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ABSTRACT

Context. Owing to the paucity of sub-arcsecond (sub)mm observatieqsired to probe the innermost regions of newly forming
protostars, several fundamental questions are still beéhgted, such as the existence and coevality of close heudiystems.

Aims. We study the physical and chemical properties of the jetspotbstellar sources in the NGC1333-IRAS4A proto-binary
system using continuum emission and molecular tracersauksit gas.

Methods. We observed NGC1333-IRAS4A in the SiG®), SO(6—-54), and CO(2-1) lines and the continuum emission at 1.3, 1.4,
and 3 mm using the IRAM Plateau de Bure Interferometer in taméwork of the CALYPSO large program.

Results. We clearly disentangle for the first time the outflow emisdiam the two sources Al and A2. The two protostellar jets
have very diferent properties: the Al jet is faster, has a short dynanticescale £10° yr), and is associated withHshocked
emission, whereas the A2 jet, which dominates the largkesmraission, is associated withfliise emission, bends, and emits at
slower velocities. The observed bending of the A2 jet is test with the change of propagation direction observddrge scale
and suggests jet precession on very short timesca280-600 yr). In addition, a chemically rich spectrum with emissfrom
several complex organic molecules (e.g. HCOOHzOBHO, CHOCH;) is only detected towards A2. Finally, very high-velocity
shocked emission~60 km s?) is observed along the Al jet. An LTE analysis shows that SiO, and HCO abundances in the gas
phase are enhanced up te-@x1077, (1.4-1.7)x10°5, and (3-7.9)x1077, respectively.

Conclusions. The intrinsic diferent properties of the jets and driving sources in NGCUIBISS4A suggest dierent evolutionary
stages for the two protostars, with A1 being younger thanir\a,very early stage of star formation previous to the hetrmophase.

Key words. Stars: formation — Stars: low-mass — ISM: jets and outflowSM:lindividual objects: NGC1333-IRAS4A — ISM:
molecules

1. Introduction André et al. 2000; Evans etial. 2009). Once it iffisiently lumi-
_ nous, the central protostar radiatively heats the surrimgridner
Although multiple systems are a common outcome of the Sighyelope, and grain mantle evaporation occurs, whichérigg
formation process, the mechanism for their formation ist#  hot-corino chemistry rich in complex organic molecules (@%)
ing debated_(e.g. Tohlme 2002; _Relpurth et al. 2014, amlﬂef(van Dishoeck & Blake 1998; Ceccarelli 2004; Bottinelli ¢t a
ences therein). In this context, information about theesy& [3004). Protostars also drive fast jets (€.0. Arce Et al. 288y
multl_pI|C|ty, coevahty, and environment are particuladrucial. et a12007! Frank et 4l. 2014) that impact the high-density p
The ideal laboratories for these studies are very youngceSUrant cloud and generate shock fronts. This leads to signtfean
that have not undergone significant evolution and are theyli nancements in the abundance of several molecules, suciCas H
keep a memory of the initial physical and chemical cond&ioncH,0H, and SiO (e.d. van Dishoeck & Blake 1998). High an-
Class 0 protostars, with lifetimes of less than a fgv"v)ho 'éP-  gular resolution studies of Class 0 protostars are thusauttd
resent the earliest stage of low-mass star formation, whast myrope the innermost regions00 AU) with the aim of disentan-
of the mass is still in the form of a dense infalling envelopg( gling the emission originating from theftérent processes: the
launch of the jet, the outflow cavity emission, and the chémis
* Based on observations carried out with the IRAM Plateau de Buwof the hot corino. We present here new observations of melecu
Interferometer. IRAM is supported by INSONRS (France), MPG lar tracers of shocked gas and continuum emission towaeds th
(Germany), and IGN (Spain).
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NGC1333-IRAS4A protostellar system (hereafter IRAS4A) lo S S .

cated at 235 pa_(Hirota et |al. 2008). Observations are part of I 1

the Continuum and Lines in Young ProtoStellar Objects (CA- 31°13'35" 0

LYPSOJ] large program, aimed at studying a large sample of i T

Class 0 protostars at sub-arcsecond resolution with theMRAS

Plateau de Bure Interferometer (hereafter PdBI). s I 1 A2
IRAS4A has been identified as a binary Class 0 system usiag

mm interferometry (Jenninas etlal. 1987: Sandell &t al. 1Ry I @ 1 A

et al.[1995[ Looney et al. 2000). Since the binary components "'

have never been resolved in the infrared band, the luminosit r . i ]

each protostar is not known. The bolometric luminosity @& th ——L e

IRAS4A system has been derived by Enoch étlal. (2009) to be 3729°10.5 3729 10.5

~4.2 L, and later by Kristensen etlal. (2012) dnd Karska ét al. o (42000) o (42000)

