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ABSTRACT

Context. The Gum 31 bubble, which contains the stellar cluster NG@382a poorly studied young region close to the Carina
Nebula.

Aims. We are aiming to characterise the young stellar and prdtasigopulation in and around Gum 31 and to investigate the
star-formation process in this region.

Methods. We identi ed candidate young stellar objects fr@pitzer WISE, andHerscheldata. Combining these, we analysed the
spectral energy distributions of the candidate youngastelbjects. With density and temperature maps obtained fteracheldata
and comparisons to a collect-and-collapse scenario fartien we are able to further constrain the characterisfitise region as a
whole.

Results. We nd 661 candidate young stellar objects from WISE datap@dtostar candidates are detected throHghschelobser-
vationsinai 1:1 area. Most of these objects are found in small clusters avaliealigned with the H Il bubble. We also identify
the sources of Herbig-Haro jets. The infrared morphologthefregion suggests that it is part of the larger Carina Neboinplex.
Conclusions. The location of the candidate young stellar objects on timeafi the H Il bubble is suggestive of their being triggered
according to a collect-and-collapse scenario, which agwesl with the observed parameters of the region. Some datelyoung
stellar objects are found in the heads of pillars, whichdat#s radiative triggering of star formation. All in all, wel evidence that

in the region di erent mechanisms of triggered star formation are at workre€ting the number of candidate young stellar objects
for contamination, we nd 600 young stellar objects in Gum 31 above our completengss dif about 1M . Extrapolating the
initial mass function down to 0.4 , we estimate a total population of5000 young stars for the region.

Key words. Stars: formation — Stars: protostars — ISM: jets and out ows — Herbig-Haro objects — ISM: clouds — ISM: bubbles

1. Introduction minations of Gum 31 and NGC 3324 yielded values of 2.3kpc
. for the cluster NGC 3324 (Catalogue of Open Cluster Data;

The bubble-shaped H I region Gum 31 around the young Stfﬁharchenko et al. 2005) a(ndEQ 8:3 kpc foE the clouds in

lar cluster NGC 3324 is located 1 north-west of the Carina and around Gum 31 (Barnes et al. 2010). This implies that the

N_ebula (N.GC?’B?Z; see Smith & Brooks 2008 _for a recent I ¢ 3324Gum 31 region is located at the same distance as the
view). While numerous observations of the Carina Nebulaaha&arma Nebula ( 2:3kpc; see Smith 2006¢)

been performed in the past few years and provided comprehen- . . .
sive information about the stellar populations as well astbud Theld|ameter O.f the Gum 31 Hll region '5150.(10 pc). This
properties (Yonekura et al. 2005; Smith & Brooks 2007; Kram&! !l region in turn is surrounded by an expanding H | shell that
etal. 2008; Smith et al. 2010a,b; Townsley et al. 2011; fseip €NCloses it almost completely (Cappa et al. 2008).
et al. 2011a,b,c, 2012; Salatino et al. 2012), the Gum 3bnegi _ The available information about the stellar population of
has not received much attention. Despite its interestinghm- NGC 3324 is restricted to the three brightest stars. Thehbrig
ogy and the pub||c|ty of HST images of its western rim (Hutﬁst gtar of the cluster is the multlple star HD 92206, which
ble News Release STScl-2008-34), the H Il region and ittastelconsists of the two O6.5V stars HD 92206 A and B and the
population remain rather poorly studied until today. Thiems ©8.5V star HD 92206 C (Maiz-Apellaniz et al. 2004). Another
to be related to its celestial position: the closeness tcethe Very luminous star in the region is the AO supergiant HD 92207
tremely eye-catching Carina Nebula has always overshatlode V370 Car,V = 5:49). This object is a very luminous
NGC 3324. (log(L=L ) = 5:56) massive Miniaq 30M ) evolved star (age
The physical relation between NGC 3324 and the Carina/ 1Myr; Przybilla et al. 2006) that drives a very strong stel-

Nebula complex (CNC) is still unclear. Recent distance detdar wind (M = 1:3 10 °M yr *; Kudritzki et al. 1999). The
membership of HD 92207 is not entirely clear: Claria (1977)

This work is based in part on data collectedHgrschel an ESA  and Carraro et al. (2001) assumed it not to be part of the clus-
space observatory with science instruments provided bgdgan-led o However, Forte (1976, based on HD 92207's being wrapped
Principal Investigator consortia and with important pap@ation from . a nebular shell associated with Gum 31) and Baumgardt et al

NASA, and on data observed by VISTA (ESO run number 088.&{%000 f fi det ineditto b b
0117(A)), an ESO survey telescope developed by a consouifuh® , from proper motions) determined it to be a member.

universities in the United Kingdom, led by Queen Mary, Unsity of Carraro et al. (2001) identi ed 25 candidate members of
London. NGC 3324 with optical photometry and suggested that the clus

?
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ter is very young ( 2 — 3Myr). With three O-type starsthe SSC, chosen appropriately for the time of the obsemstio
(M 18M ), the eld-star initial mass function (IMF) repre- were employed. Before the mosaics were constructed, mitlie
sentation by Kroupa (2002) suggests that there shouldl#00 were removed using thBox Outlier Detectiormethod within
low-mass (@M M 2M ) stars. This implies that the vastMOPEX and backgrounds between the tiles were matched us-
majority of the stellar population of NGC 3324 is still unkmo. ing theOverlapmodule. Subsequently, thr&pitzerastronomi-
In addition to the optically visible stellar cluster in thellH cal observation requests (AORs) each were merged into &esing
region, there is a population of young stars embedded in tesaic.
molecular cloud surrounding the H 1l region. The stars isthi We carried out PRF- tting photometry separately for all fou
population are only seen in infrared images (Cappa et aBP0OORAC bands (3.6 m, 4.5 m, 5.8 m, and 8.0 m). This photo-
or traced by their protostellar jets (Smith et al. 2010a)pgza metric information was then combined into a single catatogu
et al. (2008) sampled point sources in a region of 2@lius by a simple algorithm searching for the best match in pasitio
centred on NGC 3324 from the IRAS, MSX, and 2MASS pointaking the 4.5 m band as reference. We chose this band as our
source catalogues and identi ed 12 (IRAS), 9 (MSX), and 2@&ference band because it clearly is the most sensitive nde a
(2MASS) candidate young stellar objects (cYSOs) usinguwslo less likely to be subject to misidenti cations. These arsyamon
colour criteria. Owing to the limited sensitivity and angutes- especially in the longest-wavelength bands where randara u
olution of these data, the currently known few dozen embedd®ations in nebulosities can be detected as point-likecgsunn
infrared sources represent only the tip of the iceberg; nmaone  consequence, the resulting catalogue is rather consex\aid
embedded young stellar objects (YSOs) must be presentsn txcludes any object not detected in the 4n% band. On the
area and are waiting to be discovered. other hand, it minimises contamination. The total number of
In this paper, we are aiming to characterise the protostelfzoint-like sources detected in at least one band in the siuety
and young stellar population of the stellar cluster, thesurd- is 57 828.
ing H Il region, and its environs. Our study is basedSpitzer We noticed a slight misalignment between Bitzerbands
WISE, Hersche] and VISTA data, which provide much betterand therefore shifted the 4.5n, 5.8 m, and 8.0 m band po-
sensitivity and angular resolution than the previouslystmg sitions throughout by 0:17°9  0:10°% and 0:13°in declina-
data sets. tion with regard to the 3.6m band which we found to be well
We describe the data sets in Sect. 2. In Sect. 3, we descidtigned with the Two Micron All Sky Survey (2MASS; Skrutskie
the general morphology of the infrared clouds in and aroted tet al. 2006). In the resulting catalogue, the root mean sqofar
Gum 31 region and its implications for our work. Detectionthe spatial deviations between the IRAC and the 2MASS posi-
of cYSOs from the infrared data, including the identi catio tion is 0.22°
method, and their spatial distribution are described int.Sk&c Owing to the very strong spatial inhomogeneity of the cloud
Furthermore, we analysed point-like sources as detectdd wamission in our maps, the sensitivity for IRAC cannot be pre-
bothHerschelandSpitzerand derived their spectral energy diseisely quanti ed by a single value. Instead, we characgditipy
tributions (SEDs; Sect. 5). We also identi ed likely sousaaf two typical values, the detection limit and the typical cdete-
two previously detected Herbig-Haro jets (Sect. 6). Infiees ness limit. The former is quanti ed by the faintest sources i
are discussed in Sect. 7. our sample. For 3.6m, 4.5 m, 5.8 m, and 8.0 m these have
uxes of 100 Jy, 100 Jy, 330 Jy, and 280 Jy.
) To estimate the completeness limits, we constructed his-
2. Observational data tograms of the measured source magnitudes (Fig. 3) and esti-
mated the point where the rise in the source count is no longer
adequately described by a power-law. Although it is not enfar
2.1.1. IRAC measure of completeness, the turnover in source countgurve
can serve as a proxy to show the typical values of the complete
ess limit across the eld. In this way we estimated complete
ess limits of 1:5mJy, 0:7mJdy, 1:2mJdy, and 1:6mJdy
for3.6 m,4.5 m,5.8 m,and 8.0 m.
Comparing these to numerical models of stellar evolution
ara e et al. 1998), we found that for an age of3 Myr the
hotospheric emission of aM star is well detectable with

