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ABSTRACT

Context. Massive stars play crucial roles in determining the physical and chemical evolution of galaxies. However, they form deeply
embedded in their parental clouds, making it challenging to directly observe these stars and their immediate environments. It is known
that accretion and ejection processes are intrinsically related, thus observing the massive protostellar outflows can provide crucial
information about the processes governing massive star formation very close to the central engine.

Aims. We aim to probe the IRAS 18264-1152 (also known as G19.88-0.53) high-mass star-forming complex in the near infrared (NIR)
through its molecular hydrogen (H;) jets to analyse the morphology and composition of the line emitting regions and to compare with
other outflow tracers.

Methods. We observed the H, NIR jets via K-band (1.9-2.5 um) observations obtained with the integral field units VLT/SINFONI and
VLT/KMOS. VLT/SINFONI provides the highest NIR angular resolution achieved so far for the central region of IRAS 18264-1152
(~0.2""). We compared the geometry of the NIR outflows with that of the associated molecular outflow, probed by CO (2-1) emission
mapped with the Submillimeter Array.

Results. We identify nine point sources in the SINFONI and KMOS fields of view. Four of these display a rising continuum in the
K-band and are Bry emitters, revealing that they are young, potentially jet-driving sources. The spectro-imaging analysis focusses on
the H; jets, for which we derived visual extinction, temperature, column density, area, and mass. The intensity, velocity, and excitation
maps based on H, emission strongly support the existence of a protostellar cluster in this region, with at least two (and up to four)
different large-scale outflows, found through the NIR and radio observations. We compare our results with those found in the literature
and find good agreement in the outflow morphology. This multi-wavelength comparison also allows us to derive a stellar density of
~4000 stars pc™3.

Conclusions. Our study reveals the presence of several outflows driven by young sources from a forming cluster of young, massive
stars, demonstrating the utility of such NIR observations for characterising massive star-forming regions. Moreover, the derived stellar
number density together with the geometry of the outflows suggest that stars can form in a relatively ordered manner in this cluster.

Key words. ISM: jets and outflows — ISM: kinematics and dynamics — stars: pre-main sequence — stars: massive —
stars: individual: IRAS 18264-1152 — techniques: spectroscopic

1. Introduction

The formation of massive stars (M, = 8 M) is a process that is
not yet clearly understood. There are many observational chal-
lenges preventing us from uncovering the mechanisms behind
their birth, such as the limited number of high-mass young stel-
lar objects (HMYSOs), their location at large distances (typically
a few kiloparsecs), and high visual extinction (see, e.g. Tan et al.
2014; Rosen & Krumholz 2020, for recent reviews). We do know
that, similarly to their low-mass counterparts, HMYSOs eject
great amounts of material in the form of bipolar outflows and jets

Article published by EDP Sciences

(e.g. Frank et al. 2014; Bally 2016). These outflows are intrin-
sically related to the process of accretion onto the protostellar
surface (Blandford & Payne 1982; Pudritz & Norman 1983; Shu
et al. 1994). Thus, jets and outflows are crucial for pinpointing
the location of massive protostars and providing insights into the
physical processes unfolding in the central highly extinguished
regions.

When observing in the near infrared (NIR) regime, the driv-
ing source is usually not accessible as it is very often totally
obscured. However, it is possible to observe the jets driven
by massive young stars in the NIR and these can provide a

A23, page 1 of 22


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202142412
https://orcid.org/0000-0003-2245-9579
https://orcid.org/0000-0003-4040-4934
https://orcid.org/0000-0001-8876-6614
https://orcid.org/0000-0002-8055-0840
https://orcid.org/0000-0001-5551-9502
https://orcid.org/0000-0003-1602-6849
https://orcid.org/0000-0003-1014-3390
mailto:ruben.fedriani@chalmers.se
mailto:ana.rita@astro.up.pt
http://www.edpsciences.org

A&A 659, A23 (2022)

wealth of information about the star-forming complex. More-
over, the excellent angular resolution usually achieved in this
regime allows us to probe the collimated jet and individual knots.
Molecular hydrogen (H,) is a particularly good shock tracer as
it is the primary coolant in the NIR and its emission can be
extended over spatial scales of several parsecs (Davis et al. 2004;
Caratti o Garatti et al. 2008, 2015; Davies et al. 2010; Fedriani
et al. 2018), displaying numerous strong emission lines. In the
K-band (1.9-2.5 pm) in particular, the strongest transition is the
H; 1-0 S(1) at 2.12 pm, which has been used in many studies to
probe the jet morphology in massive protostellar environments
(Gredel 2006; Caratti o Garatti et al. 2008). HMYSO accretion is
indeed revealed by their outflows, extending parsecs away from
the star, but also through reflected light in their outflow cavity
walls (Fedriani et al. 2020). This reflected light emission can fur-
ther reveal the YSO nature when no clear association can be done
with their outflows. In particular, the Bry at 2.16 um is an excel-
lent tracer of young protostars as it probes phenomena occurring
very close to the YSO. The Bry line has been detected at the
base of powerful jets driven by a HMYSO (Caratti o Garatti
et al. 2016), as well as in accretion discs in a sample of HMYSOs
(Koumpia et al. 2021).

The target of our study is the IRAS 18264-1152 massive star-
forming region. H,O and Class I and II CH30H masers have
been detected in this region (Sridharan et al. 2002; Beuther et al.
2002b; Chen et al. 2011; Rodriguez-Garza et al. 2017). Such
masers are signposts of massive star formation and outflows.
IRAS 18264-1152 is also associated with the extended green
object (EGO) G19.88-0.53 (Cyganowski et al. 2008), which
has an estimated bolometric luminosity of 7.8 x 10° Ly, from
the Red Midcourse Space Experiment Source survey (MSX,
Lumsden et al. 2013). The kinematic distance ambiguity to IRAS
18264-1152 was broken by Roman-Duval et al. (2009). He et al.
(2012) locate it at 3.31*)37kpc away and compute the local
standard of rest velocity (v sr) of the molecular cloud to be
43.7+0.02 kms~!, which are the values adopted in our study.

In the past twenty years, this region has been surveyed in a
variety of wavelengths, and there is growing evidence to sup-
port the scenario that IRAS 18264-1152 harbours more than one
protostar. Qiu et al. (2007) found two peaks in their 1.3 mm and
3.4 mm continuum maps. One of these peaks had been resolved
as a triple source by Zapata et al. (2006) in their Very Large
Array (VLA) data at 1.3cm and 7mm. Rosero et al. (2016)
detected twelve compact radio sources in their sub-arcsecond
resolution VLA observations at 6 cm. In Rosero et al. (2019), the
authors analysed eight of those sources (those within the EGO
boundaries), suggesting that at least one could be an ionised
thermal radio jet. This is in agreement with the analysis of
Zapata et al. (2006) for that source. The observations of Issac
et al. (2020) obtained with the upgraded Giant Meterwave
Radio Telescope (uGMRT) at 1391.6 MHz revealed two ionised
thermal jets, one of which is associated with a hot dense
core at 2.7mm as observed with the Atacama Large Millime-
ter/submillimeter Array (ALMA). In total, these authors found
six 2.7 mm cores in ALMA archival data consistent with being
protostars with M, > 9 M. The multi-wavelength analysis car-
ried out by Issac et al. (2020) strongly supports the protocluster
hypothesis for this high-mass star-forming region.

