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ABSTRACT

Aims. We report the discovery of a new young stellar cluster andemdéar cloud located in the far outer Galaxy, seen towards
IRAS 06361-0142, and we characterise their properties.

Methods. Near-infrared images obtained with VIBAAC through JHKs filters, millimetre line observations of CO(1-0) obtained
with SEST, and VLA 6 cm continuum maps obtained from archatad

Results. The cloud and cluster are located at a distance of 7 kpc ande&tGeentric distance of 15 kpc, well in the far outer Galaxy
Morphologically, IRAS 06361-0142 appears as a cluster vérsg tens of stars surrounded by a nearly spherical neloality
centred at the position of the IRAS source. The cluster agpsamposed of low and intermediate-mass, young reddeaesiwith

a large fraction having cleared the inner regions of theounstellar discs responsible fdtl  Ks) colour excess. The observations
are compatible with a 4 Myr cluster with variable spatialiestion betweerh, = 6 andA, = 13.

Key words. Stars: Formation — ISM: Clouds — ISM: Individual (IRAS 0636142) — Infrared: stars — (ISM:) dust, extinction —
Stars: pre-main sequence

1. Introduction activity in the far outer Galaxy, which they define as the
Stars form in molecular clouds across the Galaxy. Most mple region -V\-”th Galactocentric d|s_tanc_es_ greater than 135 l_<pc
lar gas and dust exist in the Galactic disc and are most ahm%?geg;rg?gr f;;g dHoer)\/;?gt Ed%g(g)s trjrbhu;;? ?dg;ti%? ﬁm;:ll'on
:[I(')r\:\lljas,rdrg;estmszg\; %arlggyt}égl‘:?einsﬁaignggg ‘i‘oi%%\”gﬁ dlgs? sters in the second Galactic quadrant with Galactoicentr
ied in regions of the inner disk and in nearby molecular tances between 13.5 gnd 17.'3 kpC.
clouds (e.g. Tapia etal. 1991 Strom, Strom, & Merrill 1993; However, there are stlll_relatlvely few known resolved ygun
McCaughrean & Stater 1994; | Horner, Lada, & Lada 1997_émbedded stellar clusters in Fhe ff_;lr outer Galaxy. Alsosthall
Luhman et al. 1998). A much smaller r;umbe’r of star form’g_umberof known star fqrmatlon sites mthefarouter(_SaIaa@'h
tion sites are known toward the outer Galaxy and at larg2t @llowed a systematic analysis of the star formation @rop
Galactocentric distances-13.5 kpc). Discovery of isolated €S iN régions very far from the Galactic centre. Theseemath
young stellar objects located in the outer Galaxy at an eséich dlffe_rent environments (lower m_etaI_I|C|ty, lower gas densityg a
Galactocentric distance of about 15-19 kpc has been r&porEé"b'em pressure) could result inffiérent rates of cloud evolu-
by[Kobayashi & Tokunaga (2000). Santos et al. (2000) regortiOn Afecting the star formation process. This in turn may result
the discovery of the two most distant Galactic young stell a different distribution Of. stellar masses in a clu_steff@lent
clusters (located at a distance of 10.2 kpc and a GalactacentV!F) and consequently afiérent feedback mechanism from the
distance of 16.5 kpc) embedded in a molecular cloud comtginiStellar to the molecular component. _

a CS dense core. Snell, Carpenter, & Heyer (2002) presentedVe have begun a study of young embedded clusters in the

a study of the molecular cloud content and star formatidfird Galactic quadrant and seek to characterise cloudgprop
ties and star formation activity as a function of Galactaden

Send offprint requests to: Joao L. Yun distance in the outer Galaxy. As part of this study, we report

* Based on observations collected at the ESO 8.2-m VLT-UTLAnhere the discovery of a new young stellar cluster embedded in
telescope (program 65.C-5740). a molecular cloud located far in the outer Galaxy, seen tdsvar
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IRAS 06361-0142. At a distance of about 7 kpc (see below), it
is one of the most distant young clusters known to date.