2.1. Spitzer images and photometry

We used data taken during tf8pitzercold mission phase, in
July 2008, with the InfraRed Array Camera (IRAC; Fazio et
2004) (“Galactic Structure and Star Formation in Vela-@alti
programme; Pl: Steven R. Majewski, Prog-1D: 40791), rette
through theSpitzerHeritage Archive: The basic calibrated data
were assembled into mosaics with version 18.4.9 of the Mg
saicker and Point source EXtractor package (MOPEX; Makov ; :
& Marleau 2005) provided by th&pitzerScience CentfgSSC). ISE (Sect. 2.4) in the 3.4m and 4.6 m bands while for

) ; IRAC the sensitivity extends to 0:5M . For younger stars
From the complete data set recorded in the observation PSS boundary shiftgupwards s0 that 1 Myr oIdyMS sgtars are
gramme, we used only all  1:1 area corresponding to the

Gum 31 region and a small region to the west of it. This conﬁt'" detectable with WISE while with IRAC we were able to

plements the area described by Gaczkowski et al. (2013)Ff§Ch 0:25M . If we compare the completeness limits to the

complete the area surveyed with dderschelobservation pro- DMC model (Dullemond & Dominik 2004), which provides
P y P'O" calculations of continuum radiative transfer in axisymuieetir-
gramme (cf. Sect. 2.2).

) 4 . cumstellar dust distributions around a central illumingtstar,
With the Astronomical Point source EXtractor (APEX) mOd\7ve nd that disk masses as low as 0.083 would still be de-
ule of MOPEX we then performed source detection and photom-

, : F%ctable fora™M YSO.
etry on these IRAC mosaics. Photometry was rst carried ou
individually for each image in the stack and was subseqyentl
combined internally to provide photometry data for the enti2.1.2. MIPS

mosaic. Sets of point response functions (PRFs) availabie f . .
P P ( ) For the detailed analysis in Sect. 5 the IRAC data were comple

L An overview of the observations used can be found in Table 1.  mented by photometry on a Multiband Imaging Photometer for
2 http:/firsa.ipac.caltech.edu/ Spitzer(MIPS; Rieke et al. 2004) 24m map (‘SpitzerFollow-
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Fig. 1. Gum 31 region and its connec-
tion to the central Carina Nebula, seen in a
HerschelRGB image, with the PACS 70m
image in blue, SPIRE 250m in green, and
SPIRE 500 m in red. The blue box marks the
1:1 1.0 area used for analysis here. The di-
agonal white line marks the border to the left of
which we obtained IRAC photometric data.

Table 1: Overview of observations wispitzerandHerschel

Instrument AOR Observation mode Observationtime Date Pl
SpitzerlRAC 23708160 IRAC map 3301s 19 July 2008 S. R. Majewski
SpitzerlRAC 23699200 IRAC map 3057s 19 July 2008 S. R. Majewski
SpitzerlRAC 23704320 IRAC map 3070s 19 July 2008 S. R. Majewski
SpitzerlRAC 23688192 IRAC map 3082s 19 July 2008 S. R. Majewski
SpitzerlRAC 23701504 IRAC map 3086s 19 July 2008 S. R. Majewski
SpitzerlRAC 23695360 IRAC map 3086s 19 July 2008 S. R. Majewski
SpitzerlRAC 23696896 IRAC map 3087s 19 July 2008 S. R. Majewski
SpitzerlRAC 23706368 IRAC map 3088s 19 July 2008 S. R. Majewski
SpitzerlRAC 23684352 IRAC map 3312s 19 July 2008 S. R. Majewski
SpitzerMIPS 15054080 MIPS phot 9469s 12 June 2006 J. Hester
HerschelPACS 1342211615 SpirePacsParallel 11889s 26 December 201Breibisch
HerschelPACS 1342211616 SpirePacsParallel 12863s 26 December 201Breibisch
HerschelSPIRE 1342211615 SpirePacsParallel 11889s 26 Decemb@r 201Preibisch
HerschelSPIRE 1342211616 SpirePacsParallel 12863s 26 Decembe@r 201Preibisch

up of HST Observations of Star Formation in H Il Regions” prdivity is highly dependent on the observed sky region; indeal
gramme; PI: Je Hester, Prog-ID: 20726) retrieved through thease it is expected to be35 Jy.
SpitzerHeritage Archive. The MIPS images were searched by

eye for point-like sources coinciding with the previoudlgiti- vt starFinder (Diolaiti et al. 2000). The PSF was derived
ed IRAC and Herschel(Sect. 2.2) sources. Because this elg,g 53 median value from four point sources. It was then tted
is only sparsely populated with point-like sources in the 8% 1, oach identi ed point source together with a slanting pléor
band, they were egosny found by eye. MIPS has a po'”t's.pr%gebackground and taking into account the contributiorriga
function (PSF) of &"full width at half maximum (FWHM) in giar5 adjacent to the tting region. In this way the sub-stenap

the 24 m band, slightly degrading towards the edges of thgpg noint-like sources de ned by IRAC ariderscheldetec-

5:4° 5:4° eld of view, sampled on pixels with a size of 2.5 .. :
: ! = tion was analysed from the brightest (4570 mJy) to the fainte
According to the MIPS Instrument Handbodtje 24 m sensi- (5mdy) objec%/s. 9 ( y)

Source detection and PSF photometry were then performed

3 http://irsa.ipac.caltech.edu/data/SPITZER/docs/mips /
mipsinstrumenthandbook 4 http://www.bo.astro.it/StarFinder/index.htm
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Spitzer MIPS 24 nm schel PACS 70 nm

Fig. 2: Overview of the Gum 31 region in the optical, mid-ared, and far-infrared. The ESO Wide Field Imager (WFI) cadti
image [ESO image release es01207] showatlhand in blueR band in yellow, O lll 501 nm emission in green, and kh red.

2.2. Herschel far-infrared maps (Molinari et al. 2011, also used for the Hi-GAL survey), atsof
. ) ware package developed especially for maps with a complex

We analysed the Gum 31 region using data from our réldemt packground. CUTEX calculates the second-order derivative
schelfar-infrared survey of the CNC. These observations wegg the signal map in four directions (x, y, and their diagshal
performed in December 2010 (open time project, Pl: Thomgfowing the identi cation of point-like sources by theitegp
Preibisch, Prog-ID: OT1-tpreibis-1), using the paralstiscan prightness gradients. A more detailed description of the-ph
mode at 66°s 1. With simultaneous ve-band imaging with tometry process is given by Gaczkowski et al. (2013).
PACS (Poglitsch et al. 2010) at 70n and 160 m and SPIRE
(Gri netal. 2010) at 250m, 350 m, and 500 m, two orthog- As any source catalogue based on maps with strong and
onal scan maps were obtained that cover an areaBof 22:3 . highly spatially inhomogeneous background emission Herr
The angular resolutions of the maps af® 520 180 25 and schelsource lists will miss some faint sources and at the same
36%for the 70 m, 160 m, 250 m, 350 m, and 500 m band. time contain a small number of spurious detections. To iv@ro
At a distance of 2.3 kpc this corresponds to physical scates f the reliability of the source catalogue, we restricted malg-
0.06 t0 0.4 pc. sis to those sources that are detected (independently)eéastt

A full description of these observations and the subs&vo Herschelmaps and for the SED construction in Sect. 5 even
quent data processing is given by Preibisch et al. (2012) aodthose detected in at least three bands. For this, the-point
Gaczkowski et al. (2013). Detection and photometry of poinlike sources detected in each individudérschelband were
like sources inHerschelbands were carried out with CUTEXmatched. The matching process was described by Gaczkowski
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Fig. 3: Histograms of the measured source magnitudes iSpitzerlRAC catalogue.

et al. (2013). In the area, we detect 91 point-like sources an sixteen individual 2048 2048 pixel Raytheon VIRGO in-
at least two bands and 59 in at least three bands. For eaclirafed detectors, providing more than 67 million pixelshwit
them we checked for coincidence with IRAC-identi ed pointnominal pixel size of 0.33%0n the sky and sensitive in a wave-
like sources. We excluded all cases where either the sgatial length range of 0.85 — 2.4m. Because the sixteen chips are
incidence of theHerscheland IRAC sources was not clear omon-contiguous they produce a set of sixteen non-contigjisnou
where more than one IRAC source appeared as a possible cages called a “pawprint'. For a contiguous sky coverageaixp
terpart. This resulted in the 17 sources identi ed bothHer- prints, o set in x- and y-direction, are combined. The resulting
scheland in IRAC wavelengths that are analysed in Sect. 5. “tile' covers an area of:5  1:2 on the sky.