Various outflows have also been observed in the IRAS
18264-1152 region via different molecular species and transi-
tions. In the NIR regime, De Buizer & Vacca (2010) detected
EGO emission extending approximately 30" that was associ-
ated to H, outflow activity; Varricatt et al. (2010) reported an
east-west (EW) outflow extending at least 43.2” (i.e. >0.69 pc at
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d = 3.31kpc), with lobes apparently bent northwards (raising the
possibility that they belong to different outflows), as well as addi-
tional H, features in the north-east (NE) and W directions; Lee
et al. (2012) found a 1.6’ (1.54 pc) EW outflow, and additional
knots to the NE and N of the region (which the authors speculate
could be linked to multiple protostars); Ioannidis & Froebrich
(2012) measured the E outflow lobe to be 42" (0.67 pc), the
W counterpart to be 50”7 (0.80pc), the N knot found in
Ioannidis & Froebrich to be 18" (0.29 pc), and a new SW knot to
be 10" (0.16 pc); Navarete et al. (2015) found a bipolar EW struc-
ture divided into six components, and three other non-aligned
knots (one in the NE and two in the W directions). Summarising,
there is wide agreement on the existence of two main H, lobes
in the east and west directions. However, nothing is known about
the kinematics of these flows and it remains unclear whether
the H, knots compose one single outflow or if they belong to
different outflows.

As for outflows in the sub-millimetre, millimetre, and radio
regime, a CO (2-1) bipolar structure has been observed in the
region of IRAS 18264-1152 by Beuther et al. (2002a) with the
IRAM 30m telescope at a resolution of 11”. A blue lobe was
found to extend from E to W for ~60”, with a SW red counter-
part of ~20”. The low angular resolution of these observations
did not allow individual outflow structures to be resolved. More
recently, Issac et al. (2020) obtained low-resolution C'80 (1-0)
data which revealed a large-scale NE-SW outflow consistent
with the results of Beuther et al. (2002a). Moreover, this study
presents high-resolution C'30 (1-0) and C!70 (3-2) observa-
tions, which traced a smaller scale collimated outflow in the
SE-NW direction. The presence of outflows created by the shock
tracer SiO (2-1) has been studied by Qiu et al. (2007), who found
two quasi-perpendicular outflows in the SE-NW and in the NE
direction (with the former being consistent with the CO outflow
reported in Issac et al. 2020). These outflows showed several blue
and red knots, leading to the proposition that there might be more
than one protostar in the region. Indeed, Issac et al. (2020) found
six millimetric peaks, which hint at the presence of a protostellar
cluster. Sdnchez-Monge et al. (2013) have also observed SiO (2-
1), SiO (5-4), and HCO™ (1-0) in the region of IRAS 18264-1152
using the IRAM 30m telescope (resolution from 10” to 30”),
reporting bipolar outflow structures in all three cases.

In this paper, we present new VLT/SINFONI integral field
unit observations of the central region with the highest angu-
lar resolution achieved so far (0.2”). Our goal is to study the
morphology and investigate the line emitting regions of IRAS
18264-1152 in the NIR, with emphasis on the location and
structure of the molecular hydrogen jets. We complement these
observations with KMOS archival data in order to obtain a better
understanding of the entire star-forming complex in the K-band.
Furthermore, we present millimetre data of the CO (2-1) transi-
tion from the Submillimeter Array (SMA) in order to compare
morphologies with the NIR H, outflows. Lastly, we create the
spectral energy distribution (SED) for this source using archival
data from Spitzer, Herschel, and WISE. The SED is fitted with
radiative transfer models from Zhang & Tan (2018), which are
based on the Turbulent Core Accretion hypothesis for massive
star formation (McKee & Tan 2003). The best fit models pro-
vide constraints on the environmental conditions, evolutionary
stage, and protostellar core mass for the protostar(s) in the IRAS
18264-1152 region.

This paper is structured as follows: in Sect. 2, we present
the observations and the data reduction processes; in Sect. 3, we
describe the results found from the spectro-imaging analysis, the
physical properties derived for the H, jets, the comparison to
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the CO outflows, and the SED fitting; we discuss the possible
morphologies and jet structures in Sect. 4; finally, we summarise
and highlight our conclusions in Sect. 5.

2. Observations and data reduction
2.1. VLT/SINFONI

We observed IRAS 18264-1152 with the Very Large Telescope
(VLT) Spectrograph for Integral Field Observations in the Near
Infrared (SINFONI, Eisenhauer et al. 2003; Bonnet et al. 2004)
on 2018 May 7 (programme ID 0101.C-0317(A)), in the K-
band (1.9-2.5 um), with a total exposure time of 900 seconds.
The SINFONI set up yielded a field of view (FoV) of 8”x8",
which was centred on coordinates RA(J2000)=18:29:14.5,
Dec(J2000) =-11:50:24.6, with a position angle east of north of
zero degrees. The spatial sampling was 0.125” x 0.250” pixel™!,
with the smaller sampling being along the northern direction.
The adaptive optics (AO) system was utilised with the natural
guide star 2MASS J18291556-1150164 (R = 14.9 mag), result-
ing in a spatial resolution of ~0.2” and resolving power of
R ~ 4000 (i.e. spectral resolution of 0.55 nm, corresponding to
~75kms™).

The data were reduced with the EsoReflex SINFONI pipeline
(version 3.2.3, Freudling et al. 2013) and custom Python
scripts. For telluric correction and flux calibration of the IRAS
18264-1152 observations, the telluric standard star HIP 88201
(spectral type B3V) was observed. Its spectrum was normalised
with a blackbody function of the same temperature and a known
Bry absorption feature was removed by fitting a Gaussian profile
and subtracting it from the spectrum. The IRAS 18264-1152 data
cube was wavelength calibrated by matching the peaks of several
telluric lines to those in the ESO high-resolution K-band atmo-
spheric spectrum!. We also obtained the spectrum of a region of
sky with no line emission from IRAS 18264-1152 and used it to
subtract several OH lines associated with atmospheric features
(Rousselot et al. 2000) which were not properly removed during
the reduction process. A GAIA star (ID 4153125485659898624)
lied in the SINFONI FoV and was used for accurate astrometric
correction, so as to allow comparison with other data sets.

2.2. VLT/KMOS

ESO archival data from the VLT K-band Multi Object Spec-
trograph (KMOS, Davies et al. 2013; Sharples et al. 2013) in
the K-band were retrieved for our target (science verification,
programme ID 60.A-9458(A)). This instrument is formed of
24 integral field units (IFU), each with a FoV of 2.8” x 2.8”.
When set into mosaic mode, the 24 arms can be combined in 16
pointings to create a map of ~43.4” x 64.8”. The total exposure
time of our KMOS observations was 4800 seconds (16 pointings
times 300s exposure), the spatial sampling is 0.2”x0.2”, with
a seeing-limited angular resolution of 0.6”, and resolving power
in the K-band of R ~ 4200 (i.e. spectral resolution ~0.52 nm,
corresponding to ~70kms™").

The data are composed of three data sets, each spanning
a different part of the complex. The wider outflow area was
observed on 2013 June 29 and 2013 July 1, and the central
region was observed on 2013 September 28. The plots presented
throughout the paper are combinations of the three observations.
However, since these data sets belonged to a science verification

I https://www.eso.org/sci/facilities/paranal/
decommissioned/isaac/tools/spectroscopic_standards.
html#Telluric

programme, some issues were encountered, such as the central
region not being fully covered. The missing regions are repre-
sented as white or black boxes in the figures showing KMOS
data. In fact, when KMOS and SINFONI observations overlap,
the latter should take precedence in the results.

The data were reduced using the EsoReflex KMOS pipeline
(version 3.0.1) and custom Python scripts. The data were flux
calibrated using stars in the field of view that are also present
in the 2MASS and UKIDSS catalogues. The uncertainty in flux
calibration is estimated to be between 5% and 10%, and it results
from combining the photometric errors of the catalogues and
those from the data. The stars showed little variation in the mea-
sured magnitudes. We also extracted a region of the sky with no
emission lines to remove any remaining OH residuals from the
data reduction process.