Section 2 describes the observations and data reduction. In
Sect. 3, we present and discuss the results. A summary is give
in Sect. 4. 4 i

2. Observations and data reduction

T, (X)

2.1. Infrared observations

Near-infrared §, H and Ks) observations were conducted - .
during a night of excellent seeing (0.35 arcsec in #e

band), 2000 November 10, using the ESO Antu (VLT Unit I
1) telescope equipped with the short-wavelength arm (Hawai - M

Rockwell) of the ISAAC instrument. The ISAAC camera W@W
1 L L L 1
0 80
)

(Moorwood et al. 1998) contains a 1024 1024 pixel near-
L 1 L L L
40 6
Vise (

infrared array and was used at a plate scale of 0.147 dpiselc S
resulting in a field of view of 2.5 2.5 arcmiit on the sky. At )
each of 6 diferent jitter positions (with a jitter box of 30 arcsec),

series of 15 images with 4 s exposure time were taken. Fig.1. CO (31-0) spectrum towards IRAS 06361-0142 dis-
Standard procedures for near-infrared image reductioe Wejlaying a line at an LSR velocity of about 53 km'sThe spec-

applied (e.gl Yun & Clemens 1994) resulting in a final mosateum has been smoothed to a resolution of 0.22 kln s

image for each band. A sky image was computed for each

dithered frame. Each frame was then sky subtracted and flat-

fielded. The final clean images were corrected for bad pixels3. VLA centimetre observations

while constructing the final mosaic, which covers abolit3.1 We searched for continuum observations made with the

arcmir? on the sky. Due to the presence of significant field di§7 : :

o . . ry Large Array (VLA) of the National Radio Astronom
tortion in these ISAAC images (two pixels at the edges and gervat%ry (NRyA to )Iook for a radio continuum counterY
pixels in the corners), the individual tiles of mosaics weoe- part to IRAS 06361-0142. The VLA data archive contained 6

rected before they were tiled together. The correction fdfi : : :
; : ; - cm continuum observations towards IRAS 06361-0142, which
distortion was performed using IRAEEOTRAN, together with were carried out with the VLA in its B configuration on 2005

the adequate correction files provided by ESO at their Web'paﬂllay 8. The observations were made in both left and right eircu

Source extraction and aperture photometry were performgg polarization, with an #ective bandwidth of 100 MHz. The
on the final mosaic image using IRAF packages. The final cgdhase centre of the observations wg8000) = 6h38m39.4s,
ibration was performed by choosing bright isolated starthen 5(2000) = —1°44'4970. The data were reduced and calibrated
image and transforming to the 2MASS photometric system. Thging the Astronomical Image Processing System (AIPS} soft
numbers of stars detected in each band were 557, 644, and {@fe of the NRAO. The flux calibrator was 3C138, with an
in the J, H, andKs bands, respectively. The completeness lingdopted flux density of 3.7 Jy, while the phase calibrator was
its of our images is estimated to be at magnitudes 20.0, (725-009, with a bootstrapped flux density of 10101 Jy.

H = 195, Ks = 19.0. Photometry errors range from about 0.0§he image had an rms sensitivity of 140y/beam, with a size
mags for the bright stars to 0.15 mags for the fainter ones.  (FWHM) and position angle (P.A.) of the synthesized beam of
1”8 x 1”4 and-20°, respectively.

sk (kms

2.2. CO(1-0) line observations

As part of a CO survey of IRAS-based protostars, miIIime%' Results and discussion

tre observations at 115 GHz (the1}-0 rotational transition of 3.1. Molecular gas and distance

CO) were carried out toward IRAS 06361-0142 using the 15 .

Swedish-ESO Submillimetre Telescope (SEST) in Chile dJH Fig. é we p(;esentéhgégsg C(z)zaloc)cg:ellntra_l sdpectrungj
ing September 1999. The source was observed using dual b 'g% t°‘|NaF S ”]?Ab 531_k 14%' ﬁ In€ IS Get?Cte at
switching (chop throw of 11 arcmin) with integration times odn LSR velocity of about 53 km’3. Assuming a Galactic

