims. We aim to image the molecular outflows towards G24 .88 at high-angular resolution using SiO emission, whéatoinsid-
ered the classical tracer of protostellar jets. In this waystudy the mass loss process in which we previously detadiggercompact
ionised region, as well as rotation and infall signatures.

Methods. We performed SiO observations with the VLA interferometettie J = 1-0v=0 transition and with the SMA array in the
5-4 transition. A complementary IRAM 30-m single-dish synin the (2-1), (3-2), (5-4), and (6-5) SiO lines was alsdeziout.
Results. Two collimated SiO high-velocity (up to 25 knt'sw.r.t. the systemic velocity) outflows driven by the A2 and @limeter
continuum massive cores have been imaged. On the other Wwarndktected no SiO outflow driven by the young stellar objactts
more evolved evolutionary phases that are associated ittompact (B) or hypercompact (Al)uHegions. The A2 outflow has
also been traced using,H. The LVG analysis of the SiO emission reveals high-dergity (16—10* cm3), with well constrained
SiO column densities (0.5-1 $ocm2). The driving source of the A2 outflow is associated with tgpihot core tracers such as
CH;OCHO (methyl formate), €HzCN (vinyl cyanide), HCECN (cyanoacetilene), and (GHCO (acetone).

Conclusions. The driving source of the main SiO outflow in G24 has an estchdtiminosity of a few 10 Ly (typical of a late
O-type star) and is embedded in the 1.3 mm continuum core ARhain turn is located at the centre of a hot core that rotatea
plane perpendicular to the outflow main axis. The presenti@&@es support a scenario similar to the low-mass case fesim@astar
formation, where jets that are clearly traced by SiO emigsiceate outflows of swept-up ambient gas usually traced®y C
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1. Introduction Al, A2, B, C, and D in Fig. 1). Beltran et al. (2005, 2011) re-
solved Al and A2 into five cores (see labels in Fig. 2) aligned
Two main theoretical scenarios, based on accretion, apopssl  in a southeast-northwest direction, which suggests a ignefial
to explain the formation of O-B type stars: (i) the core atiore direction for star formation in this region. The A cores ane-e
model (McKee & Tan 2002, 2003), where massive stars forbedded in huge (0.1 pc), massive (a few 108)Moroids, that
from massive cores, and (ii) the competitive accretion rhodetate around the southeast-northwest (SE-NW) direcan,
(Bonnell et al. 2007), where a molecular cloud fragments intould still host elusive accretion disks in their interiBeftran et
low-mass cores, which form stars that compete to accrets mak 2005). This possibility would be even more intriguing tloe
from a common gas reservoir. Both models predict the exésterobject labelled A1, which is unique, because of the simeitars
of accretion disks around massive young stellar objectO)S presence of almost all the "ingredients” expected in a Bigtar
and the presence of jets driving molecular outflows. The aore formation “recipe”: a 2(M,, star surrounded by a hypercompact
cretion model is a scaled-up scenario of low-mass star fioma Hu region, that is located at the centre of a rotating toroid un-
The competitive accretion model suggests that massive akar dergoing infall towards the star. The association of thatioh
ways form in densely clustered environments and that diskls aof toroids with the coherent motion of accretion disks wolokd
collimated jets are perturbated by interaction with stetlam- supported by the detection of outflows, possibly driven lty, je
panions. Observation of YSOs with difk systems, and of their along the SE-NW direction. The occurrence of outflows toward
properties, would help to distinguish between models. A and C has been first reported by Furuya et al. (2002) and has

The region G24.780.08 (hereafter G24), located at 7.7 kp&ecently been imaged by Beltran et al. (2011) at high-aagul
from the Sun, is one of the best laboratories to investigage tresolution using CO emission. In particular, Beltran e(2011)
process of massive star formation. Several observaticarat ¢ Suggested that A2, and not A1, is the driving source of a bipo-
paigns were performed with single-dish antennas and Enerflqr CO outflow located along the SE-NW direction. However,
ometers (Codella et al. 1997; Furuya et al. 2002; Cesaronidfen the complex outflow structure towards cores Al and A2,
al. 2003; Beltran 2004, 2005, 2006, 2007, 2011; Moscaeelli We cannot entirely discard the possibility that the core Adld
al. 2007; Vig et al. 2008) toward this region. G24 is assodie Powering an additional outflow in the region.
ated with a cluster of high-mass YSOs irfidrent evolutionary This doubt calls for high-angular resolution observatiohs
stages, distributed in a region with sizd. 0" (see YSOs labelled a reliable jet tracer. Silicon monoxide (SiO) thermal eroiss
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is the best tool for this purpose: unlike other species sich 22. SMA

CO, itis associated with shocks inside jetsfsts minimal con- . . . .
tamination from infalling envelopes or swept-up cavitiaad Lhetarg_et was oblsirved |n.tEehS|(;(,a;\4) I|_ne at ﬁ%é?_.lGHzrandl
traces regions close to protostars, which are heavily etetih . e]gontlntl_Jum act: : mn}[wn dt et ; (leSIngtW A ren;s‘raray
even in the near- and mid-infrared regions (e.g. Codelld.et okn |gura':/(|)ns.21om%a§ I agg e;(oeor;; € -arra}[/_o lse_:_\;] e d
2007; Lee et al. 2007a). Only SiO line emission will allow as tl;:ﬂ eer;ir?gs hg\)//e Ienagr;hs tL)JeBt/weéB and i[)eosge(go“r/r?p)gct) aengoil7ere
probe the mass loss process and unambiguously determlneang 160 Rk (extended). We used two spectral sidebands, both 2

direction of the flows driven by the G24 cluster. The formlemoGHZ wide, separated by 10 GHz, covering the frequency ranges

of SiO is attributed to the sputtering of Si atoms from chdrge ? X
grains in a magnetised C-shock with velocities higher than ?f 215.4-217.4 and 225.4-227.4 GHz, with a uniform spectral

km s (Schilke et al. 1997; Gusdorf et al. 2008ab). Althoughesolution of about 0.5 knT$. The phase reference centre of the
high-angular resolution studies of SiO in high-mass stamfng Observations was set ioo = 18" 36™ 12565,52000 = —07 12

regions still refer to a quite limited number of objects (lrnet 1090.