2.3. SMA

The Submillimeter Array (SMA) was used on June 17 and
August 09, 2006 to map the J = 2 — 1 CO rotational transition
(~230.5 GHz) towards IRAS 18264-1152. Observations were
performed using the SMA extended and compact configurations
of the interferometer. For the observations in the compact con-
figuration, only seven antennas were available. In June (extended
configuration), the observations were performed under good
weather conditions with zenith opacities 7(225 GHz) between
0.1 and 0.14 measured by the National Radio Astronomy Obser-
vatory (NRAO) tipping radiometer operated by the Caltech
Submillimeter Observatory (CSO). In August, the weather
conditions were less favourable, with 7(225 GHz) between 0.15
and 0.2.

Bandpass calibration was done with 3C454.3 and 3C273.
We used Callisto and Uranus for the flux calibration which
is estimated to be accurate within 20%. Gain calibration was
done via frequent observations of the quasars 1911-201 and
1833-21. The initial flagging and calibration was done with
the IDL superset MIR originally developed for the Owens Val-
ley Radio Observatory and adapted for the SMA. Images were
produced using uniform weighting. The final map has phase
centre in RA(J2000) = 18:29:14.55, Dec(J2000) =-11:50:22.50,
and a synthesised beam of 4.1”” x 3.2”. Table 1 summarises the
observations presented in this paper.

3. Analysis and results

We take advantage of the IFU nature of the SINFONI and KMOS
instruments to thoroughly examine the IRAS 18264-1152 region
through spectro-imaging analysis. As stated before, our main
focus are the NIR H; jets, as their geometry provides clues to
the location of the driving sources. The H, emission lines allow
us to study the radial velocities of the jet knots and the excita-
tion conditions, as well as obtain estimates for visual extinction,
H, temperatures, H, column densities, and H, knot masses. The
SMA CO data is used to peer into the regions where the NIR is
obscured and to confirm outflow emission and kinematics. We
detail our analysis and present our results in this section, and
further discuss their implications in Sect. 4.

3.1. Point sources in SINFONI and KMOS FoV

We present the SINFONI K-band continuum emission® in
the upper left panel of Fig. 1, created using 359 line-free

2 The KMOS K-band continuum image contains many artefacts due to
the data belonging to a science verification programme. It is shown in
Fig. A.l.
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Table 1. Summary of the observations for the region IRAS 18264-1152.

Date of obs. Telescope Wavelength / Total exp. time FoV Spectral res.  Angular res.
(yyyy.mm.dd) Frequency (s) (" x") (kms™") @)

2018-05-07  VLT/SINFONI 2.2 um 900 8§x 8 75 0.2

2013-09-28,

2013-07-01, VLT/KMOS 2.2 um 4800 43.4 % 64.8 71 0.6

2013-06-29

2006-07-11 SMA 1.3 mm/230.5 GHz 15000 100 x 100 - 41x 32

Table 2. K-band magnitudes and Bry fluxes of point sources.

Source Magnitude Bry flux
(mag) (10 "% ergs! cm™2)
S1 13.7+0.1 -
S2 13.6 0.2 -
S3 12.8+0.1 -
S4 14.8+0.3 -
S5 13.3+0.1 11.8 £ 0.9
S6 13.6£0.1 69+13
S7 13.1+0.1 124+12
S8 14.6+0.2 2.6+0.6
S9 145+0.1 49+0.1

Notes. Sources identified in the SINFONI (S1-S7) and KMOS (S8-S9)
field of view (see Fig. 1).

continuum channels from across the entire K-band. We identi-
fied seven point sources in this image (designated from S1 to
S7) for which K-band magnitudes were derived and are given in
Table 2. Source S3 coincides with the GAIA detection used for
accurate astrometric correction (see Sect. 2.1), enabling compar-
ison with radio data from the literature (see Sect. 4). The spectra
extracted at the location of the point sources are shown in Fig. 2.
In the spectra, we observed several H, lines (from the 1-0 S(3) at
1.95 um to the 1-0 Q(4) at 2.43 wm, see Sect. 3.2 and Table B.1),
as well as the HT recombination line Bry (2.166 um), and the
forbidden iron transition [Fe 11] (*H,; 2 -2 Go/2, 2.225 pm) asso-
ciated with shocked emission. The spectra also show some OH
telluric residuals. All of these features are labelled in Fig. 2.

We further investigate the emission of the accretion and ejec-
tion tracer Bry by analysing the continuum-subtracted emission
in the SINFONI and KMOS fields of view (the corresponding
emission maps are shown in the upper right and bottom panel
of Fig. 1). In the SINFONI map, Bry emission is found in the
locations of the point sources S5, S6, and S7, which also show
a rising continuum. The slightly extended emission resembles
that of the continuum map, meaning it is most likely scattered
light being reflected on the outflow cavities of young sources. An
additional source with a rising K-band continuum, S4, is iden-
tified in our spectra (see Fig. 2). In contrast with the others, S4
does not show any Bry or H; lines. These characteristics suggest
that the source is very embedded and might be a young source.
In the KMOS map, we identify two point sources (labelled S8
and S9) which have strong Bry emission. These young sources
are also present in the KMOS K-band continuum map (Fig. A.1).
They might belong to the IRAS 18264-1152 cluster, or they could
be unrelated sources which happen to lie along the line of sight
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(see Sect. 4). The spectra for S8 and S9 are included in Fig. 2
alongside the SINFONI point sources spectra. We suggest that
S4, S5, S6, S7, S8, and S9 may be YSOs revealed by our NIR
observations. We give the line fluxes of Bry for all emitting
sources in Table 2.

3.2. H> emission

Figure 3 shows the continuum-subtracted H, emission from the
1-0 S(1) transition, at 2.12 um, observed by KMOS (top panel)
and SINFONI (bottom panel). The wider field of view provided
by KMOS reveals a large H, outflow in the east-west direction,
with several jet knots and bow shocks, as well as some emis-
sion to the north of the region. These knots correspond to the
Molecular Hydrogen Objects (MHOs) 2203, 2204, and 2245 first
identified in Varricatt et al. (2010) and in Lee et al. (2012). Our
KMOS emission map also reveals some further extended emis-
sion towards the south-west direction and towards the north-east
region (a possible link to MHO 2205), although this emission is
slightly below our 30 detection limit.

Though the east and west lobes are cut-off due to our field of
view, we estimate these outflows extend for at least ~41” (i.e.
>0.67pc at d = 3.31kpc) and ~22" (>0.35pc) with opening
angles of ~11° and ~22°, respectively. The northern emission
extends for ~17"” (>0.27 pc), and strong H, emission to the
south-west is found at a distance of ~17” (>0.27 pc) from the
central region.

We define the limits of the knots in both data sets using a 30
threshold of the local background. This method outlines seven
knots (labelled from K1 to K7) in the KMOS data, and three jet
knots (K2*, K3, K8) in the SINFONI image. Knot K2* is part of
the K2 knot seen by KMOS, K3 is also seen by KMOS, whereas
K8 is barely visible in the KMOS data and is only resolved by
SINFONI due its higher angular resolution.

Using the H, emission from these knots, we have made
several maps to investigate the physical properties of the H, emit-
ting region and its origin. In the next subsections we present:
the velocity, excitation, and extinctions maps, as well as the
ro-vibrational diagrams and properties derived for the various
knots.

3.2.1. Velocity maps

We produced radial velocity (v;) maps from the KMOS and
SINFONI data by fitting the Hy 1-0 S(1) (2.12 um) line with
a Gaussian profile and measuring the Doppler shift of the
line peak. The values are given with respect to the local stan-
dard of rest (LSR) and corrected by the velocity of the cloud

(Ulcjgﬁd = 437 + 0.02kms~!, He et al. 2012). The maps are
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Fig. 1. Top left: SINFONI K-band continuum emission. We identify seven point sources for which spectra are shown in Fig. 2. Top right:
continuum-subtracted Bry emission map in the SINFONI FoV. Botfom: continuum-subtracted Bry emission map in the KMOS FoV, where two
bright sources are identified. The white regions were not covered by the observations. The cyan dashed square represents the SINFONI FoV.
The white diamond indicates the position of the IRAS 18264-1152 source (RA(J2000) = 18:29:14.6846, Dec(J2000) = —11:50:23.966, taken from

SIMBAD).

shown in Fig. 4. Even though the nominal resolution of our
observation is ~70kms~', we can measure more accurately
the v, for the high signal-to-noise ratio (S/N) lines. Therefore,
the precision in velocity of our measurements (typically cal-
culated as Resolution/\/S/N) is ~20kms~!, taking an average
S/N ~ 10.