(2013) to be~9.1L using PACS continuum measurements. THeg. 1. Left: 3 mm continuum emission map of the IRAS4A region (grey

two Class 0 components, IRAS4A1 and IRAS4A2 (hereafter Atale and black contours). The contour levels of emissiertraced at

and A2), have a separation of only about1(8420 AU). Al is 5and 8 levels and increase in steps of dDwherec=2 mJy bear'.

more than three times brighter in the millimetre and centiime 1€ Positions of the continuum sources at 1.3 mm are markgreen.

continuum than its companion A2 (Looney ef{al. 2000; Retpur hgitF_)‘ile %&trlisr:tsiﬁgubrﬁar:‘“ag";?g&g;;hecgz?gﬂf?ewegagng ';hb%"l‘fs

et al.. 2002; Jgrgensen etlal. 2007), whereas it is weaker in s ' e

emission(Choi et al. 2007). The I)RAS4A system is associated the same as in the left panel. The rms noise<8 mJy bear’

with a spectacular Igrge—scale (a few arcminutes) bip_aletraw Table 1. Parameters of the continuum peaks.

(PA~45) observed in several tracers, such as CO, SiO, a@l H

(e.g.Blake et al. 1995: Choi 2001, 2005: Yildiz et al. 2018h-S

tangelo et al. 2014). A shorter southern monopolar bluéteshi

lobe (PA~-10°) is observed in SiO by Chai (2005) with no clear Source  a(J2000) - 5(J2000)

A3

@ |

T
|
l
|

3'30"

T

Flux®
1.3mm 3mm
(03'29™ (31°13) (mJy) (mdy)

northern counterpart. However, none of the observatiodsite

resolve the emission within10” from the protostars and there- ﬁé igig ggg 1326390 14404
fore they do not allow us to disentangle the outflow emission A3 1644 379 187 -

and directly identify the driving sources. In this contdke new
high angular resolution observathns of CO, S'O.’ and SO py otes. @ Fluxes are measured by integrating ovér The uncertainty
sented he_re allow US_ to probe_ the Innermost reg'on of IRASA’ the absolute flux is 10%, which translates into an uncextaif 15%
The goal is to study jet multiplicity and the physical andrite on the spectral indexes (see SECH 3.1).

cal properties of the jet and the driving sources.

) continuum emission at all frequencies with A1l being brighte
2. Observations than A2. They are well resolved at 1.3 mm, with a separation

IRAS4A was observed at 1.3, 1.4, and 3 mm with the IRAI\ﬂf ~178. In addition, a third continuum source (hereafter A3)

; etected for the first time only at 1.3 mm at a positie’@,
Zi?]ldbg t(\:/:/)en?iguF rea?igjr? gyTzr]%lé aigﬁnl:eerpar# g éyof?hlegoubsslgg\;ig:ﬁ 77) offset from A2. Positions and integrated fluxes of the three

15-762 m, which allows us to recover emission on scales fro?rqntinuum sources are derived by performing a power-law it t

18" to 0’35 at 1.3 mm. WideX backends were used to covEl€ continuum visibilities of the detected sources (sedeTBh
; | . We estimate the spectral index of the continuum emission

the full 3.8 GHz spectral window at the spectral resolutién o S o
2 MHz (~2.7 km st at 1.4 mm). In addition, higher resolution®amm. (Where flux density iF7, o v) for the three detected

; B sources. Spectral indexes of 2.3 and 2.4 are obtained foces®u

D e oL L d A2 rospecivel.whicare consisentwih ustar
ibration was carried out following standard proceduresais fadiation from gmbedded protostellar objects. On_the thed,
GILDAS-CLICE. The phase RMS is50° and <80° for the A the non—detectl_on of source A3atl.4 a_nd 3 r?nrr’g implies a steep
and C tracks, with precipitable water vapour (PWV) betwedpectrum for this source with a spectral indéx T">4.9 (based

0.5 mm and 2 mm and system temperatures between 100 K he upper limit on the 3 mm flux density), Wh.'Ch IS not con-
250 K. The uncertainty on the absolute flux scale19%. The sistent with a prot_ostellar nature. Compact continuum sioims
synthesised FWHM beam i€'Dx0’4 (PA = 1%) at 1.3 mm along protostellar jets has already been observed in obliecss
171x0'8 (19) at 1.4 mm and’_’Ile;’3 (39) at 3 mm The typi,- (e.g. Gueth et al. 2003; Maury et/al. 2010; Codella €t al. 2014
cél RMS hoise pe.r 1 krrr’é channell is-8 mJybeam ét 1.3mm envelope emission or shock-heated dust along the jet hare be

~10 mJybeam at 1.4 mm, and3 mJybeam at 3 mm ' suggested as possible explanations for the origin of these f
' ' ' tures. However, a larger statistically suitable sampleusial in

order to assess this issue. A detailed analysis of the aantin
3. Results emission in the whole CALYPSO sample will be presented in a

forthcoming paper.
3.1. Continuum emission: source multiplicity and properties

Emission maps of the 1.3 and 3 mm continuum are shown3m..1. Hot corino at A2

Fig.[d. Both known protostars A1 and A2 are detected in the )
Figure[2 presents the WideX spectra observed at the three con