) : jpay . Absolute flux calibration was derived from observations of
al. 1999; Cesaroni etal. 1999; Qiu etal. 2007; Zhang et 8I7£0 [Litan and Uranus. The bandpass of the receiver was calibrate

they confirm the power of SiO in tracing the mass loss proc X X
:cn complex environments like those typical of the massi%stegxé)gizrs":té%'ﬁzrc;i?fsqvbjsrsea;scﬁg%g g;dm%%ﬁgﬁ% {j‘;n‘lgfgge
orming regions. inﬁ_nd 1911-201. We estimated the flux-scale uncertainty to be

In this paper, we present SiO(1-0) and SiO(5-4) P : X
ages obtained with the NRADVery Large Array (VLA) and etter than 15%. The visibilities were calibrated with tig. |
superset MIB. Additional imaging and analysis was performed

SubMillimeter Array (SMAJ as well as a complementary ith MIRIAD (Sault et al. 1995) and GILDAS. The continuum

mmﬁégﬂﬁgf;r\é?tﬁ?;ﬁ.trﬁ ;:SV (:'('Istgi mass loss process dnv%as constructed in the (u,v)-domain from the line-free cleds

both in the LSB and USB. Continuum maps were created by
combining the data of both compact and extended configunstio

2. Observations with the ROBUST parameter of Briggs (1995) set equal to zero,
whereas SiO(5-4) line channel maps were created usingahatur
2.1. VLA weighting after continuum subtraction in the UV plane. Alagu

The G24 cluster was observed with 27 antennas of the NR d spectral resolution and as map sensitivity are givealer

VLA to measure the SiO(1-0) line emission at 43.4 GHz as well
as the continuum emission. The observations were carrieid ou
the Q-band with the D-configuration on August 10, 2008, argl3. IRAM 30-m
October 10, 2009, and with the C-configuration on August 14, . . ) )
2009. The half power beam width (HPBW) of the antennas is Single-dish observations to prepare the interferometrzeova-
1/, which is the field-of-view of the images. The largest stuet tional campaign were obtained with the IRAM 30-m telescdpe a
visible in the G-D-configuration is~ 43”. The phase referencePico Veleta (Granada, Spain). The observations were daotie
centre of the observations was setatgo, = 18" 36™ 12660, ©nJanuary 27,2007 pointing the telescope_towards theiposit
Sa000= —07 12 10715, used as phase centre for the SMA obsgr\_/atmﬂﬁ)b =18"36"
The SiO(1-0) line and the continuum were observed s4Z565; 62000 = —07" 12 10790. The pointing was checked by
multaneously with the correlator in 2 IF mode. The continuu@PServing nearby planets Or continuum sources and was found
emission was collected with a 200 MHz bandwidth centred & P€ accurate to within 324 The observations were made by
43.339 GHz. The SiO(1-0) line was covered by simultaneoudl¢sition-switching in wobbler mode. As spectrometer, atoau
using two slightly overlapping 6.25 MHz (43 knt’$ bandB correlator spl_lt into cfferent parts was used to allow simultane-
Unfortunately, technical problems did not allow us to pndype OUS observations of four lines: SiO(2-1) at 86.8, (3-2) &33
trace the SiO(1-0) emission in the VLA-D configuration. Th—4) at 217.1, and (6-5) at 260.5 GHz, respectively (see Fig
observations were performed in fast-switching mode. Bassp 3)- The angular (HPBW) and the velocity resolutions prodide
and phase were calibrated by observing 1832-105, whileuke fPY the backend, and the reached sensitivities are showrbie Ta
density scale was derived by observing 1835 (3C286). Al 1. The integration time (ONOFF source) was 70 minutes, while
data editing and calibration were carried out using the NRA® main beamféciency varies from about 0.77 (at 87 GHz) to
AIPH package. The line cubes were obtained by subtracting &8 (&t 260 GHz). The spectra were calibrated with the stahd
continuum from the line. Images were produced using natufgloPPer wheel method (uncertainty 10%) and are reported
weighting: Details of the synthesised cleaned beam, sglges- N€re in units of main-beam temperatuf).
olution, and rms noise of the maps are given in Table 1.

1 The National Radio Astronomy Observatory is a facility oé th 3. Reslts

National Science Foundation operated under cooperatigeagnt by 3.1. Continuum emission
Associated Universities, Inc

2 The SubMillimeter Array is a joint project between the Smithian  Figure 1 shows the VLA and SMA maps of the continuum emis-
Astrophysical Observatory and the Academia Sinica Institof sion at 7 and 1.4 mm, respectively, towards G24. Table 2 sum-
Astronomy and Astrophysics, and is funded by the Smithspnianarises the position and the peak intensity of the detectabsc

Institution and the Academia Sinica. Given the lower angular-resolution, the present continimm

* IRAM is supported by INSUCNRS (France), MPG (Germany), age at 1.4 mm does not add information with respect to our pre-
and IGN (Spain). vious PdBI and SMA observations at similar wavelengths<{1.3

4 The 12.5 MHz bandwidth, needed to cover the whole SiO(1-®) pr.
file, was not available during the observations. 6 httpy/cfa-www.harvard.edicgi/mircook.html