The detection limit can be approximated by the uxes of the
faintest detected sources; this isin the range dflyto  2Jyin For each of the six pawprints, 27 exposures were obtained at
our maps. An estimate for the “typical' completeness limig( ve jitter positions with an integration time of 2 s each. Beise
the limit above which we can expect most objects in the survehe seeing conditions (with an average FWHM of1:7°% did
area to be detected) can be derived from the histograms of itee meet the pre-speci ed quality criteria, the observagioere
uxes similar to those described in Sect. 2.1.1. The comesp terminated after this observing block was completed. Treepb
ing limitsareat 10Jy, 15Jy, 10Jy, 10Jy,and 6Jyfor vations in the other Iters and for the rest of our Carina Nebu
70 m, 160 m, 250 m, 350 m, and 500 m. mosaic positions were successfully completed a few moatbs |
and were processed by the VISTA data ow system at the Cam-
bridge Astronomy Survey Unit. However, at the time of wigtin
the photometric calibration of these data was still in pesgt
An H-band image of the area around Gum 31 was obtained witherefore, we used only the image data for a (preliminary) sc
the VISTA InfraRed CAMera (VIRCAM; Dalton et al. 2006)enti ¢ analysis here, but no photometric values.
in the night of 15 January 2012 as the rst observation of our
Visible and Infrared Survey Telescope for Astronomy (VISTA A preliminary photometric calibration showed that objects
Irwin et al. 2004; Emerson & Sutherland 2010) survey of thes faintasH 185 are clearly detectable in our VISTA image.
CNC (ESO run number 088.C-0117(A)). VISTA is a 4-m clasghis is about four magnitudes deeper than the nominal 2MASS
wide- eld survey telescope that provides 81 1:0 eld of Survey completeness limit for crowded locations near thaaga
view. The near-infrared camera VIRCAM consists of an arrdic plane ofH  14:5 (Skrutskie et al. 2006).

2.3. VISTA near-infrared images
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2.4. WISE et al. is 186700/ . These authors derived this value by inte-

. rating over the same column-density map that we show here,
We used catalogue data from the Wide- eld Infrared Survey E ; ; :
plorer (WISE; Wright et al. 2010) All-Sky Data Release (@utr:gjﬂgor aregion around Gum 31 slightly drently de ned than

& al. 2012). These data were taken during the WISE cold mis-
sion phase from January to August 2010. We used the stanqﬂ@l
aperture-corrected magnitudes obtained with apertur8<26i°
and corrections of 0.222mag, 0.280mag, and 0.665mag
3.4 m,4.6 m,and 12 m (Cutri et al. 2012). The WISE obser

In the longer IRAC-wavelength emission and especially in
Herschelimage, a “bridge' of lamentary structure can be
feen to extend from Gum31 downwards in the direction of
RE central Carina Nebula, forming a connection. The column
. : o 0 o density map (Fig. 4b), too, shows that the clouds surroundin
;/(?rt'grf ?T?Vz gnr?]n%%larrnre;glduggnrgfgvﬂ:i'ﬂ't6',[50’l azrgdl%zel Gum 31 are connected to the clouds in the more central parts of
' P ' ' . gnht et al. ).' " the Carina Nebula. Forte (1976) remarks that in the deepalpti
our survey area the catalogue contains 20 739 point souiities %Iates of Lynga & Hansson (1972) a lamentary structure can

a detection in at least one band. Source confusion in the c 8 seen that connects the H | region H-B1Gum 31; Ho eit
logue should not constitute a problem in the analysis here tl%SS) to NGC 3372. the central Carina Nebula '

cause we required a matching radius o6 match WISE to According to Yonekura et al. (2005), the radial velocitiés o

IRAC detections, the same as we used for the IRAC inter-band. " “Jg :
matching. On this scale, we were able to distinguish cleagly aﬁ;:”rgngoecflr%mfsgoj Zzaig,kvr\;héclh tzu\r/[(;zn:d th&if:éﬁ bub-

tween nearest and second-nearest neighbours. Tﬁi:e C®O clumps in the central and northern part of the Ca-

Similarly to what we described in Sect. 2.1.1, we estimater ; I _
LI a Nebula (Nos. 8 — 12) have radial velocities in =
the detection limits to be 90Jy, 70 Jy, and 700 Jy for 3.4 m, 258" - 19(3:9 kms ! ran)ge. This good agreemen:yg%?he ra-

?]106; u@é?ﬂg %gr?ég)r:é;]e :Q;g;fui?;wgeeié?mi?gg ‘Clbzmvﬁe?'aiallvelocities suggests that the clouds around Gum 31 amd th

ness limits of 4mJy, 3 rﬁJy and 24 mjy Carina Nebula are connected and part of the same complex. As
’ ' ’ was argued by Preibisch et al. (2012) and in the introduction

we therefore assumed a distance of 2.3 kpc towards Gum 31, the

same as to the CNC. This number also agrees well with recent

independent distance determinations (see Sect. 1).

Figure 1 shows the far-infrared morphology of the Gum 31 bub-

ble and its environs; the cavity of the H1l region is cleark-d

lineated. Figure 2 contrasts optical and infrared imagethef 4. Young stellar objects in the Gum 31 region

Gum 31 bubble. Near the centre of the bubble a cluster of stars o )

is just discernible in the IRAC image. This is NGC 3324. Iff-1. Identi cation of YSO candidates

the MIPS 24 m and PACS 70m images the warm dust Sur-the selection of cYSOs in the following sections is basedhen t
rounding the stars of NGC 3324 forms an arc-like structua thetection of infrared excesses. It follows, thereforet thay
follows the shape of the inner bubble wall. YSOs exhibiting excess infrared emission can be detectéd wi
Several pillar-like structures extend from the edge of thie-b these methods (cf. also Sect. 4.3). Infrared excess emissio-
ble into its inner part, especially from its southern rim.tally, gicative of circumstellar material. This means that onlyO&Sf
some but not all optical pillars coincide with those seenhie t cjass 0 to Class Il are the subject of this analysis, whiles<la

infrared. The photodissociation regions that very shadelyn- piects must remain undetectad.
eate the edge of the bubble are clearly observable in the IRAé

5.8 m image, which shows their uorescence under the in u-
ence of UV radiation. They are also visible in the MIPS 24 4.1.1. Selection by Spitzer colours

image, which shows the emission from the dust grains within.,, . : . .
Figure 4a shows a colour-temperature map for the Iar%élllth IRAC data only and following the criteria establishex &

Gum 31 region, extending downwards into the central CNC. rvey of the star-forming region Pismis 24 (Fang_ etal. 2012
was derived from the ratio of the PACS 7t and 160 m emis- hllen et al. 2004), we were at_)le to "?'e”“fy 304 mf_rared ex-
sion as detailed by Preibisch et al. (2012). It shows that t _ZS sog.rges flromfplomng th6e7.g$9 [4.&';]|_ckolour agam;ttthet d
temperatures for the H1l region are comparatively high30 'n.aal fo[ur. b]a%?jgur'l'oogder?tsifil an obpe(zzl?z;sl ;(:S\(()ggeliane eecteal
— 40K), while those of the surrounding clouds are considgral 012) demand (.E 1 follows AIIenlet al. 2004): ’ 9 '
lower down to 20 K. The warm dustin NGC 3324 is clearly se a- ' '
as an outstandingly blue (40 K) patch inside the bubble. 61 145
The G286.2%0.17 cluster (cf. Sect. 4.4.4) also stands out. Ft)’ ] [49]
is about 8 K warmer than its immediate surroundings. Itie al
much denser, as can be seen from Fig. 4b, which shows thei?isﬁ] [4:5] 067 ([5:8] [8:0]) 067: )
drogen column density derived from the colour temperatases
described by Preibisch et al. (2012). We see that the colenn d
sity inside the bubble is relatively low compared to its sund-

3. Morphology

0 and [58] [8:0] 04 1)

The resulting colour-colour diagram is shown in Fig. 5.

If we also take into account the 2MASS magnitudes, we can
; > . sample a much larger portion of sources by applying the exces
ings at a few 18 cm 2 and rises steeply by more than one ordelijieria of Winston et al. (2007, usin@pitzerextinction as de-

of magnitude at the ionisation front. Apart from G286:B117, rived by Flaherty et al. 2007). These yield another estinoéte
we see some more dense clumps scattered within the bubble rim

and beyond it. A hotable feature is the_cluster G286'§8_€°;2126 5 YSOs are commonly classi ed according to the slope of th&bDS
Sect. 4.4.5), which has a column density of arountit8”cm - (Lada 1987), from Class 0 protostars in the main collapsegttaough
In sharp contrast to the unusually warm clump G286217,in  Class| YSOs shrouded in envelopes and accreting infaliitgimstel-
Fig. 4a G286.38-0.26 is seen to be cooler than its surrogadinar matter and Class |l YSOs, T Tauri stars with disks, to €IHb-

downto 20K. Theintegrated cloud mass derived by Preibisgécts with little or no circumstellar matter.
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(a) Colour-temperature map.
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(b) Hydrogen column-density map.

Fig. 4: Maps derived fronterscheldata. They show the cloud structure in and around the GumBdlaand the connection to
the central parts of the Carina Nebula (just outside the ld@feedge of the maps).