L httpyjirfu.cea.fyProjectgCalypso tinuum source positions. A chemically rich spectrum is diete
2 httpy/www.iram.ffIRAMFR/GILDAS/ only towards A2, highlighting a hot-corino chemistry forigh
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protostar. As already shown by Taquet et al. (2015), emmssithe envelope of IRAS4A were observed in HCN|by Choi et al.
from several COMs is indeed observed at A2, such ag@HH (1999) and in CS, &S, and NH* by/Belloche et al/[(2006).
(methanol), HCOOH (formic acid), G®OCHO (methyl for- Interestingly, red-shifted absorption is also detected@0O
mate), and CROCH; (dimethyl ether); similar molecules areand'3CO towards the newly detected continuum source A3.
observed towards the Class 0 protostar IRAS2A (Maury et al.

2014). A detailed identification and analysis of the dettitees OSr———T7——r—

—0.02 [

i ‘ T I T I-
will be presented in a forthcoming paper. For the scope &f thi L AT ! i
paper, this emission is indicative of a rich hot-corino cistry - } .
associated with source A2. On the other hand, only SigT,®{ 0 b e DL S
and CHOH are clearly detected towards the continuum sources - B -
Al and A3 i co@=1)
and As. i : Sio(5-4)
‘ ‘ —05 | SO0(65-54) ]
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Fig. 2. WideX spectra at 1.4 mm at the position of Alpper panel), A2 Velocity (km 5_1)

(middle panel), and A3 (ower panel). We note the typical hot-corino
chemically rich spectrum observed towards A2. As alreadywsh Fig. 3. 12CO(2-1) (grey), SiO(5-4) (blue), SO(6-5,) (magenta), and
by [Taquet et &l.[(2015), the spectrum presents emission $eraral 3CO(2-1) (cyan) at the positions of the continuum sources Al, A2,
COMs, such as CkOH (methanol), HCOOH (formic acid), GOCHO and A3 (see Fid.]l5). The selected positions are displayed fop to
(methyl formate), and CEOCH; (dimethyl ether). bottom. Thet?CO(2-1) data have been convolved to match the angular
resolution at 1.4 mm (11x0!8). The vertical dashed line marks the sys-
temic velocity of+7.2 km s for the three continuum sources. We note
that the systemic velocity of A3 has been derived from PdBHIN1-0)
3.1.2. Infall signatures observations at 93.17 GHz from our CALYPSO dataset.
Figure[3 presents the high-resolution spectra at the aguntin
source positions of the selected molecular species. Abearp
is detected towards A1 and A2 #ACO, 13CO, and SO at simi-
lar slightly red-shifted velocities{8.2 km s1). In particular, the Figure[4 shows the velocity-integrated emission of SiQ(p
13CO spectra show inverse P-Cygni profiles, which are indic&O(6-54), and 1>CO(2-1) towards IRAS4A, in comparison
tive of infall motions. Similar profiles were previously éeted with theSpitzer-IRAC map of band 2 at 4. om. This IRAC band
in H,CO and CS with PdBI and NRO-NMA by Di Francesco etovers several fHlemission lines, which are particularly strong in
al. (2001). The authors modelled the emission with a twalayshocked regions making IRAC images good tracers oékis-
radiative transfer code and interpreted it as infall in trerw sion (e.g. Reach et al. 2006; Neufeld & Yuan 2008). For the firs
gas associated with the young stellar objects. Inverse ghiCytime the bipolar outflow is clearly disentangled in the seuth
profiles were also observed#CO with the SMA by Jgrgensenblue-shifted emission into two fierent flows tracing the jets
et al. (2007) and interpreted as larger scale infall motionthke driven by the A1 and A2 protostars. SiO emission is detected
ambient cloud or outer envelope rather than collapse orgo for the first time in IRAS4A at close distance from the contin-
central protostars. For the first time, we spatially rest¢iheeab- uum sources, inside10” (~2400 AU, see Choi 2005; Choi et al.
sorption and detect infall signatures associated with kntlwn [2006). Strong IRAC K emission is only associated with the jet
protostars Al and A2 at similar velocity. Whether the degdctfrom A1, which possibly indicates a stronger shock or thespre
spectra presented here probe infall towards each sourdelalg ence of denser ambient material. In particular, the brightls
infall of a common envelope is not clear from our data and a dern and northern klknots in the IRAC map coincide with the
tailed modelling of the line profiles is certainly needed mder tips of the blue-shifted and red-shifted (see also[Hig. 5)obks
to resolve this issue. However, this is beyond the scopé®pt: seen in our SiO map. Since there is ng &t single-dish CO
per. We note that infall motions on larger scales associattd outflow signature further along the Al jet axis, as can be seen