1 minute. The half-power beamwidth of the telescope and tHgiation curve that is essentially flat beyond the solarieirc
main-beam #iciency were 45 arcsec and 0.65, respectively. Llemens 1985), an_d a Ga_lactoce_ntn(_: distance to the Byn (.
used SIS receivers and the SEST acousto-optical spec’eomaeto 8.5 kpc, we derive a kinematic distance of 7 kpc to this

a back-end. with a resolution of about 0.11 km at 115 GHz. Melecular cloud. Given the Galactic longitude, this imple
The pointiné error was found to be better than 6 arcsec.  Galactocentric distance of 15.0 kpc to the cloud, well inefar

S . . outer Galaxy and among the largest within known Galactic sta
Spectral line intensities were calibrated and correctedo ¢, 5tion sites. We estimate a distance uncertainty of 2%

mospheric losses using the standard chopper wheel methody i@ 14 yncertainties in the rotation curve and possiblastheg
obtain the antenna temperatdig Baselines were fitted and re-

moved using standard procedures of the Continuum and Line The National Radio Astronomy Observatory is a facility oé th

Analysis Single-dish Software (CLASS) package develoged Mational Science Foundation operated under cooperatieeamnt by
the Observatoire de Grenoble and IRAM Institute. Associated Universities, Inc.
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Fig.3. Ks-band image towards IRAS 06361-0142. The close-up
view at the top shows the central’3& 36" region (the “cluster
region”). The close-up panel at the bottom shows the isagshot
of the same region where the very close to circular shapeeof th
extended nebulosity is evident. The axes give the coorelnat-
Fig.2. J (blue), H (green), and Ks (red) colour composite irrtive to the estimated centre of the nebulosity, nearlyadent

age towards IRAS 06361-0142. The image covers about7D With the IRAS source (see text). The contour levels arecat 5
arcseé. North is up and East to the left. 250, and 250~ above the sky level, where is the sky back-
ground noise in the central co-added region.

motions (e.g. for values of 10-15 km'sor streaming motions,

either red or blueshifted relative to the circular velocitee get centre of this circle to be located about 8ast of the IRAS
distances of 5.3-5.9 or 8.5-9.2 kpc, respectively). source, well-contained in the IRAS ellipse error. In fadteg
the large size (26 of the IRAS error ellipse in the R.A. direc-
tion, we assume a coincidence of the centre of the nebulehend t
position of the IRAS source.

A careful analysis of the Digitized Sky Survey (DSS - red@jat  The angular diameter of the nebula (measured to about 3
at the position of IRAS 06361-0142 reveals a fuzzy spot at tHigma above the sky background) is 20 arcsec (0.7 pc at 7 kpc).
location. The fuzziness could represent extendefiisk nebu-
losity, or stellar sources with confusion due to ifistient resolu- :
tion and low sensitivity of the DSS. 2MASS images look sinnila3'3' Reddening
showing a relatively bright, éliuse stellar-like source. Using the results of the point source photometry of the hear-
Figure 2 presents th8HKs colour composite image (on-images, we present (in Fig. 4) thid ¢ Ks) colour of the stellar
line) obtained towards IRAS 06361-0142. A group of stars sources as a function of the R. Affget relative to the lower left
seen surrounded by extended nebulosity with a nearly sphSE corner) of Fig. 3 (a similar plot is obtained as a function
ical shape. The excellent seeing at the time of the obserad-declination dfset). Along the horizontal axis, for all values
tions is evident in this image: despite the small angulag,sizof R. A., there are values oH — Ks) between about 0.2 and
the colour image clearly conveys the impression of depth aatiout 0.65. The reddeningfect of the cloud clearly stands out
the nebular region is seen as being composed by patchy clowdsenhanced values df - Ks) for values of R. A. @fset between
Morphologically, it bears a striking similarity to otherastfor- approximately 58 and 94’ (a range of about 36 arcsec — about
mation nebulae that display a cluster of stars near the cdn2 pc at the source distance of 7 kpc). For the general dase, t
tre of a nearly spherical cavity defined by illuminated wallsolour excess off — Ks) = 0.65 would just separate the objects
of a surrounding molecular cloud. Examples are the Rosett¢o two groups: the group of foreground stars and the group
nebula (e.g! Ybarra & Phelps 2004) and N90 (in the SM®f {embedded backgroungstars. However, given the fact that
Nota & Carlson 2007). However, unlike these examples, no Hit this distance and location in the Galaxy, most visiblessiae
region has been detected with the VLA (Sect. 2.3). Thus, if reither foreground or embedded in the cloud (with very fembei
ionization ocurred, the origin of such a morphologicalstiwe, background stars), this reddenineet at this region of the sky
with the partial clearing of the central cavity, may havepemed separates foreground from embedded stars and tiietieely
through the action of stellar winds from young stars. The-nebelects cluster members.
ula seen is likely to be reflected lighffahe walls of the nearly Consequently, we take this diagram of Fig. 4 and the asso-
spherical cavity. ciation of CO emission as evidence of a cloud core and use it
The Ks-band image is shown in Figure 3 with the top antd define the “cluster region” as this central region of alfut
bottom right panels containing zoomed-in (close-up) vielitee arcsec on each side. The cluster region is shown in the close-
shape of the isophote of the nebulosity seen at the bottdmh rigp panels of Fig. 3. A star that is located in the cluster negio
panel is very close to a circle. We estimate the position ef tland has H — Ks) > 0.65 will be considered here to be a cluster