Article number, page 7 of 21



k] S A A BN A ARananans ] 45

[ > & 4 E
g o8 1 3 E| ©cYSOs Class | o E
2F S E E cYSOs Class II| © ® ]

[3.6]-[4.5]
[3.4]-[4.6]

[«.6]-[12]

Fig. 5: Colour-colour diagram using aBpitzerIRAC bands. Fig. 6: Colour-colour diagram using three of the four WISE

The criteria adopted for YSO identi cation follow Fang et albands. The criteria adopted for YSO identi cation follow

(2012) and Allen et al. (2004). Koenig et al. (2012). Candidate YSOs are marked in red for
Class| sources and in green for Class Il

the YSOs in the region from th@ H vs.H [4:5] colour-
colour diagram. In this way, 2577 cYSOs are identi ed (from where is the quadratically added uncertainty of the respective
total sample of 38459 with detections in the three bands). ~ magnitudes. Class | sources are a subsample of this de ned by
Within this sample, there are certainly contaminants,. . . .
Asymptotic—giant-branch stars unfortunately gxhibityveilmi- %'4] [4:6]>10 and [46] [12]>2:0 )
lar colours to YSOs and so do background star-forming gefaxi(the rest are Class Il objects). From this analysis we exdud
In a spectroscopic survey of objects discovered bySp#zer any data pointin the catalogue that did not have a signabtee
Legacy Program “From Molecular Cores to Planet-Formingtio of 5 or better. Figure 6 shows the4B [4:6]vs. [46] [12]
Disks” (“c2d") in the Serpens molecular cloud Oliveira et alolour-colour diagram, constructed after probable cofators
(2009) found a contamination of 25% within their subsamible Qere removed. The total sample before this removal combiste
the brightest objectdgo m > 3mJy). They attributed this high 10128 sources. After removing probable contaminators9666
proportion to the closeness of the Serpens cloud to the Galagources remained. These are shown in Fig. 6. Class | souees a
plane — which is also true for Gum3fdumsr  0:2)). We can marked in red, Class Il in green. The same colour-codinggsl us
also estimate the contamination based on the_ criteria of WiR Fig. 8, which shows the spatial distribution of the cY SDkis
ston et al. (2007) for the selection of contaminants from thgalysis yields 661 cYSOs, of which 207 are Class | and 454 are
[5:8] [8:0]vs. [45] [5:8]and [45] [8:0]vs.[36] [5:8] cClassll.
diagrams. This yields an estimated contamination in theGRA  The distribution of WISE-selected cYSOs follows the cloud
selected sample of 10%. structure as expected. Koenig et al. (2012) estimate the re-
Itis noticeable that the distribution of these cYSOs thiteugmaining contamination of the cYSO population selected with
out Gum 31 and outside it is almost uniform. This is suspisiolheir criteria by galaxies to be 10 deg?, which in our 12 deg
We therefore conclude that the contamination from fore- ansld leads to an estimate of 12. However, in a region pro-
background sources is high and do not use this sample in @iited onto the Galactic disk such as the Carina Nebula we
analysis. expect a high level of contamination mainly from background
and foreground stars. To estimate the total contaminatien w
performed the same analysis as described above for two-circu
lar areas of 3Bradius well outside the Carina Nebula (i. e. re-
We used WISE catalogue data to search for infrared exc@#sns that we expect to be relatively free of YSOs), one cen-
sources. Koenig et al. (2012) developed a set of criterigirt tred around zo00 = 10:51:52.5, 2000 = 59:14:30, the other
study of massive star-forming regions to identify likely @§ around p00 = 10:25:10.7, 2000 = 58:52:00. They were cho-
from WISE four-band photometry. We applied these critecia asen to have a similar proximity to the Galactic plane as Gum 31
cordingly. (b=0:15andb= 1:18;Gum31lb= 0:17). Furthermore, we
Using the [34] [4:6] and [46] [12] colours, partly in carefully selected elds that were as free of CO and eimis-
combination with the [3.4] and [4.6] magnitudes, probalzlels sion as possible and appeared as empty as possible in the IRAS
ground objects were removed from the sample before the YSTR) m images.
were selected. This includes galaxies (very red i6][4 [12]), In these control elds we nd a mean cYSO density of
broad-line active galactic nuclei (of similar colours asQ& 97 deg?; with the cYSOs spread homogeneously. Inthe Gum 31
but distinctly fainter) and resolved polyaromatic hydndmn region we determine a cYSO density of 550 ded his leads us
emission regions (redder than the majority of YSOs). Frois tHo expect a contamination of around 18% (20 cYSOs) for
cleaned sample the infrared excess sources are then sebgctehe Gum 31 cYSO sample. For the IRAC data we were not able
demanding (Egs. 3 and 4: Koenig et al. 2012) to conduct a similar comparison because we do not have pho-
tometry data for the full study area around Gum 31 and none for
[3:4] [46] 1>025 and [46] [12] .>10; (3) regionsoutside the central nebula.

4.2. Selection by WISE colours
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We therefore deem the WISE-selected sample to be maraumber preceded by '[CNA2008]', this source is found in the
reliable and base our conclusion in the following sectiores p catalogue of cYSOs of Cappa et al. (2008).
dominantly on this sample, although we occasionally dbscri
a classi cation with IRAC. In general, though, these shobéd

treated as less reliable. 4.4.1. NGC 3324

The cluster NGC 3324 is prominent in tBpitzerimages, con-
taining 200 point-like sources. Within the cluster itself, we
identi ed only a single cYSO with WISE, J103706.9-583710 at
With the methods described in Sect. 2.2 that are presentedtia western edge of the cluster (Class Il). From th6][3 [4:5]
more detail by Gaczkowski et al. (2013), we obtained a poiris. [5:8] [8:0] diagram (IRAC) we identi ed six cYSOs coin-
source catalogue for thiderscheldata. Although we consider cident with the cluster NGC 3324 that are distributed ab®&i? 4
only point-like Herschelsources in the following, it is impor- towards the north-east of the cluster centre. The very snaal
tant to keep in mind that the relatively large PSF correspaad tion of stars with detectable infrared excess(.5%) supports
quite large physical scales at the 2.3kpc distance of Gurir@1 previous age estimates &3 Myr for this cluster.
the PACS 7%Om map, all objects with an angular [spatial] extent
of up to 5°°[0.056 pc] are compact enough to appear poinj- . .
like. For the SPIRE 250m map, this is true for sources of up to£'4'2' CYSOs in the rim of the bubble
189[0.20 pc]. This immediately shows that (pre-stellar) clousiumerous cYSOs are found lined up along the ionisation front
cores, which have typical radii 6f 0:1 pc, cannot be (well) re- of the Gum31 bubble to the west of NGC3324. Fourteen
solved in theHerschelmaps and may appear as compact antySOs are found right behind the edge of the ionisation front
point-like sources. This implies that YSOs in all their @0l Among them are J103653.9-583719, J103653.3-583754, and
tionary stages can, in principle, appear as point-like sesiin  3103652.4-583809, three Class | candidates that are foomgl a
our Herschelmaps. However, the possibility of detecting an olthe ridge traced in IRAC anderscheimages at the very edge of
ject in a speci ¢ stage strongly depends on its properties: Anhe bubble, neighbouring NGC 3324. Two of them, J103653.9—
described by Gaczkowski et al. (2013), many pre-stellae€£or583719 and J103652.4-583809, will be discussed in Sect. 6 as
(& 1-2M ) and embedded protosta& (M ) will be easily possible sources of Herbig-Haro jets.
detectable, while most of the more evolved pre-main seqqienc Behind this rst row of Class | candidates, there is a second
stars with disks are likely to remain undetected. In this lag of ve Class|l candidates, all lined up about®®®ehind
case the detection limit depends on the disk mass; as shownyionisation front. Farther northwards along the rim ¢hare
Gaczkowskietal., alM YSO is still detectable if it has a disk four more Class Il candidates, one similarly behind thetfeord
mass of& 0:5M , this drops to& 0:1M fora 3M YSO and three right along it.
&0:01M fora6M YSO. . In Fig. 8 it is evident that a major part of the cYSOs is lo-
This means that while we nd mainly Class Il YSOs an¢ated along the bubble edges, similar to what is observed in
some Class | YSOs with IRAC, withlerschelthe emphasis is comparable bubbles associated with H I regions (e.g. Dewan
on Class 0 protostars, with some Class | stars. This alsdésplgan et al. 2012). Their distribution follows its circularegte and
that the overlap between both is relatively small (cf. S&3t. their number sharply decreases outside the cloud struahiod
Ragan et al. (2012) presented radiative transfer model&anf sappears magenta in the image. This is suggestive of triggere
less cores and protostellar cores and investigated thetdbte  star-formation in a collect-and-collapse scenario asritesd by
ity of these classes of objects. These models showed that \gitworth et al. (1994).
SEDs of starless (i. e. pre-stellar) cores typically peauad Following analytical models for this scenario, a stellanav
200-300 m and drop very steeply towards_shorterWavelengthi,bme produced by three massive stars with spectral types; O
Their model uxes at 70 m (scaled to the distance of the CNCb6_5, and 09.5 can reach a radius of approximately 9 — 11 pc in
are several orders of magnitude below our detection liffite- 1 5_ 5 g Myr assuming initial cloud densities in a range dd 50
tostellar cores, on the other hand, have much stronger axes_ 1000 cm®. The radius at which fragmentation would occur
PACS wavelengths. Guided by these results, we can consigef,id then vary between 7 pc and 11pc. To estimate the me-
a detection at 70m as an indication for the protostellar natur@nanical luminosities emitted by the three most massivs &ta
of the source, whereaserschelsources without 70m detec- NGC 3324, we used values from Smith (2006a) (and the erratum
tion would be pre-stellar cores. In Fig. 7 these two classes @Smith 2006b)) for stars with the same spectral types (los¥n
indicated separately. ity class V) observed in the Carina Nebula. Thd5° diameter
Gaczkowski et al. (2013) argued that a sampléiefschel of the Gum 31 H Il region corresponds to 10 pc at a distance of
point-like objects in the Carina Nebula is very unlikely te b2 .3kpc, which agrees very well with the values derived from t
contaminated by evolved stars or extragalactic objecte.sBme model. That we also nd numerous embedded cYSOs in and
reasoning applies to Gum 31. The photometric data for ssuregar the rim of the bubble is consistent with star-formation
that fall within the Gum 31 area can be found in the paper ebrding to the collect-and-collapse model.
Gaczkowski et al. (2013).