3.2. Line emission: jet multiplicity
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Fig. 4. Left: The Spitzer-IRAC map of band 2 at 4.6m (grey scale) is compared with the SiO@ map integrated in the blue- (-285 km s,
cyan contours) and red-shifted 10, +55 km s?, red contours) velocity ranges.fi®ets are with respect to IRAS4AL. The contour levels of
emission are traced at 5 and-8evels and increase in steps o5 whereo=100 mJy bearnt for the red-shifted emission and 70 mJy beam
for the blue-shifted emission. Negative emission is shovith washed contours starting at ther3evel and decreasing in steps o3 The
positions of the continuum sources at 1.3 mm are marked iengréhe PdBI synthesised beam (HPBW) is shown in the bot&ftrebrner.
Middle and Right: Same as the left panel for the S@{,) and>*CO(2-1) emissions, respectively. The rms noise of the velocitggrated
maps areo=110 mJy bearmt and 90 mJy beam for the red- and blue-shifted SGQ(65,) emissions, respectively; ant=500 mJy bearm and
400 mJy bearrt for the red- and blue-shiftedCO(2-1) emissions, respectively.

larger scales from the IRAC and APEX maps in Santangela etwhrds Al, A2, and A3 in CO emission and only towards Al in
(2014), it appears that here we are tracing the terminalkshocSO, as already shown in Sect. 3]1.2. An extended structtine wi
where the Al outflow impacts the ambient cloud. RemarkabBR at the vertex is seen in SO emission at the systemic veloc-
our observations detect a sharp bend to the south-west of itgpossibly probing the hot corino and outflow cavity wdkse
blue-shifted A2 jet at a distance of about #tom the driving also Sec{_3.111 and Codella el al. 2014, for NGC1333-IRAS2A
source. On the other hand, emission from the two source®tann

be disentangled in the velocity-integrated SiO red-stifterth-

ern emission, possibly because geometfiects cause mixing

of the emission; possible additional confusion may be dike¢o  The molecular emissions integrated over the higher velocit
presence of the continuum source A3. channels show that we are finally able to disentangle both the
The two jets are also unraveled in the SO emission. The ®Wie- and red-shifted outflow emissions associated withwioe
morphology is diferent with respect to SiO, with the latter peakprotostars A1 and A2. In particular, we resolve the redtstif
ing at the tip of the blue-shifted lobe of the Al outflow, in@sis counterpart of the Al southern outflow for the first time. THe A
ation with the IRAC B emission, and clearly delineating the AJet appears to be faster than the A2 jet as shown by its asgoria
jet over more than 0all the way down to the source, whereasiith HV and EHV emissions; in particular, jet-like gas at ved
the SO emission peaks closer to the protostars. Finalljhen shifted EHV is detected in association with the Al jet, shuyvi
CO emission only the Al jet is clearly detected; the strohgesstrong compact peak aboutdorth with respectto Al. On the
peak of the blue-shifted lobe appears to be shifted withaetspother hand, the A2 jet is brightest in the LV range, with oriyt
to the IRAC H and SiO emissions, further suggesting a chemiolecular line emission in the HV range. The sharp bend of the
cal differentiation in the jet. Faint and compact blue-shifted C@2 jet observed at these small scales in the velocity-iztegk
emission associated with the A2 jet is only detected closkdo blue-shifted SiO and SO emissions (see previous secti@®e-is
driving source, before the bend. tected in the LV and HV channel maps. They also clearly show
a symmetric bending in the northern red-shifted A2 jet eioiss
) S ) at about 4 from A2, which is close to the continuum source A3.
3.3. Line emission: jet kinematics The symmetric morphology of the bend suggests a jet premessi
A more detailed view of the region, showing in particular thg! very short timescale_s. Indeed, as_suming_an ol_)serveclt\yelo
multiplicity and diferentiation of the Al and A2 jets, is give 6f 10-20 km s (see FigLB) and an inclination with respect to
’ MNthe line of sight of about 45-6(° (see Yildiz et al. 2012), the dy-

by the channel maps of the molecular emission presented i1 . X . ;
Fig.[3. Four velocity ranges are identified in CO, SiO, and S ical age of the bend is about 2080 yr. After this bending,