5 httpy//www.aips.nrao.edindex.shtml 7 httpy/www.iram.ffIRAMFR/GILDAS
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Table 1. List of the continuum and SiO observations

Observation  Telescope V2 E.2 Su® HPBW PA  Spectral resolution rms nofse
(GHz) (K) (D?»  (arcsec) (deg) (km$) (mJy beam!)  (mK)
continuum VLA-G+D  43.339 - - Bx1l1 -11 - 0.8 309
continuum SMA 219.601 - - Ax14 74 - 6.0 72
SiO(1-0) VLA-DF 43.424 2 96 2x17* -1 0.67 5 870
SiOo(2-1) IRAM-30m  86.847 6 19.3 28 - 0.54 77 16
SiO(3-2) IRAM-30m 130.269 13 28.9 19 - 0.36 90 18
SiO(5-4) IRAM-30m 217.105 31 48.1 11 - 0.43 173 37
SiO(5-4) SMA 217105 31 481 .1x14 67 0.67 36 415
SiO(6-5) IRAM-30m 260.518 44 57.7 9 - 0.36 189 42

a Frequencies and spectroscopic parameters of the moldcataitions have been extracted from the Jet Propulsiororaatry molecular
database (Pickett et al._1998)For the molecular line observations the hoise is given per channel. The SiO(1-0) emission has been
successfully observed only with the VLA-D configuration.

Table 2. Position and peak intensity of the continuum céres 1.4 mm; Beltran et al. 2005, 2011), which are consistent wit
the new observations. On the other hand, the present VLA beam

Core  «(J2000) 5(J2000)  |Peak - peaK is slightly better than that of our previous observationg atm
(hms) €’ (mJy beam') (2/3%x177, Furuya et al. 2002), but the sensitivity is a factor 2
G24A1 18361255 -071211.05 69 422 lower. Again, the present VLA results agree with the presigu
G24B 18361265 -071215.02 12 - performed analysis. The source B has been detected at 7 mm and
G24C 1836 13.11 -071207.42 - 95

not at 1.4 mm is consistent with its evolved stage, which$®as
ciated with an ultra compact (UC)ittegion (see e.g. Furuya et
al. 2002). But the analysis of the continuum emission is beyo
the scope of the present paper, and will not be further pdrsue

G24D 1836 12.17 -07 12 06.15 - 22
aThe positions are based on the SMA image for all sources buhigh
is detected only with the VLA.

Table 3. Positions of the SiO emission peaks in the VLA and

SMA images 3.2. SiO outflows
Peak a((k‘}] i?gg)) 5(22,9,())0) The outflow activity was previously detected using emisgibn
SiO(1-0) — VLA Cco isoto_pologues by Furuya et al. (2002) and Beltran et al.
Red 1836 1255 —07 121054 (2011) with the PdBI and SMA interferometers. Two molecular
Blue® 183612.52 —07 1209.12 outflows, both oriented in the northwest-southest directicere
SiO(5-4) — SMA imaged. One (hereafter called outflow A) associated withr¢he
Red 1836 12.56 —07 12 10.50 gion of the A+A2 cores and is probably driven by A2. Another
Blue 183612.45 -071210.30 bipolar outflow is associated with core C. Figure 2 shows the
3 The SiO(1-0) blue-shifted emission iffected by absorption at low- maps of the integrated blue- and red-shifted SiO(1-0) eaniss
velocities (see text). observed with the VLA in the D configuration towards the G24

cluster, while Fig. 4 shows examples of the SiO(1-0) profiles
Table 4. List of the species and transitions serendipitously debserved towards the positions of Al and of the blue- and red-

tected shifted SiO(1-0) emission peaks of the outflow A (see Tahle 3)
The cloud systemic velocity is111 km s?, according to Furuya
Transition v B2 Sp® et al. (2002). The SiO(1-0) lines are characterised by éoniss
GHy (K) (D) up to high velocities{ 20—-25 km s with respect to the cloud
C,HsCN(101,10-%10) 86.820 24 0.5

velocity) in the wings, i.e. velocities comparable with wis

§Sg§)§ﬂé?$4:;75§3)'AE gig'gg% 14151 63?55'7 obse_rved using CO i_sotopologues. For outflow A, _the VLA data
CH3C3)CHO-E(22Q20519119) 215802 208 53.0 confirm a poorly collimated and extended blue-shifted NWelob
CH;OCHO-A(13.5-181,) 216.360 109 7.2 and a smalle,r and more collimated red-shlfted SE Io_be. As see
3CH,0H-A(10.29-9_35) 216.370 162 2.7 in CO (Beltran et al. 2011), each lobe is characterised ley th
HS(20-211) 216.710 84 2.0 presence of a weaker extended counter-lobe. This could be a
C2H3CN(232:-2251) 216.937 134 996.4 geometry &ect because outflow A's main axis lies close to the
CH30H-E(5. 144 2,) 216.946 56 11 plane of the sky. Alternatively, this could reflect the ocence
CH;OCHO-E(1314-16313)  216.959 286  43.7 of a second outflow. For outflow C, the SiO(1-0) map shows a
CH;OCHO-E(2Q20-1919) 216.965 111 52.8 very elongated red-shifted- (25 km st w.r.t. the systemic ve-
gg?_'Og:OAAl(ZQm—lgm) gig-zgg 1613% 522-78 locity) lobe: by dividing the length of the outflow by its whit
HCCf3CN_(ZA(,—%éS)_ %) 217 420 130 346 4 we derive a.collimat.ion_ factof; ~ 4. In this case, we detept no
CoHeCN(2%: 75-28; 20) 260536 215 417.0 SiO blue-shifted emission, whereas the CO data of Beltrah e

a Frequencies and spectroscopic parameters of the mole@naitions (2011) clearly shOW blue lobe, albeit smaller (by a factohdn
have been extracted from the Jet Propulsion Laboratory culde the red lobe. This suggests that outflow C could be locatezkclo

database (Pickett et al. 1998) for all transitions excemsehof O the edge of the molecular cloud and therefore the blueshi

methanol, which have been extracted from the Cologne Ds¢afa  gas could flow through a low-density region. This could ateo e