4.3. Identi cation of protostars from Herschel data

4.4.3. cYSOs in pillars

4.4. Spatial distribution of the cYSOs
In the southern and eastern part of the bubble edge we found a

Itis interesting that both Class | and Class Il sources axdg@mn- number of short pillars extending into the bubble interibney
inantly found within the interior of the Gum 31 bubble or ajon can be seen in the optical and infrared in Fig. 2; a close-tipeof
its rim. They tend to occur in clusters and in their distribot infrared pillars is shown in Fig. 9. Within four of them we fod
are often correlated with the Yonekura et al. (2005) molgculcYSOs in their very tips, reminiscent of what is observecdia t
cloud clumps (see below). When we refer below to a cYSO wittentral Carina Nebula (e.g. the South Pillars region). Ohe o
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Fig. 7. HerschelRGB image (red: 500m,
green: 250 m, blue: 70 m) with positions

of all Herschelpoint-like sources detected in
at least two bands overlaid. Red crosses show
the position of protostellar, yellow boxes those
of prestellar cores. The large yellow rectangle
marks the borders of the analysed region.

them, J103806.6-584002, coincides witkarschelpoint-like close-up in Fig. 10). This is consistent with the idea thatth
source (cf. Sect. 5.1) and is therefore most probably a prato two objects represent deeply embedded YSOs in the prdastel
This suggests that radiative triggering is at work, veryilsim evolutionary phase. With WISE the two sources are not resblv
to the processes seen in the South Pillars (Smith et al. 201Bbt run into one that we classify as a Class | candidate.

Gaczkowski et al. 2013). The peak of théderschePACS 70 m emission is centred on
the mid-infrared source J103832.0-581908. A two-dimeradio
Gaussian t to the 70m emission yields a FWHM size of
13:6%° 11:3% which is clearly larger than the FWHM size of

The cloud clump G286.240.17 ([DBS2003] 127, BYF73) is lo- 10°° 10°*measured for several isolated point-like sources in
cated about 1%horth of the rim of the Gum 31 bubble. The structhe same map. With an angular distance &7 the emission
ture of this clump was recently studied in several moledirias ©f the two mid-infrared sources cannot be resolved inHiee-
by Barnes et al. (2010). They determined a diameter @0 pc, schelmaps, but the measured direction of the elor)gatlon towards
a luminosity of 2 — 3 10¢L , and estimated a clump mass/103832.71-581914.8 suggests that both contribute tolthe o
of about 20000/ (a value that is about forty times as high agerved far-infrared emission.
the previous mass estimate based on millimetre data by Eatind A second cYSO is found in the south-east of the clump, at
etal. 2004). Their derived mass infall rate 08:4 10 °M yr 1 the projection of the line connecting J103832.08-581988®
would be the highest mass infall rate seen to date, if condmeJ103832.71-581914.8. It probably corresponds to the IRAC-
These properties make this cloud a particularly intergssite identi ed source at poo0 = 10:38:33.6, 2000 = 58:19:22.
of possible massive-star formation. There is a third identi ed cYSO, situated at the very edgehef t
In ourHerschemaps, this clump appears as a very bright afdump, at 2000 = 10:38:35.0, 2000 = 58:18:44. These three
prominent compact feature. In Fig. 11, we compare its mdrph@re the only cYSOs identi ed in the clump with WISE, while
ogy in theHerschelfar-infrared bands to a near-infrared imagé the immediately adjoining cluster of stars visible in tRAC
from our VISTA data and &pitzermid-infrared image. As al- images a large number of cYSOs is found. There a#5 over-
ready discussed by Barnes et al. (2010), a young stellatecjusll, with slightly more Class Il sources than Class| sourdés
surrounded by diuse nebulosity, is located immediately norththere is any trend in their spatial distribution, Class | fanend
west of the clump. This cluster appears very prominent in &igslightly more often to the south-east, while Class Il sositead
as well and contains 45 cYSOs. In the centre of the clumpio be located towards the north-west.
itself, theSpitzerimages show two bright point sources with an  Our colour-temperature map (Fig. 4a), constructed from the
angular separation ofG°°(Fig. 11). They can be identi ed with Herschel70 m and 160 m maps, shows that the cloud temper-
the 10 m point sources J103832.08-581908.9 and J103832. Atures range frori 20 K at the edge of the clump to25 - 30K
581914.8 that were detected as counterparts of the /@B in the clump centre, and up to 33 K in the nebulosity surrongdi
massive cYSO G286.20860.1694 described by Mottram et althe stellar cluster north-west of the clump.
(2_007), for which a bolometric luminosity of 7750 was deter- In our Herschelcolumn-density map (Fig. 4b), the level
mined. Ny = 2 10??cm ? traces the shape of the clump. This agrees
The VISTA H-band image shows very faint dise nebu- very well with the morphology as seen in the 1.2 mm map shown
losities at the location of these two mid-infrared sourseg(the by Faindez et al. (2004). The peak value of the column density

4.4.4. G286.21+0.17
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Fig. 8: SpitzerIRAC RGB image (red: 8.0m, green: 4.5 m, blue: 3.6 m) with positions of WISE-identi ed cYSOs overlaid.
Class | sources are marked by red diamonds, Class Il in gigenwhite ellipses represent the clusters discussed in &dc¢twith

the yellow circle marking the multiple star HD 92206 that @ons the O stars in NGC 3324. The orange circles mark the cYSO
clusters discussed in Sect. 4.4.6. The yellow rectangl&sithe borders of the analysed region.

is found to be ¥ 10*3cm 2 and corresponds to a visual extinc-  This is clearly one of the most luminous clumps in the CNC.
tion of Ay 70mag. From our column density map we detetts mass is quite high, but probably not as high as previously
mined the mass of the clump by integrating over a%20@00°° suggested. It may form stars with10M , but is probably not
(2:23 pc 2:23 pc) box around the clump and subtracting the localassive enough to the form high-mass stars With> 20M .
background level. This yields a clump mass of 2 M5 This

value is nearly ve times as high as the 4vD derived by Faln-

dez et al. (2004), but a factor of ten lower than the 20R00 4.4.5. G286.38-0.26

estimated by Barnes et al. (2010). This seems to suggest tigt spitzerIRAC images show a prominent dense cluster of
the mass infall rate estimated by Barnes et al. (2010) istal$0 seyeral dozen stars at the southern edge of the Gum31 bub-
high, and this clump is not as extreme as suspected. ble, which is surrounded by bright dise nebulous emission

Its far-infrared uxes as derived from ouiterscheldata us- (Fig. 12). This cluster is listed as [DBS2003] 128 by Dutralet
ing elliptical apertures for photometry with GAfAare 1661 Jy, (2003). It is spatially coincident with the extended= 2 pc)
2261 Jy, 1293 Jy, 653 Jy, and 297 Jy for 70, 160 m, 250 m, C 0 clump’ No. 6 (Yonekura et al. 2005).
350 m, and 500 m, which results in an integrated far-infrared
luminosity (70 mto 1.3mm) ofLj,y 9000L . 7 We note that Yonekura et al. (2005) denoted these strucases
“cores'; however, according to the de nition thedresare very com-
pact clouds (with typical sizes of 0:1 pc or less), out of which individ-
6 http://astro.dur.ac.uk/~pdraper/gaia/gaia.html ual stellar systems form, these clouds are better chaisetieasclumps
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Fig. 9: In aSpitzerlRAC 8.0 m image, the yellow arrows mark the positions of four rembkkaY SOs found in the very tips of
pillars. Positions of WISE-identi ed cYSOs are overlaidiag-ig. 8: Class | sources are marked by red diamonds, Classitces
in green. Blue crosses maerschelpoint-like sources detected in at least two bands.