3.2. Extended nebula
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Table 1. Photometry of candidate cluster sources

[ T T
| . |
: (Edéb) (2DOe(():O) e (7R U7E
- ! ! m
150 | | i 063839.38 -014504.1 16.7 097 2.27
L | . | ] 063839.88 -014459.7 18.1 0.88 2.33
L 1 o ] 063840.63 -014457.8 17.8  0.85 2.12
- Lo T 063839.19 -0144565 165  1.34 3.29
. - | R "" | , 063839.53 -014455.1 180 0.80 2.31
g 1 | fee e | - 06383852 -014454.7 17.1 0.89 2.21
B ! . O o’ T . = . . . .
< i .‘";\.‘ ¢ 06 38 39.62 0144546 18.0 0.99 2.78
e r . e -’4}"’.: ! 1 063838.84 -014454.4 185 0.70 1.85
:,,,,:,,,,,;,,:c;",;:1’,7‘,,”,””;”, 063838.98 -014454.4 18.8 0.86 2.37
TP AR L L T i 063839.67 -0144542 181  0.93 2.44
051 woom 02 i, E D arlett 30l g 063839.98 -014453.7 16.8 0.87 2.46
B SRR IR ":ﬁi’ e 06383947 -0144535 188  0.79 2.21
i <. . }-,‘ : N TR '-'. i 063839.71 -014453.4 16.6 0.97 2.68
i o * loe ® | 063839.81 -0144527 17.2 0.68 2.00
| | . | i 063839.04 -014452.7 17.3 0.86 2.14
Sl el o S S R B 063839.12 -014452.4 185 0.82 1.61
40 60 go 100 120 063839.47 -014452.0 17.8  0.77 2.32
R. A offset () 063838.86 -014451.4 175  0.88 2.32
] 063839.42 -014451.3 16.6 0.81 2.45
Fig. 4. .Plot of the observed{ - Ks) colour of stellar sources as 063839.93 -014451.0 18.1 0.84 2.18
afunction of the R. A. fiset relative to the lower left (SE corner) 063839.42 -014450.3 16.3 1.27 3.56
of Fig. 3 (main panel). Sources closer than about 20 arcgéeto 063839.54 -014450.0 145 1.85 4.46
borders were excluded. The reddeniriget (H — Ks > 0.65, 063839.66 -014449.5 181 0.88 2.69
horizontal dashed line) of a dense cloud core is clearly faen 06383894 -014449.4 181 084 2.63
values of R. A. @fsets between approximately’58nd 94’ (in- 82 gg ggéi 81 ﬁ ig-é igg 8-22 ggé
dicated by vertical dashed lines). ' ) : ' ' '
063839.23 -014448.7 175 0.83 2.16
06383991 -0144476 16.7 0.76 2.19
063839.06 -014447.1 17.9 0.81 2.12
member. Evidently, that is a fiicient but not a necessary condi- ~ 06384042 -0144449 175  0.66 1.74
tion. There may be additional cluster members outside e cl 82 gg gg;g 81 ﬁ 23'2 18'2 8';‘11 182
ter region or with bluer values oH — Ks). Thirty-four sources 06383906 -0L44438 16.7 0.99 555

fit these criteria and are thus_ go_od candidate cluster member  js383942 .0144400 194 0.93 251
Photometry of these sources is given in Talfe 1