Molecular Spectroscopy (Milller et al. 2005). plain the lack of SiO emission, which is expected to trace the
high-density collimated wind from the YSO.
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Fig. 1. Contour plots of the continuum emission at 7 (left panel) ardmm (right panel) imaged with the VLA and SMA inter-
ferometers, respectively. The black triangles mark thétipos of the sources identified by Furuya et al. (2002) anlir&e et al.
(2004). The & rms of the maps is 6.0 (at 1.4 mm) and 0.8 mJy behgat 7 mm), while first contours and steps corresponato 3
and @r. The ellipses in the bottom-left corners show the HPBWA t 174 (PA=74°; SMA) and I'5 x 171 (PA=-11°; VLA).

Finally, no outflow activity has ever been observed towardlan those observed at SMA, where the brightness of the Al hy-
source B, in agreement with its evolved stage, which is assopgercompact d can be neglected.
ated with an UCH region (Codella et al. 1997; Furuya et al. : .
2002). No SiO emission (or CO emission) has been detected thF|ﬁ_Lthred6sggo;vs4the SMA m%)sl of tL]_e ;nt]??r:atedtﬁlue-ca_nd
wards core D, which remains the most enigmatic object, eva(j0-Shed St (5-4) emission. Only a hint of the outflow C is

it is traced only by~1—3 mm continuum emission and is not deS€N: and, as in the case of SIO(1-0), no emission has been
tected in any r¥10|>gcule (Furuya et al. 2002; Beltran et al130 observed towards cores B and D. On the other hand, the bipo-

Our non-detection seems to confirm that D is a non-centralf Outflow A'is clearly imaged, with the emission peaks lying
peaked core without active star formation loser to the ATA2 system. The SiO(5-4) structure is consis-

) o ) tent with that traced by the SiO(1-0) line. Table 3 reports th
The VLA image of the low-excitationH, = 2 K) SiO(1- positions of the SiO emission peaks detected in the VLA and
0) emission is fiected by absorption featufgsvhich prevents spA images. The position of the red-shifted peak is basicall
us from drawing a de_flnlte_ picture of t_hc_e morphOlOg){ of théhe same (within the uncertainties) for the for the SiO(la)
SiO outflow and from identifying the driving source. Figure 35_4) jines, whereas, given the absorption observed atéocy
shows a zoom-in of the central region of G24:D808, cen- ities that dfects the SiO(1-0) map (see Fig. 4), the positions of

tred on the cluster of the A1-A2 continuum sources. The greg{k plue-shifted peaks in the two linesfer by ~ 176. Example
contours correspond to the narrow absorption blue-shfttedl of Si0(5-4) spectra are shown in Fig. 4.

ture (from+106 to+110 km s?, see Fig. 4) observed towards . ] ]
A1, against the hypercompactiHegion imaged by Beltran et Figure 7 shows the maps of the SIO(5S1D(1-0) inten-
al. (2007). This is ionised by a zero-age main-sequencep$tasity ratio, obtained after smoothing the maps to the sama-ang
spectral type 09.5 and mass of aboutMg,. The hypercom- lar resolution, and derived where both emissions have abign
pact Hi region is very bright and therefore it is expected to o§0-noise (#N) > 3. The velocities where SiO(1-0) shows ab-
serve colder molecular gas in absorption against it. Indaed sorption features (see Fig. 4) have not been taken into atcou
cm-wavelengths, where the brightness temperature of Ad isThe red-shifted emission does not show a clear trend, wiée t
510 K in a ~ 0’8 beam (Beltran et al. 2007), the N2,2) SiO(5-4)SiO(1-0) ratio for the blue-shifted emission peaks in
spectral pattern has allowed us to trace the blue-shiftéitbou correspondence of A2, suggesting an increase of the Si@aexci
lobe and the red-shifted gas infalling towards Al in abgorpt tion conditions. Finally, in Fig. 8 we compare the SiO(5-#)-p
(Be]tr'an etal. 2006) In Conc|usion, the VLA S|O(1_O) maﬂs: file observed with the IRAM 30-m antenna, with that obtained
for the spectral analysis of a higher-J SiO at higher freqiean by integrating the SMA image over the IRAM beam (1blue
histogram). The spectral shapes well match and, given tke flu
scale uncertainties of the SMA (15%) and IRAM 30-m (10%),
& Unfortunately, we lack the information on the SiO velocigtbeen the line intensities also agree well, indicating that the/Si-
+111 and+113 km s? towards the position of A1 because of technicalay recovers at least the 90% of the emission detected wéth th
problems. single-dish.
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Fig. 2. Contour map of blue- and red-shifted SiO(1-0) VLA emissiopesimposed on the 1.3 mm continuum emission as observed
at high angular resolution by Beltran et al. (2011) usingesyextended SMA configuration’(85 x 0’44). The sources of the
G24.78-0.08 cluster are labelled following Furuya et al. (2002) &wdtran et al. (2004, 2011). The SiO emission was averaged
over the velocity intervals{80+111) km st and (¢-111+132) km s? for the blue- and red-shifted emission, respectively. Tte 1
rms of the SiO maps is 1.2 mJy beahkm s1. Contour levels range fronusby steps of 3. The filled ellipse in the bottom-right
corner shows the synthesised beam (HPBW2:2 1”7 (PA= -15°).
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Fig. 4. Examples of SiO(1-0) and (5-4) line profiles (in brightnessperatur@ g, scale) observed towards Al (left panel) and the
peak positions of the blue- and red-shifted (middle andtigimel) SiO(1-0) line emission. Dashed lines mark the gyisteelocity
(+111 km s?1).