The nebulosity around the stellar cluster displays a remark
able arc-like shape at the eastern edge. Projecting it into a
full circle, it would have a diameter of about ¥ IRAC im-
ages and 6% in Herschelimages. The centre of this circle
would be around p00 = 10:38:03, 5900 = 58:46:19. The

/\ star J10380461-5846233, cYSO [CNA2008] 21, is found close
K/ (119 to this central position of the arc. In ti®pitzerbands,
the cYSO shows strongly increasing brightness with waghen
f\ In the MIPS 24 m image, it is the brightest point-source in the
K/ cluster. It was detected as a mid-infrared source by MSX and i

listed as G286.3773-00.2563in the MSX6C catalogue. Frem th

WISE data we classify it as a Class Il cYSO. The star is not de-
tected in any of ouHerscheffar-infrared images. Using USNO-

B optical catalogue data, 2MASS, IRAC, MIPS, and WISE pho-

tometry andHerschelupper limits we employed the online SED

Fig. 10: Close-up of the VISTM-band image (Fig. 11) around tter by Robitaille et al. (2007) to construct an SED and thus

the two bright IRAC sources (green circles) within the ctust

G286.2%+0.17. (i. e. relatively large dense clouds linked to the formabbamall stellar

clusters).
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VISTA H band Spitzer IRAC 5.8 mm

)

G286.21+0.17

30" 30"

Herschel PACS 70 mm Herschel SPIRE 350 nm

© )

30" 30"

Fig. 11: Cluster G286.240.17 (red circle; cf. Sect. 4.4.4) and its immediate surddogs from near- to far-infrared. The two green
circles mark the two brighspitzerresolved sources within it. (A close-up of the VISHxband image is shown in Fig. 10.)

estimate the (proto-) stellar parameters. The stellar nsass- point-like sources north-east of the arc-like nebula thateso
timated to be 5:8M for the best-t model, the luminosity detected as bright sources in the MIPS maps are J103810.2—
238L . Within the arc three other WISE Class| cYSOs arg84527 and J103807.2-584511; both have no clear nearddfra
seen, J103805.8-584542, J103758.4-584648, and J103806onnterparts. A similar case is J103754.0-584614, whisheha
584654. very faint nebulous near-infrared counterpart in the VISTA

The optically brightest star in the cluster is HD 303094, fg#9€: All three are also detected as point-like sources ifRAC
which a spectral type A2 is given by Nesterov et al. (1995 It images. They are included in Table 2 (online material), bat w
located about 1%Psouth of J10380461-5846233 and the centRPtained the model parameters listed in Table 3 (online rizdte
of the arc. According to the Pickles & Depagne (2010) sunfey gnly for J103807.2-584511 because for the others the gudlit

all-sky spectrally matched Tycho-2 stars, it may be a favegd ~ the SED t was not su cient. Additionally, all three sources
star (distance: 886 pc). described are classi ed as Class | sources from WISE data.

Strong far-infrared emission from the region of this clus-
ter was detected with IRAS (point source IRAS 10361-5830). In the south-western part of this extended@ clump,
Our Herschelmaps resolved this far-infrared emission into teMonekura et al. (2005) detected a compact 0:27 pc) H3CO*
point-like sources in the area of the clump. The ddbrschel clump (their clump No. 2); with a central density nfH,) =
source with a near-infrared counterpart is J103801.4-%8466:8 10*cm 2 this is the densest of all the clumps they de-
The IRAC image at this point is dominated by strong nebulgcted in their survey of the CNC. Tierschelidenti ed point-
emission. There is extended emission in a con ned regionlike source J103750.8-584718 coincides with this clumpthWi
few arcseconds east of thierschelidenti ed point-like source, IRAC, there are several small point-like sources seen to be
but since it is not well-resolved and the identi cation witlie coincident with it and an identi cation is therefore impéss
Herschelidenti ed source is ambiguous, we do not include ible. An IRAC-detected source slightly to the south-westtpf i
in the sample studied in Sect. 5. The tierschelidentied J103749.3-584722,is identi ed as a Class| WISE cYSO.
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This area also contains the AO supergiant HD 92207. THss SED modelling for sources with both  Herschel

star has a strong near-infrared excess, was detected asma 12 and Spitzer counterparts

source with IRAS (IRAS 10355-5828), and is seen as a point-

like source surrounded by nebulosity in the MIPS 2dimage. Using ourHerschelandSpitzercatalogues, we were able to iden-

Neither the star nor the surrounding nebulosity can be seertify the sources that are detected as point-like sourceih b

theHerschelimages. wavelength ranges. Féterschelwe applied the restriction that
the sources had to be detected in at least three of the veshand
bringing the total number down from 91 sources detected in at

4.4.6. Other structure least two bands to 59. This results in 17 sources overall that

can be identi ed in at least threderschelbands and at least

. ne of the IRAC bands. We then compared these identi cations

Towards the south-west of the Gum 31 shell, two re ection-ne % the MIPS image and performed photometry as described in

ulae are found, GN10.34.5 and GN 10.31.8 (both are mar ; ; ;
with white ellipses in Fig. 8). They are very clearly delitesh kfgjﬁt;éjtfor the nine sources where we could identify aIP

by cYSOs and coincide with two of the most conspicuous clus- .
To extend the wavelength range of our observations, we ad-

ters in our eld of view. GN10.34.5 is visible in th8pitzer ditionally matched the point sources analysed here with
lue (RGB) i ially the 4. CEaU
redgreeriblue (RGB) image (especially the 4.8 band) and }g(gm the 2MASS All-Sky Catalog of Point Sources (Cutri et al.

seen in projection with about ten cYSOs. GN10.31.8, on t ; .
other hand, is both larger in angular extent and coincideéifit w 03). Thls_was p_e_rformed by applymg the same _searc_h for the
st match in position as for the inter-band matching withan

four times as many cYSOs. It, too, is very conspicuous in tItP h . :
45 mband. y y P II§AC sources (Sect. 2.1.1), using only sources with quadig

Ato D. We then repeated this process with the WISE catalogue,
There is also a smaller cluster of about twenty IRAC poinwhere we selected only those sources that had a signali$e-no
like sources centred atsggp = 10:38:03, 2000 = 58:55:09 ratio higher than 5. A detailed overview of all photometratal
within the Gum 31 shell (orange circle in Fig. 8). Immedigtelassembled is given in Table 2 in the online material. WISE
to its west lies molecular cloud No. 7 of Yonekura et al. (200522 m and MIPS 24 m uxes show some incongruity, but there
It is accompanied by emission visible in thierschelbands and is no underlying pattern as to what in the environs of the saur
a peculiarly green point-like feature in the IRAC RGB imagenay have in uenced the photometry. This does not, however,
that is, strong emission in the IRAC 4.5 band. in uence the ndings from the SED ts. In the two cases where
the 22 m ux appears to be unduly high compared to the 24

Inthe distribution of IRAC-identi ed cYSOs there is anothe x and an SED tis performed, excluding one or the other from
conspicuous cluster consisting of 12 candidates to theaf#s¢ he t has little or no in uence on the best- t model.

H 1l region around »pp0 = 10:34:27, 2000= 58:46:45 (orange
circle in Fig. 8). This region is devoid of mid-infrared emis
sion but is coincident with €0 clump No. 1 of Yonekura et al. 5.1. Modelling of the SEDs
(2005) and far-infrared emission as traced Hygrschel The . ) o
cYSOs are aligned along the western ridge of the far-inérar&0r thes SED- tting we used the online tool of Robitaille et al
cloud as seen in theerscheimage and even follow the shape 0f2007)- This tool compares the input observational data with
its laments, broadly in the shape of an arrowhead pointiagte 200000 SED models for YSOs that were precomputed using a
wards. The northern partis better aligned with the laméage 2D radiative transfer code developed by Whitney et al. (2003
while the southern part is more randomly distributed arciied These models have a wide parameter space for the propefrties o
lament itself. The border is also traced by the Yonekuralet &€ central object and its environment.
(2005) *°CO intensity contours. According to WISE classi- For the ts, the distance to all objects was assumed to be
cation, however, there is nothing remarkable about thabneg 2.3kpc (cf. Sect. 3), and the interstellar extinction rangs re-
We nd Class| candidate J103423.7-584531 to the north aftlicted toAy = 0:::40mag. We assumed an uncertainty of
Class Il candidate J103424.6-584749 to the south, but neaapp 20% for allHerschel uxes. In addition to the individual photo-
ance of clustering. metric measurement uncertainty as given in Table 2, we asdum
an additional systematic uncertainty of 10% for 2MASS8itzer
North of the Gum31 bubble, aroundxoo = 10:37:36, and WISE uxes due e.g. to the reliability of ux calibration
2000 = 58:26:36, there is a cluster of stars clearly dig=or IRAC, photometry varies by up to 10% due to the position
cernible in the IRAC image (orange circle in Fig. 8). It liegf the point-like source within the detector array, and alih
about 2 to the south-west of €O clump No. 4 (Yonekura gppropriate corrections were applied in the process, thani
et al. 2005). Around_ thirty- ve stars are seen within thi®ap additional source of uncertainty.
in projection and it is also associated with a numbete- In addition to the best- t model, we show the range of possi-

schelidenti ed point-like sources. Two of them, J103739.6 : e
582756 and J103741.7-582629, are part of the sample e}dal;%lrg Ej\rlamezterf,’\,th<atzc?vsi3]e,\? erggfgsféﬁ{?n??ff 'ﬁuvrﬂtgg? g}ggaig
in Sect. 5. Few stars within or around this cluster are idethfis nts). Tr?gsste models are shown as grey lines in the plots in

CYSOs with WISE. J103736.3-582655 and ‘]103741'9_582%06. 13. The resulting model parameters are listed in Table 3
are the brightest stars in the IRAC images of the cluster aad 8 .o online material. It gives the best- t value togetheithw

both identi ed as Class| candidates with WISE. There is onjge range constrained by the abovecriterion. The resulting
more Class | candidate and ve Class|l candidates distebutgr e are shown in Fig. 13. We only used ts whefeN for the
fairly evenly across the cluster. best- t model is smaller than or equal to 10.0.