=~ . . 1 ~ “the axes of the A2 jet correspond to the axes of the largescal
emissions, corresponding to the systenaig1.5 km ), low SiO and CO outflow emissions (see €.q. Blake gt al. 1995; Girar

veloc!ty (LV, from Vsyst2.5 km s 10 Veys17.5 km s%), high- et al. 1999; Chai 2001, 2005, and Hig. A.1 in Apperidlx A), con-
velocity (HV, from vsys+18.5 km S* 10 Veys+32.5 km s* and firming that the large-scale outflow emission is driven byAze
from vsys—18.5 km s* to vs,s—27.5 km s?), and extremely high- protostar. In this context, the non-detection of CO[Pemission
velocity (EHV, fromvsys+33.5 km s? to veys+47.5 km s?) gas. associated with the A2 jet at distance larger th&f even in the
Compact and spatially unresolved absorption is detectmehar LV range may be due to the filtering out of extended emission by
systemic velocity {sys=+7.2 km s, [Belloche et dll_2006) to- the interferometer, given the high angular resolution atim.
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Fig. 5. Upper: Channel maps of thECO(2-1) emission integrated in the ambient systemigys(+6, +9 km s1), low- (LV; -10, +5 km s* and
+10,+25 km s1), high- (HV; -20, -11 km st and+26, +40 km s?), and extremely high- (EH\%41, +55 km s*) velocity ranges. The contour
levels of emission are traced at 5 and-8evels and increase in steps ob5 Negative emission is shown with dashed contours startirigea
3 o level and decreasing in steps 0f-3 The positions of the continuum sources at 1.3 mm are markgetien and the position of the SiG®)
emission peak in the EHV range is marked in yellow. The PdBittsysised beams (HPBW) are shown in the bottom-left coBaid black
curves indicate the proposed propagation directions oAthand A2 jetsMiddle: Same as the upper panel for the Siof) emissionLower:
Same as the upper panel for the SEO&,) emission.

4. Analysis and discussion that this is the first detection of SiO emission at such highare
) ) ) ity in this sourcel(Chai 200%; Choi etlal. 2011). The simthari

4.1. Chemical abundances in the A1 jet at the EHV peak between peak velocities and line profiles of the molecules de
Red-shifted EHV (4355 km s) emission is detected in CO,ected at EHV suggesis that they share a common originngaci
SiO, SO, and KHCO (see Figsl5]6, andB.1). It shows acompagie primary molecular jet (see also ConeIIa etal. 2014). .
(~176x171 from visibility fitting) morphology in the SiO emis- ~ Abundances of the detected species have been derived un-
sion with the emission peak located('7, +4/3) offset from der the assumption of LTE conditions, using CO as a proxy for
Al, whereas a more elongated and collimated StructureipgintHz emission. The emission has been divided into two Ve|OCIty
to Al is detected in the CO and SO emissions. ranges: LV (9-25 km s™) and (E)HV (26-55 km s*). For the

A line profile comparison at the EHV peak reveals th&nalysis, two_valuzes of temperature have been consideted: 4
CO, SO, and KHCO show an emission peak at low velocit@nd 300 K. Sincé CZO emission is optically 1tahlck at velocities
(~10 km s1) and a secondary EHV peak aroun80 km s; close to systemicr{*®°~11), we use’*CO (r°°~0.1) to de-
the non-detection of EHWRCO s due to a lack of sensitivity (if rive abundances in the LV range, assuming optically thin-con
CO is optically thin, the expectédCO at the EHV peak dCO ditions and*?C/**C=77 (Wilson & Rood 1994). On the other
is approximately the same as the rms noise). On the other, hdi@nd, abundances in the (E)HV component were obtained us-
the SiO line profile presents an emission peak-3® km s ing12CO (r°°©<14), assuming a typical CO abundance of40
with a wing extending down to the systemic velocity. We notébundance enhancements are derived for all species inghe hi
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Table 2. Abundances with respect to,léf the observed species at 40 and 300 K for the LV and EHV gas.

LV (9-25km s?) (E)HV (26-55 km sT)
T=40 K T=300 K T=40 K T=300 K

Mol. [Tav N X2 N X2 [Tav N XP N XP

(Kkms?) (ecm? (108 (cm? (108 | (Kkms?) (cm? (10% (cm? (109
13Co 8.6 1.2¢<10™8 — 6.4x10™ - — - - - -
2cor - - - - - 31.4 2.0¢<10'6 - 1.1x10%7 -
SiO - - - - - 61.9 8.%10% 41  3.x10% 29
SO 14.4 1.&10% 1.9 7.%10% 15 28.7 3.%10% 170 1.510% 140
p-H,CO 14.6 1.%x10% 1.7 2.1x10% 4.3 5.8 6.%10% 30 8510 79

Notes. @ X(*2C/*3C)=77 (Wilson & Rootl 1994)P X(*2CO/H,)=10"*. © The!2CO(2-1) data have been convolved to match the angular resolution
at 1.4 mm (11x0!8).

0.15

sults, however, are based on single-dish observatiorsswibith
noting that this molecule is expected to be released from icy
mantles, which would support our detection of an abundamce i
crease in fast shocks. Given the size of the beam, the estimat
H,CO abundances are in agreement with C-type shock models
including grain-grain processing, as described_in_Andedle
(2013).