The map reveals that the two lobes of the large-scale E-W
outflow seen in Fig. 3 are both blue-shifted, with radial velocities
ranging from ~—20kms~! to ~—80kms~'. Under the assump-
tion that outflows are symmetrically bipolar, this indicates that
MHO 2203 (i.e. knots K1, K2, K8, maybe K3) and MHO 2204
(i.e. knots K5, K7) actually belong to different outflows, but

A23, page 5 of 22
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the red-shifted counterparts of these lobes are not as evident in
the radial velocity map nor in the intensity map. They might be
obscured and the signal-to-noise is too low to allow for a mean-
ingful detection. However, we note that the south-west region of
KMOS is tentatively red-shifted, with the average radial veloc-
ity measured within the limits of K6 being ~10kms~!. Thus K6
could be a counterpart for MHO 2203.
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Given that we have lower limits on the lengths of MHOs
2203 and 2204, we can take mean values of radial velocities and
estimate values of outflow ages for certain inclination angles (i,
defined as the angle between the plane of the sky and the outflow
axis). For MHO 2203, we obtain an age of 74.3 kyr assuming
i =30° and 222.9kyr if i = 60°. In the case of MHO 2204, the
age estimate is 28.5 kyr for i = 30°, and 85.4 kyr for i = 60°.
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Fig. 3. H, 1-0 S(1) (2.12 um) continuum-subtracted emission, with jet knots outlined according to a 30~ threshold of the local background. The
yellow stars represent the point sources reported in Sect. 3.1. Top panel: KMOS observations. The ellipses correspond to the molecular hydrogen
objects (MHOs) in the IRAS 18264-1152 region; the white rectangles were not covered by the observations; the dashed cyan rectangle defines the
SINFONI field of view. Bottom panel: SINFONI observations.

The northern knot K4 is blue-shifted (~—15kms™!) and region likely harbours a separate driving source of a bipo-
its alignment with knot K3 suggests that both of them might lar outflow. The geometry of the bow shock indicates that
belong to a third outflow being driven northwards. To the its driving source is towards the SE direction, which could
west of the KMOS field of view, a clearly red-shifted bow be S8 or another source from the central region of the
shock (~40kms™!) is revealed within K7, indicating that this  cluster.
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Fig. 4. Radial velocity (v;) maps obtained via measuring the Doppler shift in the H, 1-0 S(1) (2.12 um) line. The velocities are in kms™' and in the

local standard rest velocity and corrected by the velocity of the cloud (v

clocd = 43.7 +0.02kms™", He et al. 2012). The yellow stars represent the

point sources reported in Sect. 3.1, and the contours are the H, knots (same as Fig. 3). Top panel: KMOS observations. The white regions were not
covered by the observations. The dashed cyan rectangle defines the SINFONI field of view. Bottom panel: SINFONI observations.

3.2.2. Excitation maps

We investigate the nature of the H, emission to inspect whether
it is shocked or fluorescent emission. The excitation maps pre-
sented in Fig. 5 are obtained by calculating the integrated
line flux ratio of the H, transitions 1-0 S(1) and 2-1 S(1) at
2.12 um and 2.25 um, respectively (i.e. Fl—OS(l)/FZ—lS(l))~ Only
the pixels where both lines were fitted with a Gaussian pro-
file with a S/N > 3 are considered for this analysis. Typically,
1-0 S(1)/2-1 S(1) ratios larger than 3 indicate shocked emis-
sion, whereas values <3 indicate fluorescent emission (see, €.g.
Burton 1992; Wolf-Chase et al. 2017).
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All of the knots show ratios between 8 and 12 which are val-
ues consistent with shocked emission (see also Oh et al. 2016;
Wolf-Chase et al. 2017). We note that this ratio by itself is not
sufficient to categorise the emission as definitely shock driven.
However, given the morphologies and radial velocities of the H,
emission features, the correspondence with other outflow tracers,
and the thermal distribution seen in the ro-vibrational diagrams
(see below), it is most likely that we are observing H, shocked
material.

Notably, none of the H, emitting regions in the SINFONI
or KMOS maps show any indication of fluorescent emission.
Even the extended emission around S5, S6, and S7 in SINFONI
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Fig. 5. Excitation maps. Top panel: KMOS observations. The black regions were not covered by the observations. The dashed cyan rectangle

defines the SINFONI field of view. Botfom panel: SINFONI observations.

data does not show any such indication. This supports the idea
that these sources may be low-mass YSOs. Moreover, the lack of
H, fluorescent emission in the region indicates that the massive
young stars present there are either too embedded to excite the
H,, too young, or both.

3.2.3. Extinction estimates and physical properties of jets

We calculated visual extinction (Ay) estimates for the IRAS
18264-1152 region using the integrated line flux ratios of the
H, lines 1-0 S(1) and 1-0 Q(3) (i.e. F,,, F,,). For details of
the method used, we refer the reader to Appendix C. The visual
extinction maps can be seen in Fig. 6. The knots mostly show Ay

between ~10 and ~20 magnitudes (see Table 3). With these Ay
estimates, we are then able to evaluate other important properties
of the jets, as explained below.

For each knot (i.e. the pixels within the 30~ contour), we mea-
sured the integrated line fluxes of all H, lines where a Gaussian
profile could be fitted with a S/N > 10 relative to the local
continuum, and we created ro-vibrational diagrams (Boltzmann
plots) using those H; line fluxes (see, e.g. Caratti o Garatti et al.
2008, 2015). The H; transitions detected, their wavelengths and
integrated line fluxes are given in Table B.1. An example of the
ro-vibrational diagram of knot K1 is given if Fig. 7, and the
remaining plots are presented in Fig. D.1. All of the plots display
a thermal distribution, reinforcing the fact that we are observing
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shocked emission. Median Ay values were computed for each
knot location and linear regression lines were fitted to the dia-
grams. This yielded estimates of H, temperatures and H, column
densities ranging from ~2100 K to ~2800 K, and from 10'8 cm~2
to 10?! cm™2, respectively. The values obtained for each knot and
physical property (extracted area, Av, T, N(H;)) are presented in
Table 3.

In the case of knots K2 and K3 from KMOS, we use the
same Ay value derived from the SINFONI K2* and K3 knots,
respectively. As mentioned before, the KMOS data set belongs
to a science verification programme and is thus not as reliable
as the SINFONI observations. Given that these knots overlap
(even though K2* is only part of K2), the values of Ay derived
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from the SINFONI map take precedence and are used for fitting
the ro-vibrational diagrams. The values of H, column densities
derived for these knots are higher for SINFONI than for KMOS
(see Table 3), which may be due to the absolute calibrations of
the data sets. Moreover, the discrepancy between K2 and K2* is
further enhanced by different areas of the contours.

We also computed lower limits for the masses of the H,
knots, which range from 5 x 10™* M to 5x 1073 M. We can
only report on lower limits for the H, masses because our NIR
data only traces the H, warm component (T ~ 2000—4000 K).
For additional details on the calculation of the mass limits and
further discussion on the warm and cold component contribu-
tions, see Appendix C. Table 3 contains the values for H, areas
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Table 3. Physical properties of knots identified in the KMOS and SINFONI data.