3.3. The origin of the outflow A possible to see that cores Al and A2 are resolved into three
(called A1, Alb, Alc) and two (A2, A2b) cores, respectively.

Which is the driving source of the outflow A? The VLA andBY @nalysing the CO emission, Beltran et al. (2011) suggest

SMA SiO images have been overlaid on the 1.3 mm continuJH‘F‘t the outflow A is actually powered by core A2, which is mas-

map obtained at sub-arcsecond angular resolutitBa@0/44) SV€ (22Mo) and associated with a hot-core {80 K) detected
by Beltran et al. (2011), which gives the best picture safail- " CHsCN, a typical hot-core tracer. The SiO images suggest
able of the YSO population in the G24.78.08 cluster. It is that Al is not the driving source of the outflow motions degelct
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Fig. 6. Contour map of blue- and red-shifted SiO(5-4) SMA emissigesimposed on the 1.3 mm continuum emission as observed
at high angular resolution by Beltran et al. (2011) usinggyextended SMA configuration’(85x 0”44). The Right panel reports

a zoom-in of the central region. The sources of the G240783 cluster are labeled following Furuya et al. (2002) aettrBn et

al. (2004, 2011). The SiO emission was averaged over theigiatervals ¢-89,+111) km st and ¢111+130) km s? for the
blue- and red-shifted emission, respectively. The rm®fthe SiO maps is 18 mJy beaftrkm s*. Contour levels range fromo5

by steps of 3. The filled ellipse in the bottom-right corner shows the sgsised beam (HPBW)YT x 174 (PA= 67°).

so far. Given the presence of several YSOs in the region, wensitivities provided at these frequencies by the 30-rarara.
cannot exclude additional fainter outflows. However, thakse Of course, in the present case, the angular resolution ieigbt

of the SiO(5—4) emission suggest that the geometrical earfitr enough to assess the occurrence of SiO jets. However, in anal
outflow A, and thus its driving source, is located in the seutlogy to the SiO jets in low-mass stars, one cannot rule out the
ern portion of the A2 core, which indeed is clearly elongatgubssibility that the elongated SiO outflow does trace javiygt

and probably hosts multiple YSOs. Additonal evidence comes

from the position-velocity (PV) diagram of the SiO(5-4)rtra

sition along the NW-SE axis (see Fig. 9), which seems to coB1. Other molecular species: the outflow and the hot core

firm that A1 cannot be the driving source. Interestingly, éhe

erage velocity of the SiO emission increases as a functiongfe 2.GHz-wide LSB bandwidth used to trace SiO(5-4) emis-
distance from the geometrical centre, suggesting gaseteeel sion with the SMA allowed us to serendipitously observe ssve
tion. Figure 10 compares the PV diagram of SiO(5-4) with th@hes of diferent molecular species, which are listed in Table 4
derived from the CO(2-1) SMA data by Beltran et al. (2011}nq shown in Fig. 11. In particular, the LSB spectrum is dom-
We can clearly see that the CO emission (i) is completely ateq by broad b5(2,0-211) emission, which confirms that
sorbed by foreground m_ate_rlal at IO\_N v_elocmes andffected hydrogen sulphide is an excellent tracer of molecular owtlo
by filtered extended emission, confirming the need of a trac@fodella etal. 2003, Gibb et al. 2004). Figure 12 shows ttee in
such as SiO to properly image the molecular outflow, and (§}ated blue- and red-shiftec:8 emission from outflow A, while

shows additional components with respect to what was traqeg} 9 shows the corresponding PV diagrams.
by SiO. Indeed, bright CO emission is seen at”’(+315 km

s 1), not traced by SiO, as well as weak emission&/(+113 Outflow A is clearly seen in the & image, which sug-
km s1). In other words, the CO emission cannot be simply integests (like SiO) that the geometrical centre (and thus the dr
preted as an intensity-scaled version of the SiO emissibes& ing source) is located in the southern portion of the A2 core.
findings are not surprising given what already found for #ts j Interestingly, the HS outflow is definitely less collimated than
driven by Sun-like protostars, where, thanks to the smajper the SiO(5-4) one, observed with the same angular resolution
tial scales that can be investigated, it is possible to see@ H>S and SiO show dierent behaviours also in the PV diagrams,
traces not only the jet but also the walls of the cavity opamed where hydrogen sulphide does not show a clear increase of the
the jet itself (e.g. Lee et al. 2007b, see their Fig. 5). Insary, average velocity with the distance from the driving souftese

the present SiO maps support a formation mechanism for méigdings could be the signature of an additional fainter owutfl
sive stars similar to that of their low-mass counterpartserg driven by one of the AXA2 YSOs that contributes to the ob-
jets, clearly traced by SiO emission, create outflows of swegerved emission. However, what we found agrees with an en-
up ambient gas traced by CO. The possibility of having an Simncement of the }6 abundance as a consequence of the evap-
jet is also supported by the extremely high velocity (up-t80 oration of the dust mantles in a shocked gas (e.g. van Dighoec
km st with respect to the systemic velocity) of the SiO emis& Blake 1998), whereas SiO comes from a definitely smaller re-

sion detected in thé = 2—1 and 3—2 spectra thanks to the higgion that is directly associated with the primary jet, where
refractory dust cores are disrupted as well.
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Fig. 7. SiO(5—-4)SiO(1-0) intensity ratio (brightness temperatdig,scale), derived where both emissions have/&h>53. For this
comparison, the SMA image has been smoothed to the angstautien of the VLA image. The velocitiedtacted by SiO(1-0)
absorption (see Fig. 4) have not been taken into accouht:aiwd left panels are for the blue§9,+105 km s!) and red 1154130
km s1) emission, respectively. Contour levels range from 0.5.@l% steps of 0.5. The sources of the G24.G®8 cluster are
labelled following Furuya et al. (2002) and Beltran et aD@4, 2011).