0.1

0.05

Intensity (Jy/beam)

005 b——r—~t——— 4.2. Different properties of the A1 and A2 jets

Velocity (km s™") The new PdBI data presented in this paper highlight thensiti
Fig. 6. 12CO(2-1) (grey), SIO(5-4) (blue), SO(6-5) (magenta), differences between the jets driven by the two protostars A1 and

13C0(2-1) (cyan), and p-hCO(Zs—207) (black) spectra at the EHV A2.In particular, the jets presentfiérent morphologies with the
peak((see) I(:iéjs)). The BzBO((%s—Zoz))Si)ectru)m E)Nas observed withA2 et bend_lng on sma_ll s<_:ales in a mirror-symmetric S-sdape
WideX (see AppendikB) at the spectral resolution-@7 km s*; all ~Pattern, while the Al jet is C-shaped with the blue- and red-
other spectra have thus been smoothed to the same spestiattien.  Shifted emissions both tilted to the east of A1. The Al jetegrp
The?CO(2-1) data have been convolved to match the angular resot@-be faster than the A2 jet, as can be seen from its assatiatio
tion at 1.4 mm (11x0!8). with bright HV and EHV emissions, whereas the A2 jet is mainly
detected in the LV range. Finally, the A2 jet shows a largeiapa
) . _ extent on the sky of more than,4vhile the Al jet is only about
velocity gas (TablBJ2) and suggest a shock origin. In pdetice 207 long. Three possible explanations may be invoked in order
SiO abundance of (2:81.1)x10""is derived in the high-velocity to account for the dierent observational characteristics of the
gas, consistent with previous single-dish estimates irs<Cla jets associated with the two protostars: ffetient inclinations
outflows (e.gl_Bachiller & Pérez Gutiérrez 1997; Tafalla kt &or the jets, 2) diferent masses for the driving sources, or 3)
2010) and in agreement with current shock model predictioggrerent ages for jets and driving sources.
(Gusdorf et al. 2008z,0; Guillet et/al. 2009, 2011). Howewer A jet inclination efect could explain the large fiérence in
note that Cabrit et al. (2012) showed that PdBI Sibemis- projected lengths for the two outflows. In this case, assgrttia
sion in the HH212 protostellar jet can be optically thick &fh same intrinsic length for both jets (about 12for each lobe),
velocities and derived an SiO abundance up to abs@03.  the projected length of the Al jet (about”Lth the blue-shifted
It has been observed that the SO abundance is enhanege) suggests that it should be viewed at abddtdm pole-on.
by two orders of magnitude from (18.9)x10°® in the low- This is, however, statistically very unlikely and not caent
velocity gas to (1.41.7)x10 °in the high-velocity gas. The de-with the morphology of the emission we observed (see Cabrit &
rived abundances are slightly higher than the values obddry Bertout 1986, 1990, for a review).
Bachiller & Pérez Gutiérrez (1997) and Tafalla etial. (2018) ~ |nthe second case, since it is expected that more massive ob-
~(2-3)x10”, although their estimates are based on single-digtts drive faster jef, we would expect Al to be more massive
observations. On the other hand, an SO abundance¥2is ihan A2. Indeed, Al represents the source driving the fieter
derived by Lee et al. (2010) in the HH211 Class 0 jet from SMfyoreover, the detection of brighter continuum emissioreiss
interferometric observations. Pineau des Forets et 8JJ8nd  4ted with A1 (see Sedf.3.1) may be interpreted as a larger env
Flower & Pineau des Forets (1994) modelled SO emission in fgne mass and, hence perhaps, larger protostellar massvdow
type shocks and predicted an increase of SO abundance ik shg scenario is not supported by our WideX spectra at the pos
regions with maximum values of a few 10 consistent with our tions of the detected continuum sources (see[Big. 2). In fact
estimates. chemically rich spectrum, with emission from several COMs,
Finally, an enhancement of the €O abundance from detected only towards A2, highlighting a hot-corino chergis
(1.7-4.3)x10°® to (3-7.9)x10°" is observed between the low-for this protostar.
and high-velocity gas components. This is not in agreeméhtw
the estimates for Class O outflows by Tafalla etlal. (2010 Wh The outflow velocity is related to the escape speed of thengyiv
reported higher abundance values in the low-velocity géewa object, thus it increases as the square root of the mass afetfteal
108 with respect to<10°8 for the high-velocity gas). Their re- object (e.gl Banerjee & Pudiitz 2006).
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In the third case, Al is expected to be younger than Aghoi, M., Panis, J.-F., & Evans, N. J., Il 1999, ApJS, 122, 519
as already suggested by Choi et al. (2007, 2010,/2011) baSéel. M. 2001, ApJ, 553, 219

on the disks and outflows properties from VLA Hlldnd SiO

observations. This view is supported by the detection ofta h

Choi, M. 2005, ApJ, 630, 976
Choi, M., Hodapp, K. W., Hayashi, M., et al. 2006, ApJ, 646500