There are several more minor clusters o5 cYSOs, no-

tably always coincident with local maxima in the Yonekuralet 8 http://caravan.astro.wisc.edu/protostars/sedfitter.
(2005) C80 maps. php
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VISTAH band Spitzer IRAC 3.6 nm

Clump
[YAK2005] C180 6

Spitzer MIPS 24 nm Herschel PACS 70 mm Herschel SPIRE 350 nm

Fig. 12: Cluster G286.38-0.26 from near- to far-infraretie Targe red ellipse marks the approximate outline of tHO@Ilump
No. 6 ([YAK2005] C180 6; Yonekura et al. 2005). The blue aratarks H3CO" clump No. 2 ([YAK2005] H13C@ 2), the green
circle indicates the shape of the arc-like nebulosity Wsib the SpitzerlRAC images.

5.2. Results of SED modelling J103806.6-584002 is remarkable in that in contrast to the
vast majority of objects it is not located in the rim of the bub

The results of SED ts can be highly ambiguous. Many dple but within the bqbble itself, the only sgch s_,pecimen im ou

the stellar and circumstellar parameters are often poaty ¢ Sample. Itis placed in the very head of a pillar-like lamehat

strained because the models show a high degree of degenefé§nds from the northern rim of the bubble into it (cf. Fig. 9

(e.g. Men'shchikov & Henning 1997). We therefore restricteWVith the methods employed in Sect. 4 we classify it as a WISE

our analysis to a few selected parameters that can be detmfClass | candidate and an IRAC cYSO. In tHerschelimages

relatively accurately from these ts. These are the totatios- the lamentis quite faint, but J103806.6-584002 itselflesacly

ity, the stellar mass, and the mass of the circumstellar aiigk Visible as a point-like source.

envelope.

The best- t masses as listed in Table 3 (online material) aée Sources of HH jets

between 1. M and 6.6M and even the extremes of the ranges . hi f | h
donotexceed 1.®1 to7.3M . The majority of luminosities are | & Prévious paper (Ohlendorf et al. 2012) we have tracell bac

to be found in a range of 100— 300, with two notable excep- & NUMber of Herbig-Haro jets identi ed in the CNC by Smith
tions well below that at 38 and 42 , and one exceptionally et aI._(201.0a) to their p.rotostellar sources. Sm'th. et m‘@)
luminous source at 890 best- t value, corresponding to the /SO identi ed two HH jets and two HH jet candidates in the
highest best- t stellar mass in our sample. While four of tbe Gum3i bubble. The HST images on which the study of Smith
sources sampled here exhibit best- t envelope masses o190 et <’=¥'- is based cover only avery §mall area of the entire Gum 31
or higher, three are at 100M and two lower than 501 . The '€gion, and the following analysis only represents a verglsm
disk masses span a range of about one order of magnitude tion of the area c_overed in the re_st_of this paper. Because
tween 0:01M and O:LM . The highest-mass star in theOf the small sample size and its very limited spatial dimens;

sample is the notable exeption with a disk mass 6f001M . W€ cannot draw any conclusions about the distribution @fyik
number of all jet-driving protostars within the Gum 31 regio

In a large-scale view it is immediately obvious that all but As can be seen in Fig. 14, the jet HH 1002 is almost perpen-
two of the sources for whiclerschelcounterparts t@&pitzer dicular to the ionisation front. It shows several distiretures,
point-like sources are detected are to be found within th@Gl marked by Smith et al. (2010a) as A, B, and C and labelled thus
bubble, although the eld of our study stretches farther @at in our gure. Smith et al. detected a very likely source |eazht
pecially to the west. These two sources outside the bubkle at p00= 10:36:53.9, 2000= 58:37:19 in the 2MASS images.
J103557.6-590046 and J103427.3-584611. This almost exactly matches the location of the object ideat
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Fig. 13: Spectral energy distributions of the objects foiahitwe could determine uxes with at least thriderschelbands and one
SpitzerlRAC band. Filled circles mark the input uxes. The blackdishows the best t, the grey lines show subsequent good ts.
The dashed line represents the stellar photosphere condisyy to the central source of the best- tting model, asad appear
without circumstellar dust (but including interstellattiextion).

in IRAC images that is most likely to be the source of the jeT. Discussion and conclusions

J103654.0-583720, which we classi ed as being a cYSO by its ) . )
WISE and IRAC infrared excesses in Sect. 4.1. Freschel We analysedpitzer WISE, andHerscheldata to investigate the

observations trace the ionisation front well, but show nimpo cloud structure and the young stellar population in and radou

like source coincident with J103654.0-583720. Therefoee Whe Gum 31 nebula. These data provide considerably better se

did not include it in the SED-based analysis in Sect. 5. sitivity and spatial resolution than previously availati&da sets.
HH 1003 has a more Compncated Structure; Smith et al. The HerSCheIfar-infrared mapS ShOW that the bubble sur-

(2010a) suggested it might be a two-part object, Consisﬂngrounding t_he Gum 31 ne_bula is connectgd to the central parts
two closely associated jets. Tracing back the directiohetiow ©Of the Carina Nebula. This adds strong direct support to the a
shocks in Fig. 14, we nd two point-like sources in the IRAC-im sumption that Gum 31 is actually part of the CNC, as is also
ages that are very probably the sources of twedént jets. One Suggested by the matching® radial velocities measured by
of them, J103652.4-583809, associated with features A andY@nekura et al. (2005) and other recent distance deterrnirsat
is identi ed as a cYSO from the WISE and IRAC colour-coloufcf. Sect. 1).
diagrams, while the other is an IRAC cYSO. Both are coinciden The bubble itself has a very sharp western edge, at which
with faint sources in the 2MASS images. Again, tHerschel the column density derived frofderschelmeasurements rises
image shows no point-like sources. abruptly by at least an order of magnitude. The dust tempera-
We were unable to trace back the two candidate out ow8!res range front 20K in the dark clouds surrounding the H1I
HH c-1 and HH c-2 (not to be confused with HH c-1 and HH c-£egion to 30K in the HIl region and up to 40K near the
within the extent of the central Carina Nebula that weretided location of the O-type stars.
in the study of Ohlendorf et al. 2012), to any infrared soarce The very small excess fraction seen for the mid-infrared
within the scope of our study. Following the axes of the jets, sourcesin the central stellar cluster NGC 3328 (5%) suggests
cannot identify any likely emitting sources within theirimedi- that it is at least several Myr old. For the whole Gum 31 region
ate surroundings. the Spitzerand WISE data reveal about 3660 cYSOs. These

Article number, page 16 of 21



H. Ohlendorf et al.: Discovering young stars in the Gum 3iaregvith infrared observations

O _—O

Fig. 14: Herbig-Haro jets and their probable sources as seéour di erent wavelengths. From left to right: Hubble Space
Telescope RGB image (red: WFPC2 S1I lter (673 nm), green:SAE +N I Iter (658 nm), blue: WFPC2 Ol Iter (502 nm);
image credit: NASAESA/Hubble Heritage Team (STSAURA)), SpitzelRAC RGB image with 3.6 m in blue, 4.5 min green,
and 8.0 m in red,HerschelPACS 170 m image, and VISTAH-band image. The yellow or blue arrows indicate the broagsha
and direction of the out ow in question, white letters maheir features as described by Smith et al. (2010a). The dateli
infrared-identi ed sources are marked at th&pitzercoordinates with circles in yellow or blue.

objects are most likely Class| protostars or Class Il sainfe (Gaczkowski et al. 2013), where we found that no high-mass
solar mass to intermediate mass. The 59 far-infrared pikiat- stars are currently forming.
sources revealed by thterscheldata are either pre-stellar cores  We identi ed the driving sources of two Herbig-Haro jets
or embedded (Class 0) protostars, i.e. trace a younger @Opin the western rim of the Gum 31 bubble. These sources were
tion of currently forming stars. The spatial distributiohtbe also identi ed as cYSOs by applying colour-selection aiéeo
cYSOs is highly non-uniform. We expect a contamination QRAC or WISE photometry data.
around 18%, so most of the widely scattered YSO population We grom the total number of cYSOs observed and the IMF
see is probably due to back- and foreground stars which Wo'fkjroupa 2002) we can estimate a total young stellar poparati
be expected to be distributed homogeneously. Many cYSOs gfethe Gum 31 region. Our detection limit for cYSOs is about
found in rather compact clusterings, and a considerablebgomq 1 and following the IMF there should be eight times as many
is found at the inner edge of the dusty bubble surrounding th@ys pelow this mass>(0:1M ) as above it. Correcting the
H 1l region. TheHerschelidenti ed point-like sources in partic- ,ymper of cYSOs given in Sect. 4.2 for the contamination es-
ular trace the edge of the bubble. timated there, this yields 5000 young stellar objects in the
This led us to assume a collect-and-collapse scenariordrivegion.
by the O stars within the cluster (Whitworth et al. 1994)utes A more detailed investigation of the star formation histiory
ing in an expected bubble size of 9 — 11 pc for an age of 1.5his area requires a reliable identi cation of the indivadyoung
2.0Myr. This agrees very well with the observed diameter gfars. While the infrared data presented in this paper can re
10pc. We nd four cYSOs in the very tips of short pillarsveal protostars and young stars with circumstellar disksstm
extending from the bubble rim (cf. Fig. 9), suggesting rédéa of the slightly older & 2 Myr old) stars cannot be detected by
triggering processes very similar to what is observed irBiiéth  infrared excesses. Our very rec@itandraX-ray observations
Pillars (Smith et al. 2010b; Gaczkowski et al. 2013). of the Gum 31 region, near-infrared observations with VISTA