In addition to SiO and bS, we detected several high-4. Physical conditions as traced by SiO
excitation €, between 45 and 162 K) transitions of methanoé . .
isotopologues (see Table 4). Figure 11 shows the spectra gt S/O(1-0) absorption
served towards the A2 position. The gBH line profiles are From the SiO(1-0) absorption feature one can obtain an esti-
narrower than those of SiO and8land, although a weak com-mate of the excitation temperature of this transition. Wauase
ponent related to outflows cannot be excluded'f@H:;OH, it  that the absorption is due to the blue lobe of the outflow lying
appears that methanol emission is dominated here by gaathegktween the observer and the hypercompactégion. Since
by YSOs. Indeed, from Fig. 9 one clearly sees that the PV dhe lobe is resolved in our maps, while the kegion is much
agram of methanol, outlining a compact circular pattersjgs smaller than the synthesised beam of the SiO images, th&-SiO(
nificantly different from that of SiO. Most likely, the GJOH () brightness temperature measured in the synthesised iseam
molecules trace the hot core A2 (already imaged by Belttan£ mixture of absorption (towards the HIl region) and emissio
al.(2005), and are released from dust mantles becauselof st®om the rest of the beam):
lar irradiation. In particular-3CH;OH peaks at a position that
matches the geometrical centre of the outflow well (see thié so6Ts = (28 — Qs) Te + QsTa, 1)

vertical line in Fig. 9). Thus, the present observationsges |, hereT. andT- are the brigh i
e ; ; e a ghtness temperatures of the SiO(1-0)
that a YSO lying in the SE of core A2 is heating the gas anle i emission and absorption, whifes andQs are the solid

driving the outflow A. angle subtended by thenHegion and the synthesised beam of
the SiO(1-0) map. Moreover, andT, are given by

Finally, we also detected several lines in the SMA spectrﬁé = Tex(1 - efTe) (2)
window that are due to cyanoacetylene (in H&CN form) as To= (Tex—T )(1 _ e*Ta) 3)
well as to other complex molecular species usually coneitias 2 ex— THI ’

hot-core tracers: C§0CHO (methyl formate), €HsCN (vinyl  with T, excitation temperature of the=1-0 transition and
cyanide), and, tentatively, one transition of (§4CO (acetone). prightness temperature of the continuum emission from yhe h
Other complex species were reported by Beltran et al. (XBel percompact H region. Here, we have assumed tfiat is con-
their Table 1). Indeed, these emissions are charactenskijb stant along the line of sight and across the region coveretey

excitation €, in the 109-298 K range) and compact spatial disynthesised beam. After some algebra, one obtains thesexpre
tribution (see the gH3CN in Fig. 9 as an example), indicating ansjon

association with the hot core traced BYCH;OH. Remarkable I
. . . . T QS e la_g'le
is the tentative detection of acetone, given that only régenT, — Tex(l— e e) i

this organic specie has been detected towards the hot molecu Qg l-geTe
lar core Sagittarius B2(N-LMH) and in Orion BKL (Snyder et Qg Ta
al. 2002, Friedel et al. 2005, Goddi et al. 2009). o i (1-€7). (4)
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Fig. 9. Position-velocity cut of SiO(5-4), $¥5(2,0—21.1), CH;OH-E(5.1 44 »5), and*3CH3;OH-A(10,5-97) along the outflow A
(PA = —40°). The position @sets are measured from the A1l position, positive towardgmest. The rms & is 20 mJy bear.

Contour levels range fromo3by steps of 3 for SiO and*CH;OH-A, and from 3 by steps of 16 for H,S and CHOH-E.

Dashed vertical lines mark the position of the A1 and A2 YS@i|e the solid vertical line is for the average peak positid the
typical hot-core tracers (see text). Solid horizontal khews the systemic velocity111.0 km s1).

We note that th&g is relatively small compared to the size ofSiO(1-0) spectra one beam away from the absorption ggak:

the outflow lobe, and hence the opacity should not depend-sigr3—6 K. With these numbers we obtdig, ~ 4-8 K. The bright-
icantly on the line of sight. Also, for obvious reasons, therel  ness temperature of the continuum emission measured at 7 mm
gion either lies behind the lobe or is enshrouded by it. Tioeee towards the k region in our images is12 K, i.e. comparable

Ta < Teand 0< ‘ﬁ;‘;‘ze < 1. Sinceg—g < 1, Eq. [@) can be to the value FT;TH” ~ 12 K) estimated applying beam dilu-
written as tion to the high-resolution measurement of Beltran et200(7):
Qs this proves that basically the entire continuum emissioaun
Tg ~ Tex (1 - e_Te) - Q_THII (1 - e"Ta). (5) beam is due to free-free emission from the ionised gas, while
B