%hoi, M., Tatematsu, K., Park, G., & Kang, M. 2007, ApJ, 66I8R

corino chemistry only towards A2 (see Séct._3.1.1 and[Big. Zhoi, M., Tatematsu, K., & Kang, M. 2010, ApJ, 723, L34
Along with a slower jet driven by A2, associated with weaker HChoi, M., Kang, M., Tatematsu, K., Lee, J.-E., & Park, G. 20RASJ, 63, 1281
shocked emission, aftierent chemistry may indicate a later evo€odella, C., Maury, A. J., Gueth, F., et al. 2014, AZA, 563, L3

lutionary stage for this source. Indeed the lack of a deldetzot
corino at Al suggests a lower internal luminosity than atiA2;
particular, the region where the dust temperature is higlugh

Di Francesco, J., Myers, P. C., Wilner, D. J., Ohashi, N., &diémes, D. 2001,
ApJ, 562, 770

Enoch, M. L., Evans, N. J., Il, Sargent, A. |., & Glenn, J. 2089J, 692, 973

Evans, N. J., Il, Dunham, M. M., Jargensen, J. K., et al. 26@3S, 181, 321

(=100 K) for the icy mantles to sublimate should be mucHower, D. R., & Pineau des Forets, G. 1994, MNRAS, 268, 724

smaller and more heavily beam diluted than at A2. This WouEf]a

nk, A., Ray, T. P., Cabrit, S., et al. 2014, ProtostarsRiadets VI, 451
irart, J. M., Crutcher, R. M., & Rao, R. 1999, ApJ, 525, L109

imply a smaller stellar mass afwdl earlier evolutionary stage for g am E. Bachiller. R.. & Tafalla. M. 2003. AGA. 401 L5

A1l. Further support for this view is given by the short dyneahi
timescale of the Al jet. In fact, for the farthest SiO knotrejo
the A1 jet, assuming an observed velocity 020 km s (see
Fig.[3), we can estimate a dynamical age<dio® yr. The Al
jetindeed appears as an intrinsically very young outflowtl@@n
other hand, according to Awad et al. (2010), the chemicély r
emission detected at A2 suggests an ageldf—10° yr for this
source, which is in agreement with the collapse agexdf® yr
derived by Choi et al! (2010) from the rotation kinematic$hef
disk in NHs.

5. Summary and conclusions

Guillet, V., Jones, A. P., & Pineau Des Foréts, G. 2009, A&A7 4145

Guillet, V., Pineau Des Foréts, G., & Jones, A. P. 2011, A&A75AA123

Gusdorf, A., Cabrit, S., Flower, D. R., & Pineau Des Foréts2@08a, A&A,
482, 809

Gusdorf, A., Pineau Des Foréts, G., Cabrit, S., & Flower, D2608b, A&A,
490, 695

Hirota, T., Bushimata, T., Choi, Y. K., et al. 2008, PASJ, 8D,

Jennings, R. E., Cameron, D. H. M., Cudlip, W., & Hirst, C. 981, MNRAS,
226, 461

Jargensen, J. K., Bourke, T. L., Myers, P. C., et al. 2007, 859, 479

Karska, A., Herczeg, G. J., van Dishoeck, E. F., et al. 2083 /652, AA141

Kristensen, L. E., van Dishoeck, E. F., Bergin, E. A., et @lLl2, A&A, 542, A8

Lay, O. P, Carlstrom, J. E., & Hills, R. E. 1995, ApJ, 452, L73

Lee, C.-F., Hasegawa, T. I, Hirano, N., et al. 2010, ApJ, 783

Looney, L. W., Mundy, L. G., & Welch, W. J. 2000, ApJ, 529, 477

Maret, S., Ceccarelli, C., Caux, E., et al. 2004, A&A, 416757

Our new PdBI observations of the IRAS4A binary system finallyaury, A. J., André, P., Hennebelle, P., et al. 2010, A&A, 54240

allowed us to clearly disentangle the jet emission from tlees€
0 driving protostars, revealing the intrinsi¢igrent properties of

the two jets. The detection of such a tight and collimatedqirie
nary system is challenging for current theoretical modétew-

tiple system formation. We propose that the observed ptigger
bie sy brop P yReach, W. T., Rho, J., Tappe, A., et al. 2006, AJ, 131, 1479

of the jets can be explained withfférent evolutionary stages fo
the two driving protostars. In particular, the younger seyAl)
drives a fast collimated jet associated with bright éiission,
whereas its sibling protostar (A2) powers a slower preoggst

and is associated with a rich hot-corino chemistry. Howeaer

difference in the protostellar masses may not be excluded
certainty. Indeed, information on the individual lumingss of

Maury, A. J., Belloche, A., André, P., et al. 2014, A&A, 562, L

Neufeld, D. A., & Yuan, Y. 2008, ApJ, 678, 974

Pineau des Forets, G., RdijeE., Schilke, P., & Flower, D. R. 1993, MNRAS,
262,915

Ray, T., Dougados, C., Bacciotti, F., Eifigl, J., & Chrysostomou, A. 2007,
Protostars and Planets V, 231