Knot Area Area Ay T N(H,) Mass
(arcsec?) (sr) (mag) XK) (cm™) (Mo)
KMOS
K1 43.7 1.0x107° 9+4  2500+100 (22+02)x10"® 48x10™*
K2 59.4 14x107% 19+3M 2800+300 (8.9+12)x10"® 27x1073
K3 4.6 LI1x 10710 1741  2100+100 (6.3+0.8)x 10" 1.5x1073
K4 11.3 2.6x10719  20+4 2400+200 (1.9+0.3)x10° 1.1x1073
K5 50.5 12x107%  13+2  2400+100 (8.9+0.8)x 10'® 23x1073
K6® 0.9 2.1x 107! - - - -
K7 30.1 71x10710  11+2  2200+100 (9.8+0.9)x 10" 1.5x1073
SINFONI
K2 32 75%x 107" 19+3  2100+£200 (2.0+0.3)x10* 3.2x 107
K3 2.9 69x 107" 17+1  2200+100 (3.1+0.2)x10*° 4.7x1073
K8 0.2 48x 10712 23+3  2400+100 (3.6+02)x10?'" 3.8x1073

Notes. The values of H, masses derived are lower limits (see text for more detail). " The visual extinction derived from the SINFONI observations
is more reliable than the one derived from KMOS data, which is part of a science verification programme. ¥ The location of knot K6 did not
contain visual extinction pixels with enough signal-to-noise, thus we could not derive the remaining physical properties for this knot.
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Fig. 7. Ro-vibrational diagram for the integrated line fluxes of H, lines
from knot K1. The plot is fitted to yield estimates of H, temperature and
H, column density. The ro-vibrational diagrams for the remaining knots
can be found in Appendix D.

(in arcsec? and in steradians) and the lower mass limits derived.
Our results regarding the areas, temperatures, and column den-
sities of knots are consistent with those of other massive jets
estimated from the warm component by Caratti o Garatti et al.
(2008, 2015).

3.3. CO outflows

Figure 8 presents the CO (2-1) (230.5 GHz/1.3 mm) emis-
sion observed with SMA, overlapped with the H, continuum-
subtracted KMOS emission map. The blue wing of CO was
integrated in the velocity interval [-55.7, 24.3]kms™', and the
red wing was integrated over the range [54.3, 114.3] kms™' (rest
velocity is 43.7kms™!).

In the figure, we see a strong CO bipolar outflow in the SE—
NW direction, where the red and blue lobes are clearly defined,
extending for ~20” and ~15", respectively. Another two blue-
shifted knots are found to the east of the field of view, following
the H, outflow, which reach a distance of ~35” from the centre.
Two more red-shifted CO knots are outlined, one in the central
region (between H, knots K3 and K5), and another at the south-
west corner of the image (~19” away from the centre). We have
kept the same knot naming for the CO knots overlapping clearly
with NIR ones and added new labels for those that do not have a
clear correspondence with NIR structures.

The comparison with NIR data shows that the blue lobe from
the CO (2-1) bipolar outflow is in agreement with H, knot K5 in
the SE-NW outflow. The red lobe which is the counterpart of
K5 (labelled as K10) lies in a region that was not covered by
the NIR data set or that does not have enough signal-to-noise in
the H, map. Moreover, there is a clear red-shifted CO knot in
the central region (labelled as K11), which may either be part
of the SE-NW outflow (K10-K5) or may be related to the red-
shifted bow shock found in K7, forming another SE-N'W outflow
that somewhat overlaps with the K10-K5 outflow. As mentioned
before, the red-shifted structures are not easily detected in our
NIR observations, but they are clearly traced by the CO.

On the other hand, regarding the NE-SW outflow, we can
see that there is a marginal CO detection (20°) in the blue-shifted
H, knot K1. There is also an additional blue CO knot in this
structure that is not detected in the NIR (labelled as K9). On
the red-shifted south-west, we have detected a red CO knot that
matches the H, knot K6. Although the signal-to-noise in this
region is not enough to evidence a red-shifted H, knot to the
naked eye, as discussed in Sect. 3.2.1, the average radial veloc-
ity measured within the limits of K6 (~10kms~") matches the
red-shifted CO contours. In summary, the red and blue outflows
traced by the CO (2-1) data support the idea that several outflows
(at least three) are launched from the IRAS 18264-1152 region,
and our hypothesis that the blue lobes observed in NIR belong
to different outflows, for which the red lobes are not observed at
that wavelength.
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Fig. 9. Spectral energy distribution (SED) model results from core
accretion radiative transfer models of Zhang & Tan (2018) for IRAS
18264-1152. The best five SED models are shown in grey scale with the
best model represented with the black line (see Table 4) while observa-
tions are shown as red squares with the down arrow indicating upper
limits (see Table E.1).

3.4. Spectral energy distribution (SED)

We built the spectral energy distribution (SED) for the IRAS
18264-1152 star-forming region and fitted it with Zhang & Tan
(2018) protostellar radiative transfer models, following the meth-
ods described in De Buizer et al. (2017); Liu et al. (2019, 2020).
Though we are likely in the presence of a protostellar cluster
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in IRAS 18264-1152 (see Sect. 4), here we initially assume a
scenario where a single massive source dominates the lumi-
nosity of the region. This is necessitated by the fact that at
Herschel wavelengths, which constrain the SED peak of the mas-
sive protostar(s), we cannot resolve individual sources in the
cluster. This is also true for Spitzer data where we cannot resolve
individual sources either. The approach described in the afore-
mentioned papers has been automatised in the Python package
sedcreator® that also updates the IDL code* presented in Zhang
& Tan (2018). In short, the package performs circular aperture,
background-subtracted photometry on data of different wave-
lengths within the infrared regime, and then fits the SED with
the radiative transfer models from Zhang & Tan (2018), which
are based on the Turbulent Core Accretion model (McKee &
Tan 2003). Recall that the Zhang & Tan (2018) models consider
all fluxes below 8.0 um as upper limits since these fluxes may
be affected by polycyclic aromatic hydrocarbon (PAH) emission
and thermal emission from grains, and these processes are not
included in the model. Full details of the Python package will
be given in a forthcoming paper (Fedriani et al, in prep.). The
models provide estimates of key protostellar properties, such as
initial core mass (M.), environmental clump mass surface den-
sity (X)), current protostellar mass (m.), viewing angle with
respect to the outflow axis (fyiew) and amount of foreground
extinction (Avy). For the IRAS 18264-1152 SED, we made use
of data from Spitzer (3.6 um, 4.5 um, 5.8 pum, 8.0 pm, 24.0 pm),
Herschel (70.0 pm, 160.0 pm, 350.0 pm, 500.0 um), and WISE

3 https://github.com/fedriani/sedcreator
or https://pypi.org/project/sedcreator/
4 https://zenodo.org/record/1134877#.YR114ZMza84
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Table 4. Parameters of the five best fit models to the IRAS 18264-1152 SED.

X 2 M c > Rcore m gview AV M env Qw,esc M disc Lbol,iso Lbol
(Mo) (gem™)  (po) () (Mp) ()  (mag) (Mo) ()  (Moyr™) (Lo) (Lo)
1.28 120 3.160 0.05 (3.1 4 13 222.87 113.23 11 57x10% 4.0x10* 11x 10*
1.51 160 3.160 0.05 (3.1 4 13 220.74 153.10 9 6.1x10™* 32x10* 1.2x10*
1.57 100 3.160 0.04 (2.5) 4 13 22433 9243 12 54x107% 48x10* 1.0x10*
1.68 200 3.160 0.06 (3.8) 4 13 192.65 191.38 7 6.5x107* 25x10* 12x10*
1.98 480 0.316 0.29 (18.8) 8 13 17232 461.98 8 20x107*  1.9x10* 94x103

Notes. From left to right, the parameters are: y?, initial core mass, mean mass surface density of the clump, initial core radius, current protostellar
mass, viewing angle, foreground extinction, current envelope mass, half opening angle of outflow cavity, accretion rate from disc to protostar,

isotropic bolometric luminosity, intrinsic bolometric luminosity.