dust emission is negligible.
Most likely, the absorption and emission lines of sight amss-
ing similar amounts of gas, and we hence make the additional
assumption that, ~ 7. By replacing Eq.[(R) into EQ[15), one 4.2. LVG analysis
can finally obtain an expression fog:
Qs Te We ran the RADEX non-LTE model (van der Tak et al. 2007)
(6) with the rate cofficients for collisions with H reported by
Turner et al. (1992) using the escape probability methodafor
From our observations we measure absorption Wigh~ plane-parallel geometry to fit the observed SiO line ratiod a
-6 K in a beam ofQg = 4.24 arcset, while from the data brightness. We exploredstlensities from 19to 16 cm3, ki-
of Beltran et al. (2007) one obtaif¥s ~ 0.0554 arcsecand netic temperature$yi, from 50 to 500 K, and an LVG optical
a source-averaged brightness temperature of tiheelgion at depth parameten(SiOY (dV/dz) = Nsio/AV ranging from 187
7 mmTy, =~ 960 K. An estimate of . can be obtained from the to 10" cm™? (km s1)71, i.e. from the fully optically thin to the
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Fig. 10. Comparison between the position-velocity cut of SiO(5bfgck contours, and that of CO(2-1) in colours, derived glon
the outflow A (PA= —40) using the CO dataset presented by Beltran et al. (20138 .sbhd horizontal line shows the systemic
velocity (+111.0 km sb).

optically thick regime. We used an FWHM linewidth of 10 knpositions: Al (Fig. 14), as well as where the130 emission
s1, as suggested by the SiO spectra (see Fig. 4). is only weakly d@fected by absorption, i.e. at the position of the
As a first step, we modelled the SiO emission observed witkd- and blue-shifted SiO(1-0) emission peaks (Fig. 15)eAs
the IRAM 30-m telescope, using the SiO(2-1) and (5-4) traperted in Table 3, the positions of the red-shifted peakasett
sitions, which are sensitive to similar excitation coratit (see by SiO(1-0) and (5-4), hence once considered the angular res
Table 1) as the lines observed with the interferometersiigised olutions, agree well. We report the solutions found for thee
below). The low-J SiO lines, as already learned from previokinetic temperatures used above to model the 30-m emissn (
studies of low-mass protostellar systems (e.g. Cabrit. &0dl7 and 500 K). We plot in black in Fig. 14 the contours correspond
and references therein), are not very sensitive to kinefic-t ing to the the excitation temperature of the SiO(1-0) line es
perature. Figure 13 thus reports the solutions for the ekser timated in Sect. 4.1 from the SiO(1-0) absorption feature ob
SiO(5-4)SiO(2-1) intensity ratio at the typical red+116 km served towards Al.
s™1) and blue-shifted{106 km s') emission in tha,—N(SiO) In practice, the present LVG plots indicate for the thred-pos
plane and for two extreme temperatures: 50 and 500 K. The dions (i) volume densities between®and 16 cm3, and (ii)
served intensity ratio was corrected for beam dilution mésg  well-constrained SiO column density, in the 0.5-1%16m>
an emitting source of 7, which is representative of the sizegange. These solutions are consistent with what was found us
of the outflows imaged with the VLA and SMA. To show howthe 30-m IRAM SiO(5—4) and (2-1) spectra. Nisini et al. (2007
much the results depend on this assumption on emitting siperformed an LVG analysis of SiO emission towards the nearby
we also report the solutions for a smaller size (i’&, 8vhich is prototypical Class 0 low-mass objects L1148 and L1157,gusin
the typical size of the brightest SiO clumps in G24. The ddshsingle-dish (IRAM, JCMT) data on angular scales of 11 that
contours take into account the uncertainties associatddthheé case as well, no tight constraints have been obtained fdtithe
intensity ratio. The 30-m spectra do not provide any coirgtranetic temperature, whereas the volume densities were ftaund
on the kinetic temperature and column density, while dassit be between 10and 16 cm=3. Moreover, Gusdorf et al. (2008a)
of below 1¢ cm2 can be inferred. modelled the SiO emission from L1157 using a C-shock code,
On the other hand, we can obtain tight constraints on vokhich led to pre-shocked densities of*t@® cm3. Thus, al-
ume and column densities by analysing the SiO emission dbeugh completely dierent spatial scales are involved, the vol-
served with the VLA and SMA arrays, after degrading the SMAme densities here inferred for G24 ¢2Q®° cm~3) appear to be
map to the angular resolution of the VLA image. Figures 14 amgnsistent with those derived for L1448 and L1157.
15 report the solutions for the observed SiO(1-0) and SiO(5— Assuming that the physical conditions reported above are
4) brightness temperatures at the same red416 km s') and representative of the whole SiO outflow (including where
blue-shifted $106 km s?) velocities investigated using the 30-SiO(1-0) emission isfiected by absorption), using a volume
m spectra. We modelled the emission observed towards thosmsity of 18 cm3, the inferred size of the lobes’(}, and the
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ing a very extended SMA configuratior’@b x 0744). The spa-
30 60 90 120 150 180 tial distribution of the blue-shifted (frora106 to+110 km s?)
Vir (km 5-1) absorption (see Fig. 4) observed towards Al is reported &y th

green contours. Contour levels range frome=10 -3 by steps
Fig. 3. SiO line profiles (in main-beam temperatufgs, scale) of 1o- (0.3 mJy beam! km s1). The filled ellipse in the bottom-
observed with the IRAM 30-m antenna towards G24.G®8. rightcorner shows the synthesised beam (HPBW2>2L7 (PA
The dashed lines stand for the systemic velocitg11.0 km =-15).
s1). Two ethyl cyanide (gHsCN) emission lines have been
serendipitously detected at 86819.85 MHz (189 o; E,=24 N =N R A SR R R

K; bottom panel), and at 260535.69 MHz 628-28; »4; E,=215 Si0(5—4) 30—-m
K; upper panel, blended with the SiO(6-5) blue wing). L
4+ —— SMA |
= L

G24 distance (7.7 kpc), the corresponding outflow mass48 et
Mg. This implies, according to Beuther et al. (2002), Zhang et ¢
al. (2001, 2005), and Lépez-Sepulcre et al. (2009, see Fgi