Reipurth, B., Rodriguez, L. F., Anglada, G., & Bally, J. 20832, 124, 1045
Reipurth, B., Clarke, C. J., Boss, A. P., et al. 2014, Prargsand Planets VI,
267
Sandell, G., Aspin, C., Duncan, W. D., Russell, A. P. G., & Ray E. I. 1991,
ApJ, 376, L17
tangelo, G., Nisini, B., Codella, C., et al. 2014, A&A858A125
falla, M., Santiago-Garcia, J., Hacar, A., & Bachiller, ®10, A&A, 522,
AA91

the protostars would be crucial in order to confirm the preposTaquet, V., Lépez-Sepulcre, A., Ceccarelli, C., et al. 2CXiv:1502.06427

scenario. Finally, jet variability, in particular episodijection
(see e.g. Codella etial. 2014), may also play a role.
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Appendix A: Comparison with large-scale emission

In this section, a comparison between the IRAM-PdBI Ga(p
data presented in this paper and the large-scale emisspra-is
sented. In particular, VLA SiO emission data from _Choi (2D05
and single-dish CO data by Yildiz et/ al. (2012) are shown. The
comparison shows the change of propagation direction from
north-south to about 45in the large-scale CO emission (see
also|Blake et al. 1995; Girart etlal. 1999; Clhoi 2001, 2005),
which also seems to be consistent with the large-scale Si® da
Our possible evidence of precession in the A2 jet on verylsmal
scales (Fig[b) is consistent with the large-scale CO and SiO
morphologies, confirming that the A2 jet dominates the large
scale emission. Moreover, the non-detection in the IRANBIPd
data of CO(21) emission associated with the A2 jet at distances
larger than about’3from the source is possibly due to filtering
of large-scale emission by the interferometer, suggestiaicthe

CO emission associated with the A2 jet is quite extended.

Appendix B: WideX spectra at the EHV peak
Figure[B.1 shows the additional lines detected in the WideX

spectra at the peak of the EHV gas that are analysed and
discussed in the main text (see also Hi. 6 and Seci. 4.1).

In particular, the CO(21), SO(&-54), H2CO(31—-220), and
H,CO(33-202) lines show a double-peaked profile with a ve-
locity component peaking around the systemic velocity and a
secondary velocity component around 50 krh she SiO(5-4)

line profile presents a broad wing emission that peaks at
50 km s and extends down to the systemic velocity; fi-
nally, the 13CO(2-1), H,CO(32—221), CH3OH(422—312), and
CH30OH(83-717) line profiles show a single emission peak
around systemic velocity, possibly due to a lack of serigjtiv

DEC

40

DEC offset (arcsec)
N
o o

[
N
o

—40

7 & IRAS4B

NGC 1333 IRAS 4
NE VLA §i0 v=0 1-0

.\ PdBI CO(2—1)

20 0 —-20
RA offset (arcsec)

Fig. A.1. Upper: The VLA SiO(1-0) map (red and blue contours) by
Choli (2005) is shown in comparison with the proposed protiaigyali-
rections of the Al and A2 jets (green solid lines, see [HigThg po-
sitions of IRAS4A1 and A2 (this work) and of IRAS4B (Looneyast
2000) are marked with green triangléswer: The PdBI CO(21) map
(grey scale and black contours) integrated over the whaoteirg range
of emission (-20:+55 km s?) is compared with the JCMT CO()
(red and blue contours) and APEX CO# (magenta and cyan con-
tours) maps from_Yildiz et al. (2012). CO{2) emission is only shown
within the PdBI field of view of 20 at 230 GHz. The CO(32) and
CO(6-5) maps are integrated in the velocity ranges between -20km s
and 3 km s for the blue-shifted emission and 12 knt and 50 km st
for the red-shifted emission. The contour levels start at3fr- level
and increase in steps of@ for the CO(2-1) emission, from the &
level emission in steps of 1@ for the CO(3-2), and from the & level
emission in steps of & for the CO(6-5).



0.3
0.2
0.1

Intensity (Jy/beam)

—0.005 &

0.015
0.01
0.005

—0.005

A&A—irasda_v4,0nline Material p 9

231500 232000 232500

EHV "c0(2-1)
o — — . e
E 9 o03F .
S 3 E I 1
E o 4 02 8
£ 3 01 .
st sl arssanansse BRI A
229500 230000 230500 231000 0 50

Velocity (km s~ )

Yco(2-1)

50(65-5,)

HZCO<321 7220)

T
o
n

0.05

219000

H
[
(o))
(@]
‘
Fr
4\

CHBOH<4227BW2)

Velocity (km S,1>

CHSOH<80877W7)

0.01

94000 94500

95000
Rest Frequency (MHz)

0 50
Velocity (km s~ )

Fig. B.1. Additional lines detected in the WideX spectra at the peakefEHV gas.
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