(3.4 um, 4.6 um, 11.5 um, 22.0 um). We set our aperture size to
16” based on the 70 um image and kept it constant for all wave-
lengths, following the fiducial method of De Buizer et al. (2017);
Liu et al. (2019, 2020). The flux density values derived are pre-
sented in Table E.1. Even though Issac et al. (2020) observed the
region at millimetre wavelengths with ALMA, we did not use
these fluxes to fit the SED due to the flux losses in interfero-
metric observations. Nonetheless, we compared our best SEDs
with the millimetre fluxes and found that source MM2 in Issac
et al. (2020) is the one that is most consistent with the model
flux at that wavelength (see Sect.4 for a discussion on the dif-
ferent sources). The resulting SED and the best fit models are
shown in Fig. 9, with parameters of each model described in
Table 4.

The estimated mass for the main driving source (m.), accord-
ing to the set of five best models, is 4-8 M, with bolometric
luminosity from ~0.9 to 1.2 x 10* Ly. The predicted initial mass
of the core (M) where this protostar is forming is between 100
and 480 M,,. Interestingly, all five best models output a visual
extinction Ay > 150, which is consistent with the fact that the
very central region between the outflows is completely obscured
at NIR wavelengths. The best models output a mass accretion
rate onto the disc of ~ 5 x 107 M, yr~!. At this rate a massive
star, that is with m, ~ 8 M, would have formed in ~ 16 000 yr.
The half opening angle (6 esc) is in all cases < 12°, implying
collimated outflows consistent with our observations. Figure E.1
shows the )(2 distribution in the 2D parameters space X — M.
(left), m. — M. (middle) and m. — X (right), which shows the
full constraint in the main three physical parameters for the SED
fitting.

We also explore the scenario where two main sources dom-
inate the SED, since our jet analysis points towards at least two
driving sources. As we cannot resolve individual sources in the
main cluster region, we simply consider that the two sources
contribute 50% to the flux at each wavelengths. We then fit the
resultant SED as done above. In this way, we can estimate the
properties of each individual source as if they were contributing
equally to the observed density flux. The results of the best five
models for a source contributing 50% to the SED can be found
in Table E.2. In this case, the mass of the core ranges from 60
to 200 M, whereas the protostellar mass is constrained to 2—
4 M. The visual extinction is still above 150 mag and the mass
surface density remains somewhat on the high end going from
1.0 to 3.16 gcm™2. Consequently, the bolometric luminosity is
smaller than the case of one protostar dominating the SED, but
the best mass accretion rates onto the disc (~3 x 107 My yr™!)
would form a massive protostar (m, > 8My) in about
25000 yr.

4. Unveiling a region of clustered massive star
formation via outflow activity

As seen in the previous section, the IRAS 18264-1152 star-
forming region is nothing short of intriguing in regards to the
number and location of outflows and driving sources. In Fig. 10,
we identify with red and blue arrows the different bipolar out-
flows found with our NIR and radio data. We report the existence
of at least two bipolar outflows, extending in the SE-NW and
NE-SW directions (outflows I and II). There is a possible third
outflow (outflow III) as well for which we only see the blue lobe
located to the north of the region. Additionally, there may be a
fourth outflow (outflow IV) for which we only detect the red-
shifted lobe to the west. The blue lobes of outflows I, II and III
have been previously identified as MHOs 2203, 2204, and 2245,
by Varricatt et al. (2010) and Lee et al. (2012) (see Fig. 3), but
without any kinematic information.

The blue-shifted counterparts of outflows I and II are
revealed in the H, and CO, as the emission maps show (see
Figs. 3 and 8), whereas the red-shifted lobes are only clearly
identified in the CO. The red-shifted structures are probably
very obscured in the K-band, as they have not been detected in
previous NIR studies either. Furthermore, in our case, they are
also partially located in regions not covered by the NIR instru-
ments (i.e. knot K10). Our results are consistent with those of
Varricatt et al. (2010), who suggested that the observed emission
to the east and west could actually belong to different outflows,
but could not verify this due to lack of radial velocity informa-
tion. Regarding the red lobe of outflow III, it is not found in
the CO data and the NIR FoV does not cover the region of its
expected location. Nevertheless, the blue lobe is consistent with
the NE blue outflow found by Qiu et al. (2007) when tracing
SiO (2-1) shocked emission. These authors also did not report a
red counterpart, which could mean it is too faint to be detected
or is simply not there.

The red-shifted bow shock observed to the west of the
KMOS FoV is one interesting feature found in this complex, and
it is difficult to explain how it fits in with the geometry of the
remaining outflows. This knot is located close to the Bry point
source S8, which could be a YSO driving the bow shock. In fact,
Qiu et al. (2007) also proposed that a YSO (with mass below
their detection threshold) could exist close to this location, as a
way to explain the several red and blue SiO knots they observed.
On the other hand, Issac et al. (2020) have detected C!70 (3-2)
and C'80 (2-1) outflows in the SE-NW direction, with the red
lobe of C'80 being located on the NW side. The emission these
authors reported is consistent with knot K11 observed in our CO
(2-1) emission map, and it is aligned with the bow shock found
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Fig. 10. KMOS radial velocity map (Fig. 4) with CO (2-1) contours from SMA observations and possible jet and outflow morphologies represented
by red and blue arrows. The dashed cyan rectangle defines the SINFONI field of view.

in the NIR knot K7. Thus we consider three possible scenarios
to explain the sequence of red and blue knots along the western
region: a) the large-scale blue-shifted lobe originates in the cen-
tral region of IRAS 18264-1152 and there is a YSO close to the
location of knot K7 which independently drives the red-shifted
bow shock (and the blue component cannot be distinguished in
our data); b) there is a precessing jet with a very large precess-
ing angle on the plane of the sky, emitting from the central region
and creating a chain of red and blue knots to the west (although in
this case, we should detect a similar pattern towards the east flow,
which we do not); or ¢) there are two distinct bipolar outflows
being driven in the SE-N'W direction by two different sources,
which visually overlap along the line of sight; one source drives
SE red-shifted emission and NW blue-shifted emission, whereas
the other drives SE blue-shifted and NW red-shifted lobes. Fur-
ther observations are required to better understand the origin of
these knots and where their driving sources lie.

To explain the existence of multiple large-scale outflows
throughout this region, we propose that IRAS 18264-1152 is
most likely harbouring a protostellar cluster, where different
sources are driving each set of outflows. Indeed, the geometry
of the outflows indicates that most are launched from the same
region harbouring IRAS 18264-1152. To better understand the
morphology and dynamics of this star-forming region, we plot
KMOS and SINFONI emission maps with other millimetre and
radio data sets and results from the literature in Fig. 11.

We find that the VLA knot G (Rosero et al. 2016) overlaps
with our knot K5 seen in KMOS and in SMA data. Rosero et al.
(2016) calculated a spectral index of —0.2 for this source, which
together with the lack of association with a millimetre core, make
it likely that this is a radio jet knot. Our observations of both
H, and CO jet knots at those coordinates further support this
classification. From this same plot of Fig. 11, we can also see that
sources R1, MYSO, and A are spatially coincident with point
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source S4 from our work. S4 has a rising continuum in the K-
band, so the correspondence to compact cores and thermal jets
from the literature lends support to our claim that S4 is a YSO.
We note that the markers are not perfectly overlapping, but are
within 1” of each other. The discrepancy could be attributed to
astrometric errors in the data sets.

Further away from the main cluster region (~20"), towards
the west, we find two point sources (i.e. S8 and S9). Both sources
are Bry emitters, signalling youth, and lie along main outflow
I, possibly contributing to the complex picture of the multi-
ple outflows. Besides this, there is a VLA compact source in
the proximity of S9, further suggesting their relationship with
the main clustered region. However, it should be noted that the
spectral index of this knot is < —0.8 (labelled G19.883-0.528 in
Rosero et al. 2016), therefore it does not seem to be a YSO per
se, but more likely a synchrotron jet.