5), a luminosity for the driving source of the SiO outflow of a L
few 10* Lo, corresponding to a late O-type ZAMS YSO (e.g. 0
Panagia 1973). If we conservatively assumg = 10° cm 3, I
the driving source is still a massive YSO, corresponding to a
B2 spectral type. However, for consistency purposes, Wgsero

checked the outflow masses using the estimates of SiO column Visr (km s™")
density and assuming a given SiO abundance relative tdhe ) ] ) o
latter has a large uncertainty since SiO can be greatly eeitan™i9.-8. Comparison between the SiO(5-4) line profile (in flux
in shocks. Assuming typical abundances of®a0~7 (i.e. 4— density, S,, scale) observed with the IRAM 30-m antenna
5 orders of magnitude greater than that in dark clouds??.0 (Plack) and the spectrum obtained from the SMA data (blue) by
Ziurys et al. 1989), we inferred volume densities betweeh 1dMtegrating over a region equal to the IRAM 30-m beam’(11
and 16 cm3, and thus again masses 40-400Mg) in agree- For this comparison the IRAM 30-m spectrum has been resam-

ment with an outflow driven by a late O-type ZAMS YSO.  Pled to the spectral resolution of the SMA data (0.67 ki).s
The dashed lines stand for the systemic velocitg1(1.0 km

s?).

N
T

30 60 90 120 150 180

5. Conclusions

We conducted a multiline SiO survey towards the G24(088 1. High-velocity SiO emission (up to 25 kmi'sw.r.t. the sys-
region, which is an excellent laboratory to study the preads temic velocity+111 km s?) reveals two collimated outflows
high-mass star formation, because it is associated withsySO driven by the A2 and C millimeter continuum massive cores.
in different evolutionary stages. After preliminary IRAM 30-m  On the other hand, no SiO emission has been detected to-

single-dish runs, we obtained high angular resolution iesags- wards more evolved young stellar objects associated with an
ing the VLA and SMA interferometers. The main results can be UCHu region (core B) or driven by the hypercompact (core
summarised as follows: A1) Hu regions. Moreover core D shows no SiO emission,

10
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Fig.13. Analysis of the SiO red-shifted line emission in the G24.0®8 outflow A observed with the IRAM 30-m antenna. The
solutions for the observed SiO(548)0(2-1) intensity ratio are shown in thg,—N(SiO) plot for non-LTE (RADEX) plane-parallel
models at the labeled kinetic temperatures. Solid contargsor the measured ratios at the typical regt16 km s?') and blue-
shifted ¢-106 km s?) velocities, after correction for a beam dilution derivesaming a source size of Zind 7’ (see text). The
SiO(5-4)SiO(2-1) ratios are 0.21(3+116 km s'), 0.19 (3'; +106 km s1), 0.27 (7’; +116 km s1), and 0.30 (7; +106 km s?).
Dashed contours take into account the uncertainties.
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Fig.14. Analysis of the SiO line blue- and red-shifted emissionsaials Al as observed with VLA and SMA (convolved to
the angular resolution of the VLA image). The solutions foe bbserved SiO(1-0) and SiO(5—4) brightness temperafsoéd
lines) at the typical red-#116 km s1) and blue-shifted{106 km s?) velocities are shown in they,—N(SiO) plane for non-
LTE (RADEX) plane-parallel models at the labelled kinetriperatures. Dashed lines are for the uncertainties. TOESH)
brightness temperatures are 4.4 K116 km s') and 4.3 K (106 km s1), while the SiO(1-0) brightness temperature is 4.0 K
(+116 km s1). Given the blue-shifted absorption observed towards A plet in black the solutions corresponding to the derived
SiO(1-0) excitation temperature 6 K, see Sect. 4.1).
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Fig. 15. Analysis of the SiO line blue- and red-shifted emissionsaiams the corresponding emission peaks of the SiO(1-0) map
(see text), as observed with VLA and SMA (convolved to theudaigresolution of the VLA image). The solutions for the olves
SiO(1-0) and SiO(5-4) brightness temperatures at theaypéd- (-116 km s') and blue-shifted4106 km s!) velocities are
shown in theny,—N(SiO) plane for non-LTE (RADEX) plane-parallel models a¢ tbelled kinetic temperatures. The SiO(1-0)
brightness temperatures are 4.7KL({6 km s') and 6.1 K (-106 km s?), while the SiO(5—-4) brightness temperatures are 1.1 K
(+116 km st) and 2.9 K 106 km s1). Dashed lines are for the uncertainties.
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Fig.12. Contour map of blue- and red-shiftedb${2, 0—2;.1)
SMA emission superimposed on the 1.3 mm continuum emis-
sion as observed at high angular resolution by Beltran .et al
(2011) using a very extended SMA configuratioti§B8x 0/44).

The sources of the G24.#8.08 cluster are labelled following
Furuya et al. (2002) and Beltran et al. (2004, 2011). Th& H
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emission was averaged over the velocity interval84(+111)
90 100 110 _11 20 130 km s and ¢-111+124) km s? for the blue- and red-shifted
Visg (km s ') emission, respectively. The rms-lis 18 mJy beam' km s,

. . . i . Contour levels range fromosby steps of 16~ The filled ellipse
Fig.11. SiO, HS, CHOH, and *CHsOH line profiles (in i the hottom- -right corner shows the synthesised beam (HPBW
brightness temperatur€g, scale) observed towards the A2 ho&,,7 x 174 (PA= 67°).
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locity (+111 km s?). Several high-excitation lines due to typi-

cal tracers of hot-core chemistry (methyl formate, acetoimgl

cyanide, cyanoacetilene) have also been detected (sex=4abl
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