3.4. Young stellar objects Notice that few sources lie in the infrared excess regiois Th
lack of sources in this region suggests that most sousc&8%o)
In the region shown in the main panel of Fig. 3, we have deave dissipated the inner parts of their circumstellarsitbat
tected a total of 557, 644, and 785 point sources, respéctivare responsible for théd(— Ks) excess. This result indicates that
in the J, the H, and theKs-bands. Using the point sources dethis cluster is not extremely young, setting a lower limit3f
tected simultaneously in all three bands, we have plotted thiyr for its age. This is because inner-disc frequencies ingp
near-infrared colour-colour diagram] ¢ H) versus H — Ks), clusters have been found to steadily decrease as the chagtsr
shown in Figure 5. In this plot, the location of the verticat-d approach about 6 Myf (Haisch, Lada, & Lada 2001), with about
ted line, derived from Fig. 4, is aH{ - Ks) = 0.65. Most of the  50% of the sources exhibiting excess emission from circemst
sources to the right of this linek(— Ks) > 0.65) are in the clus- lar discs at 3 Myr and very few sources at ages greater thart abo
ter region. Sources to the left of the dotted line are botldés 6 Myr.
and outside the cluster region. An additional estimate of the age (or range of ages) for this
Most stars are located within the reddening band where statgster can be obtained from the colour-magnitude diagin (
appear if they are main-sequence stars reddened accodin¢H — Ks)) plotted in Fig. 6. In this plot, the extincted ZAMS rep-
the interstellar extinction law(Rieke & Lebofsky 1985), isfh resents a fit to the open circles (which are spread mostlygadon
defines the reddening vector (traced hereAgr = 10). Pre- nearly vertical band) including the two brightest sourcéschv
main-sequence YSOs that have had time to clear the inner aee clearly blue, field sources (non-cluster members). Vdlise
gions of their circumstellar discs lie in this region as wéllant  of extinction represents a lower limit to the extinction lretre-
stars appear slightly above this band. Stars located taghtaf gion and is is due to the foregroundfdise ISM.
the reddening band are likely to be embedded young startsbjec Focusing our attention now on the filled circles (assumed
with infrared excess emission due to the presence of cir@imsto be cluster members), the location of a source on this colou
lar material [(Adams, Lada, & Shu 1987). This is the case of tineagnitude diagram is the result of a combination of clusigr d
reddest object (in both colour indices) easily recognisdelg. 2 tance, cluster age, and extinction of the line-of-sightamis the
by its very red colour. source. Assuming a fixed distance for the cluster members, ve
tical spread (scatter in magnitudle) can be caused mostly by a
2 Table 1 is available at the Centre de Données Astronomidees Spread in age. Variable extinction will only produce smaiitis
Strasbourg (CDS), at htfjcdsweb.u-strasbglfr. cal dispersion because the extinction vector is almostbaotal
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(has alow slope, see Fig. 6). On the other hand, horizontahsp

in this diagram (scatter in colour) can be due tetent ages, to
variable spatial extinction, or to a combination of bothalysis

of Fig. 2 strongly suggests the existence of variable etiting
with highly different amounts of dust across the cluster. Non-
coeval star formation cannot be excluded either. Thus, we ha
tried to fit the filled circles using pre-main-sequence isooks
reddened by variable amounts of extinction.

Fitting pre-main-sequence isochrones to young stellas-clu
ters is a rather uncertain process but it can give a rough es-
timate of the age or a range of ages of a young cluster. We
have used the kinematic distance of 7 kpc and the set of
Siess, Dufour & Forestini (2000) isochrones with masseg-ran
ing from 0.1 to 7 M,. Given the absence of metallicity infor-
mation, we adopted solar metallicity. A set of isochronedibf
ferent ages and extinctions were generated and plottedeon th
colour-magnitude diagram. Figure 6 shows a possible fit¢o th

filled circles: an isochrone of 4 Myr with extinctions vargin
e from A, = 6 to A, = 13. Isochrones of younger ages will fit
(H - Ks) only the lower mass-end (the fainter sources). They wouwld re
quire the absence of any intermediate-mass stars rasfyitte