The sources R1/MM2/b/F (hereafter R1, RAJ2000)=
18:29:14.36, Dec(J2000)=-11:50:22.5)> and R2/MYSO/A/S4
(hereafter R2, RAJ2000)=18:29:14.69, Dec(J2000)=-
11:50:23.6)°, as labelled in Fig. 11, were pointed out as the
main driving sources in this region (Issac et al. 2020). In fact,
their spectral indices are 0.6 and 0.5, respectively (Rosero et al.
2016), which together with the association to dust continuum,
indicates their YSO nature. Source R1 is believed to be the most
massive source of the cluster (Rosero et al. 2016; Issac et al.
2020), and likely powering the CO SE (blue)-NW (red) outflow.
This possibly matches our red-shifted outflow IV, however we
cannot detect any NIR counterpart of the source in our data.
A signature of protostellar infall was found towards the source
MM6 (Issac et al. 2020), which is less massive than either R1
or R2. If it is the case that R1 drives outflow IV, then R2 could
be driving either outflow I or II, which are more massive, and

5 Coordinates are from VLA 4.9 GHz (6 cm) from Rosero et al. (2016).
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Fig. 11. KMOS and SINFONI continuum emission image (SINFONI is within the dashed square, and KMOS is outside), overplotted with KMOS
H, knot contours (blue, same as Fig. 3) and data from literature. Legend: red contours (A—H) are VLA 6 cm data (Rosero et al. 2016, 2019); orange
contours are ALMA 2.7 mm continuum, with green triangles (MM1 — MM®6) being the millimetre cores identified (Issac et al. 2020), and the grey
diamonds (R1 and R2) being uGMRT 1391.6 MHz ionised thermal jets from the same paper; cyan stars (a, b, and c) are VLA 1.3 cm and 7 mm
(Zapata et al. 20006); dark blue cross is the location of the MYSO according to Cyganowski et al. (2008); yellow stars are the point sources identified

in this work (see Sect. 4 for further details).

MMG6 could be powering outflow III. We note that MMG6 is close
to our source S6, which has Bry emission. So even though we do
not directly detect MM6, we could be observing its light being
reflected on the outflow cavity wall in source S6. However, we
emphasise that this is a somewhat speculative interpretation and
with the current data we cannot determine conclusively which
sources drive which outflows.

The multi-wavelength review and analysis carried out by
Issac et al. (2020) concludes that there are possibly up
to eleven sources clustered in the central region of IRAS
18264-1152 (we stress that some sources have multiple names,
e.g. R1/MM2/b/F). Furthermore, we consider the possibility that
the Bry-line emitting sources observed in the SINFONI and
KMOS data are also part of the cluster, raising the total mem-
bership number to fourteen young objects in a box of 10” x 10”
(0.0256 pcz) centred at the cluster (and to sixteen sources over-
all). We reiterate that the contribution of these objects to the
overall outflow picture is still uncertain. Nonetheless, we pro-
vide a lower limit for the number of sources in this region. This
would imply a lower limit for the stellar number density of about
14/0.1503% ~4000pc~3, assuming a uniform distribution in a
cube in the very central region of the cluster. This stellar density
is somewhat smaller than what is found in the central regions
of some young clusters, such as ~10* pc™* in the Orion Nebula
Cluster (Hillenbrand & Hartmann 1998) or ~10° pc’3 in R136
in 30 Doradus (Selman & Melnick 2013), see Portegies Zwart
et al. (2010) for a review of young clusters. Bonnell et al. (1998)
proposed that, with stellar densities of about 10 pc~3, stellar
collisions could occur to explain the formation of massive proto-
stars, and this number could be lowered to 10° pc‘3 if all massive

stars are hard binaries (Bonnell & Bate 2005). At any event,
our estimates are far from the stellar density required by these
previous works.

To conclude, we find that IRAS 18264-1152 is a region of
clustered massive star formation containing multiple collimated
bipolar outflows. This suggests that massive stars can form in a
relatively ordered manner even in such clustered regions. This
conclusion is supported by our estimates of YSO number densi-
ties in the region, which, while uncertain, are much lower than
the values theorised to be necessary for protostellar collisions to
be important. While competitive accretion models do not require
as high a level of stellar density, they are generally thought to
lead to more disordered accretion disc and outflow orientations
and symmetries (see, e.g. Tan et al. 2014). The results we have
presented here are important constraints for such models.

5. Summary and conclusions

We have studied the morphology and composition of the IRAS
18264-1152 massive star-forming complex via integral field unit
observations from SINFONI and KMOS in the K-band, as well
as CO (2-1) data from SMA. Our results can be summarised as
follows:

1. In the SINFONI field of view we observed three point
sources (from S5 to S7) emitting Bry, which is consistent
with YSO activity. Furthermore, we report another source
(S4) that displays a rising K-band continuum and that has
shown other YSO characteristics in previous studies (Rosero
et al. 2016; Issac et al. 2020). Further away from the central

A23, page 15 of 22



A&A 659, A23 (2022)

cluster, through the KMOS maps, we found two more Bry
emitting sources (S8 and S9), but it is undetermined whether
they belong to the IRAS 18264-1152 central cluster. We thus
proposed five new YSOs for this region (S5 to S9) based on
our work, and presented further evidence to justify the youth
of S4;

2. We focussed our near-infrared analysis on the H; jet knots
found in the region. We identified seven H, jet knots in
the KMOS data (labelled K1 to K7) and three jet knots in
the SINFONI data (K2*, K3, and K8), where two of which
are the same as those resolved in KMOS. Large-scale out-
flow lobes are found in the directions of NE (K1, K2, K3?)
and NW (K5, K7), with two smaller jet knots to the north
(K4) and south-west (K6). Our observations are in good
agreement with the previous NIR works that found a large-
scale east-west outflow with other non-aligned knots (e.g.
Varricatt et al. 2010; Lee et al. 2012; Issac et al. 2020,
although with no kinematic information in the NIR);

3. We found that the H, jet emission is shock driven by com-
puting the flux ratio of the H, transitions 1-0 S(1) and
2-1 S(1);

4. Upon inspection of the radio velocity maps, we found that
the large-scale jets detected are blue-shifted, as well as the
northern knot, whereas the south-west knot is red-shifted,
and there is a red-shifted bow shock knot at the west edge
of the KMOS field of view. It seems that the blue lobes
belong to different outflows, and their red counterparts are
most likely obscured as they are not clearly detected in our
K-band data;

5. We computed visual extinction estimates for the region,
ranging from ~10 to ~20 mag, and measured the line fluxes
of all H, transitions present in each knot. With this infor-
mation, we constructed and fitted ro-vibrational diagrams to
yield estimates of H, temperatures and H, column densi-
ties of 2100 K to 2800 K and 10'® to 102! cm~2, respectively.
The areas of the H, knots vary between 0.2” and 60", and
the lower limits for the H, masses (due only to H, warm
component) range from 5 X 107 M to 5 x 107> M;

6. The CO (2-1) emission traces two clear bipolar outflows
in the NE-SW and SE-NW directions, which is consistent
with the works of Beuther et al. (2002a); Issac et al. (2020).
In general, the blue lobes of the CO outflows are in good
agreement with the blue lobes of the H; jets. The red-shifted
counterpart of the SE-NW CO outflow (K10) lies in a region
that was not covered by the NIR observations or that has very
low signal-to-noise, thus we cannot detect a corresponding
H; jet. On the other hand, the red lobe of the NE-SW CO
outflow overlaps with a small H; red-shifted knot (K6), sug-
gesting that it might be the counterpart of the blue lobe to the
north-east. Additionally, a red-shifted CO knot was found
near the central region, just off the west of the SINFONI
field of view. This knot is consistent with the C'30 (1-0)
and C'70 (3-2) observations of Issac et al. (2020) where a
collimated SE-NW CO outflow was found, having the red-
shifted emission on the NW side. Moreover, this knot is
radially aligned with the H, red-shifted bow shock in K7,
possibly unveiling another outflow;

7. We created the spectral energy distribution plot for IRAS
18264-1152 with archival data from Spitzer, Herschel, and
WISE, and fitted it using the Zhang & Tan (2018) radia-
tive transfer models based on the Turbulent Core Accretion
model (McKee & Tan 2003). Though this complex likely
harbours a protocluster, we assume the scenario where one
massive driving source dominates the luminosity of the
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region. The five best fit models provided estimates for the
mass of the driving source, bolometric luminosity, predicted
initial mass of the core, extinction, and mass accretion rate
of 4-8 My, ~0.9—1.2 x 10*L, 100480 M, > 150 mag, and
~2.0-6.5 x 107 M yr~!, respectively. We also explored the
scenario where two sources dominate the SED equally. We
then fitted an SED with 50% flux at each wavelength to
represent the individual contribution of each source. Con-
sequently, we obtained smaller values for the central mass of
the protostar that ranges from 2 to 4 M, forming in a core

with initial mass of 60-200 M.