We concluded that two dierent modes of triggered star-2nd other ongoing observations will allow us to nally idéwpt
formation occur simultaneously in the Gum 31 region: caflecthese stars, too. This will constitute the basis for a compre
and-collapse, as shown by the bubble size and the cYSOs ifg§isive multi-wavelength study of this interesting regiona
rim, and radiative triggering, as shown by cYSOs in the heddsway similar to the recent studies of the young stellar pojria
pillars. in the central parts of the Carina Nebula (see Townsley et al.
011; Preibisch et al. 2011a; Wang et al. 2011; Wolk et al1201

We constructed the near- to far-infrared SEDs of 17 cYS igelson et al. 2011).

and estimated basic stellar and circumstellar parameyersro-
parison to radiative-transfer models with good-qualityfor ten  AcknowledgementsThis work was supported by the Germareutsche For-
of them. All these cYSOs are of moderate Iuminosity f schungsgemeinschatt, DH@O]ECt number 569-1. Addlplonal support came
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Table 2: Source uxes as obtained in tBpitzer(IRAC: 3.6 m, 4.5 m, 5.8 m, and 8.0 m; MIPS: 24 m) andHerschel(PACS: 70 m and 160 m, SPIRE: 250 m, 350 m,

and 500 m) bands, complemented with WISE photometry from the Aj-8lata Release (3.4m, 4.6 m, 12 m, and 22 m) and JHK photometry as obtained from the
2MASS All-Sky Catalog of Point Sources.

Source F; Fu Fk, F34 m Fas m Fa5 m Fa6 m
[mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]
J103427.3-584611 - - - 0.939:015 0.902 0:033 2.395 0:033 5.173 0:023
J103557.6-590046 8.624€:069 13.35 0:11 12.380 0:082 16.095 0:061 8.902 0:037 — 15.002 0:051
J103643.2-583158 - - 0.79®:025 - 1.585 0:026 1.226 0:030 -
J103645.9-584258 2.24%:019 2.112 0:.018 1.352 0:026 - - 0.336 0:034 -
J103652.4-583129 - - 0.848:030 4.629 0:046 14.790 0:030 67.070 0:030 64.47 0:19
J103700.9-583237 - - - 8.596:067 5.908 0:030 17.420 0:026 26.02 0:10
J103703.6-584751 0.71D:020 2.610 0:036 5.281 0:036 5.753 0:077 20.540 0:029 28.310 0:031 10.379 0:.070
J103726.7-584809 - - - - — 0.350:024 -
J103737.3-584700 - 0.58M:021 0.873 0:022 - 1.925 0:026 6.835 0:029 -
J103739.6-582756 - - - - - 3.46@:026 4.411 0:026
J103741.7-582629 - - - - — 0.650:030 -
J103754.0-584614 - - 0.87®:031 5.03 0:15 9.175 0:029 44.960 0:030 67.63 0:24
J103804.9-585533 - - - 30.10:17 50.610 0:024 158.300 0:033 211.13 0:52
J103806.6-584002 - 1.119:033 4.066 0:039 8.316 0:047 9.277 0:024 13.320 0:035 12.363 0:059
J103807.2-584512 - - 8.309:065 92.87 0:31 82.700 0:025 129.100 0:032 186.10 0:46
J103810.2-584527 - - - 7.348:073 12.330 0:024 50.940 0:029 50.23 0:16
J103842.1-584437 - 2.37®:026 12.26 0:074 51.46 0:19 - 68.850 0:030 112.14 0:29

Notes. The given uncertainties are the individual photometric sneament uncertainties only, as derived (for IRAC and MIB'S3s obtained from the catalogue (for 2MASS and WISE). F

Herschelwe did not obtain an uncertainty from photometry, but usedstimated total uncertainty of 20%.
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Table 2: Continued.

Source Fss m Fso m Fi2 m Fo m Foa m Ffom Fieom Fasom Fssom Fsoo m
[mJy] [mJy] [mJy] [mJy] [mJy] [3y] [Iy] [Iy] [Iy] [3y]
J103427.3-584611  2.84:13 2.21 011 - 188.04 0:42 - 15.8 11.0 10.7 12.2 4.47
J103557.6-590046 - 70.3®:13 177.29 0:27 344.38 0:46 - 4.03 7.63 6.09 - -
J103643.2-583158 - - - - - - 22.6 14.4 21.2 -
J103645.9-584258 - - - - - - - 9.50 8.54 2.69
J103652.4-583129 162.6M@:12 197.00 0:11 77.32 0:39 623.2 1.9 755.35 0:14 21.3 13.9 11.2 - 11.2
J103700.9-583237 - - 486.49:48 1171.2 1:3# 395.42 0:14 - 19.1 19.9 11.2 6.96
J103703.6-584751 35.5%:15 25.51 0:13 - 257.42 0.61 181.70 0:13 1.32 6.72 10.8 6.32 2.89
J103726.7-584809 - - — - - - 12.2 11.6 9.68 7.10
J103737.3-584700 17.140:14 27.08 0:11 - 631.3 2.6 149.17 0:14 - 31.4 28.1 29.8 18.4
J103739.6-582756  7.78:13 5.47 0:13 - 164.83 0:38 245.81 0:14 - 7.68 14.1 12.0 5.68
J103741.7-582629 - - — - - - 11.1 11.4 9.05 6.68
J103754.0-584614 113.8@:13 135.80 0:13 134.2 14 1146.7 2:4 858.43 0:14 9.03 35.8 79.6 40.7 324 %
J103804.9-585533 309.7@:14 364.000 0:099 81.48 0:80 2197.1 1.2 - 591 19.8 11.8 9.01 6.23 >
J103806.6-584002 17.23:12 18.75 0:14 60.29 0:34 158.6 2:2 - - 10.6 13.1 5.70 2.09 A,
J103807.2-584512 286.3@:15 526.00 0:14 664.2 1.1 2409.2 1.9 1436.24 0:14 15.2 35.1 26.8 - - N
J103810.2-584527 151.4@:13 245.00 0:15 276.9 1.1 843.8 1.9 1814.13 0:14 6.32 23.6 43.0 46.2 54.2 Q
J103842.1-584437 111.6@:11 146.40 0:14  269.07 0:88 714.2 1.4 505.00 0:13 24.1 14.8 154 10.2 5.63 NS
o
Notes. The given uncertainties are the individual photometric sneament uncertainties only, as derived (for IRAC and MIBi'S3s obtained from the catalogue (for 2MASS and WISE). FeNP
Herschelwe did not obtain an uncertainty from photometry, but use@stimated total uncertainty of 209 The extremely high 22m ux compared to the 24m ux is probably due to the 8

source's close proximity to a much brighter point source,a¢bntribution of which might not fully have been removedtia WISE All-Sky Data Release.
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Table 3: Model parameters for the sources in Gum 31 as olot&iom the Robitaille et al. (2007) models.

Source

Stellar mass

(M ]

Disk mass
[(M]

Envelope mass

[M ]

Total lumynosiBest- t

[L]

model

2

N

J103427.3-584611
J103557.6-590046
J103645.9-584258
J103726.7-584809
J103739.6-582756
J103741.7-582629
J103806.6-584002
J103807.2-584512
J103842.1-584437

5.8
1.7
4.2
6.0
5.8
3.4
1.7
6.6
3.5

[5.8 — 7.3]
[1.2 - 2.0]
[3.9-5.2]
[2.6 — 6.0]
[3.9-6.9]
[2.6 — 6.0]
[1.7 - 2.6]
[1.7 - 7.3]
[1.7 - 3.9]

1001
3.0 2
9.60 2
2.6a°?
2902
9.5@ 2
450 2
6.20 4
1.08°2

[4.3010 3—1.0210 ]
[1.7610 3—3.9110
[1.0910 3-9.6110 3|
[1.0510 3—1.5310 ]
[2.2110 3-2.1610 ]
[1.6210 3—1.5310 ]
[1.3410 2—4.5710
[6.7710 4—5.0610 ]
[6.4510 3—1.9710 ]

110
27
46

310

190

250

120

130

220

[110 — 170]
[4.2 — 60]
[18 — 46]
[160 — 310]
[140 — 410]
[160 — 310]
[52 - 120]
[5.3-310]
[13 - 220]

320
42
160
190
240
94
38
890
170

[320 — 400]
[27 - 68]
[140 — 190]
[94 — 190]
[160 — 360]
[94 — 190]
[38 — 58]
[220 — 890]
[130 — 190]

3003596 6.9
3015149 5.5

3006782

3008699
3009009
3005296
3016199

3010777
3011717

8.2
2.6
4.8
2.8
8.8
7.8
6.6

Notes.For every model parameter the best- t-value is given in tspective rst column, followed by a range de ned by the I@vand highest value obtained from models constrained &y a

criterion. The second-to-last and last columns give thetide of the best- t model and its =N (with N representing the number of data points).
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