Fig.5. Near-infrared colour-colour diagram of the region to¢luster population to only low-mass stars. In fact, assgnain
wards IRAS 06361-0142 seen in Fig. 3. Filled circles reprége of 4 Myr for this cluster, and considering the faintesstzr
sent the 34 sources contained in the’ 3636” central region Member, the lowest mass detected inkistband image is about
(“cluster region”, where most sources are likely to be memmbed-1 M for A, = 6 and about 0.3 Mfor A, = 13. Similarly, the

of the cluster — see text). Open circles are sources outsile ighest-mass star presentin ourimage is estimated to ve et
cluster region. The solid line represents the locii of udieted 4 and 7 M. This value is in good agreement with the absence of
main-sequence stars, while long-dash lines indicate ttidere Massive stars as inferred from the non-detectl_on of watsensa
ing band. The reddening vector indicates the direction ef tCodella etal. 1995) and the lack of VLA continuum emission.
shift produced by extinction by dust with standard progstti N fact, according to the VLA 6 cm observations (section
The location of the vertical dotted line, derived from Figigtat 2-3), and down to the sensitivity of these observations aaior

(H — Ks) = 0.65. The cross in the lower right corner represenf@ntinuum emission was detected at this wavelength. Settin
the average error bars. lower limit detection for the 6 cm continuum emission at, 4

and adopting a distance of 7 kpc, the rate of ionizing photons
required to maintain the ionization of a possible HIl regign
00— to that level isN; ~ 3 x 10 s7! (under the assumption of an
1 optically thin, homogeneous spherical HIl region with cains
1 temperature of = 10* K; e.g. Rodriguez et al. 1980). This im-
7 plies an upper limit ok 5.5 1¢ L, (Panagia 1973; correspond-
] ing to a B1 zero-age main-sequence star witk W2 M) for the
luminosity of the individual members of the IRAS 06361-0142
cluster.

Furthermore, the luminosity from the cluster region is domi
nated by the mid and far-infrared flux as measured by IRAS. We
estimate thid fr to be about X 10°L,. Even assuming (unre-
alistically) that all this luminosity is produced by a siagdtar,
this would set an upper limit of about 7Mor any massive star
present in this cluster, again in good agreement with theebo
estimates.

The presence and properties of this young stellar cluster
at this location in the far outer Galactic disc corrobordtes
conclusion of Snell, Carpenter, & Heyer (2002), namely that
P B N B B B properties of the far outer Galaxy molecular clouds and ttar

0 0.5 1 1.5 R formation activity are quite similar to those of moleculéyuds
in the inner Galaxy.
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Fig.6. Colour-magnitude diagram of the region towards

IRAS 06361-0142 seen in Fig. 3. Filled circles and open cif Summary
cles have the same meaning as in Fig. 5. The two dashed li
are, respectively, the zero-age main-sequence (ZAMS)fara
bitrary distance with zero extinction and wigy = 3.8. The two
solid lines are the 4 Myr isochrone with extinctioAs = 6 and
A, = 13. The reddening vector indicates the direction of thet shﬁ
produced by extinction by dust with standard properties.

W& have discovered a new young stellar cluster seen towards a
molecular cloud. The cloud and clusters are located at ardist

of 7 kpc and a Galactocentric distance of 15 kpc, well in the fa
uter Galaxy. The cluster is detected in our near-inframeabies

s a group of several tens of stars, surrounded by nebulafsity
circular shape and contained in a region of aboutd 22 pc&
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centred close to IRAS 06361-0142. It appears composed of low
and intermediate-mass young reddened stars with a large fra
tion having cleared the inner regions of their circumsteadiacs.

The observations are compatible with a 4 Myr cluster with-var
able spatial extinction betweek = 6 andA, = 13.

These findings indicate that the distant outer Galaxy con-
tinues to be active in the production of new stellar clusters
with the physical conditions required for the formation afs:
ters continuing to be met in the very distant environmenhef t
outer Galactic disc. This suggests that the star formatioogss
within a molecular cloud is uriBected by the properties that dis-
tinguish the outer Galaxy (e.g. metallicity, surface dgngrom
the solar neighbourhood or the inner Galaxy.
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