Our main conclusion of this study regards the outflow geom-
etry in the IRAS 18264-1152 region, for which we report
at least two, and up to four different outflows. Both the H;
and CO (2-1) observations trace two large-scale bipolar out-
flows in the SE-NW and NE-SW direction (outflows I and
II), and a possible red-shifted outflow to the west (outflow
IV), whereas the possible blue-shifted north outflow (out-
flow III) is only revealed in the H, maps. We compare our
outflows with the locations of IRAS 18264-1152 massive
sources and thermal jets listed in the literature. The main
driving sources of the cluster are believed to be sources
R2/MYSO/A/S4  (RAJ2000)=18:29:14.69, Dec(J2000)=-
11:50:23.6) and RI/MM2/b/F (RAJ2000)=18:29:14.36,
Dec(J2000) =—11:50:22.5).

Further observations at high angular resolution in the MIR
(e.g. with SOFIA) are required to find the counterparts of the
outflows presented in this study. Moreover, such data will help
us to clearly assess the origin of the red-shifted bow shock, and
to check whether point sources S8 and S9 truly belong to the
IRAS 18264-1152 cluster.

In conclusion, our study strongly supports the scenario of
several outflows driven by multiple sources and demonstrates
that NIR observations have high diagnostic power in probing
high-mass star-forming regions. The outflows show high degrees
of collimation on large scales suggesting that massive stars
can form in a relatively ordered manner, consistent with core
accretion models, even in a clustered region.
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Appendix A: KMOS K-band continuum image
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Fig. A.1. KMOS K-band continuum image (313 line-free channels across the entire K-band). The horizontal lines seen are due to poor data
reduction, as they coincide with the edges of the individual fields of view of the IFUs. The dashed cyan rectangle defines the SINFONI field of
view; the white contours are the ALMA 2.7 mm data analysed in Issac et al. (2020) (see text for more detail).
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Appendix C: Methods

As is demonstrated in the main text, the available NIR data allow

Table B.1. Integrated line fluxes of H, lines detected in each jet knot.

Appendix B: Integrated line fluxes of knots

aogacny 2= us to infer a number of crucial parameters by using H, emis-
o o SsSS S g At n S sion lines. In particular, we can estimate the visual extinction,
M dAaaH 3 drrpgdda for which the process is detailed in Appendix C.1. Furthermore,
iR —JdS 2 from the column density estimations retrieved from the ro-
vibrational diagrams, the H, mass of the knots can be estimated
Z 5% = g LR g “3IF=E as explained in Appendix C.2.
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g t-l\-ll é-)l g g A l-If-)l JE' l;ﬂ Q';' J’;' lﬂ H % sen pair. Thus using the line fluxes of 1-0 S(1)/1-0 Q(3) is the
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2 with the available data.
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a M ; a 2 < g = : 2 2 g ‘§ We computed lower limits for the masses of the knots, using the
3 following equation (see, e.g. Caratti o Garatti et al. 2008):
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z S R B BNV I where y = 1.24 is the mean atomic weight, my is the mass of the
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g PR < We can only report on lower limits for the H, masses because
= coo-do-oIeT | 2 our NIR data only trace the H, warm component (7' ~ 2000 —
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g o O D O — o> > > o 3 4000 K). To obtain the full value of H, mass for each jet, we
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= HE N N = N A~ — 2 would require data in the mid-infrared (MIR) tracing the cold
: component (7 ~ 500 — 2000 K) measured with the pure rota-
£ tional lines between 5 um and 28 um (Caratti o Garatti et al.
4 2008). Table 3 contains the values for H, areas (in arcsec? and in
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steradians) and the lower mass limits derived. We find that our
values for mass are about one to two orders of magnitude smaller
than those presented in Caratti o Garatti et al. (2008, 2015). This
is still consistent given that, in the aforementioned works, the
authors also included the contribution of the cold component
from MIR data to estimate the overall knot mass. Typically, the
column densities derived from the H, cold component (and thus
the inferred mass of the knot) are orders of magnitude higher
than those inferred with the warm and hot components in the
NIR (see, e.g. Fig. 1 of Caratti o Garatti et al. 2008). Nonetheless,
our estimates for the warm component of the column density are
still consistent with previous works.
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Appendix D: Ro-vibrational diagrams

Fig.D.1 shows the ro-vibrational diagrams for the NIR knots

presented in this work.
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Fig. D.1. Ro-vibrations diagrams for all the H, knots outlined in the SINFONI and KMOS data sets. Labels identifying the knot and data set are
at the top of each diagram. The KMOS knot K6 does not have a ro-vibrational plot as we could not derive a visual extinction value for it, and thus
could not fit the plot to derive further physical parameters.
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Appendix E: Flux densities for SED
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Fig. E.1. Diagrams of x?” distribution in X — M, space, m. — M, space, and m. — X space, where the black cross marks the location of the best

model.

Table E.1. Background subtracted flux densities derived at each wave-

length for the SED plot.
Wavelength Flux density
(um) dy)
Spitzer
3.6 0.12 (0.21)
4.5 0.43 (0.52)
5.8 0.84 (1.43)
8.0 0.71 (2.59)
24.0 4.76 (6.58)
WISE
34 0.02 (0.08)
4.6 0.50 (0.63)
11.5 0.60 (4.21)
22.0 4.64 (19.95)
Herschel
70.0 310.48 (334.29)
160.0 581.45 (660.17)
350.0 89.16 (124.35)
500.0 15.32 (32.90)

Notes. The values in parenthesis are fluxes without the continuum sub-
traction. The photometric aperture radius was fixed at 16”, which was
based on the 70 um Herschel image (see De Buizer et al. 2017, for details
in choosing the aperture size).

Table E.2. Parameters of the five best fit models to the IRAS 18264-1152 when considering 50% of the fluxes to construct the SED.

2

X Mc z Rcore m, Hview AV Menv aw,esc Mdisc Lbol,iso Lbol
M) (gem™) (o) (") M) () (mag)  (Mo) ) Moy (Lo) Lo)
1.14 160 1.000 0.09 (5.6) 4 13 169.33  150.68 10 26x10%  1.3x10* 42x10°
.16 200 1.000 0.10 (6.3) 4 13 163.95 194.37 8 27x10%  11x10* 4.7x10°
1.19 80 3.160 0.04 (2.5) 2 13 206.56  77.00 9 36x10%  1.6x10* 55x10°
1.25 60 3.160 0.03 (1.9) 2 13 22533  56.30 11 34x10%  22x10* 54x10°
1.40 160 3.160 0.05 (3.1) 2 13 113.93 15754 5 44%x10% 85x10° 52x10°

Notes. From left to right, the parameters are: y?, initial core mass, mean mass surface density of the clump, initial core radius, current protostellar
mass, viewing angle, foreground extinction, current envelope mass, half opening angle of outflow cavity, accretion rate from disc to protostar,
isotropic bolometric luminosity, intrinsic bolometric luminosity.
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