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ABSTRACT

Context. The low obscuration and proximity of the Carina nebula makaiideal place to study the ongoing star formation process
and impact of massive stars on low-mass stars in their sudings.

Aims. To investigate this process, we generated a new catalo@ @réimain-sequence (PMS) stars in the Carina west (Crvigrreg
and studied their nature and spatial distribution. We aéterthined various parameters (reddening, reddening &ayaass), which
are used further to estimate the initial mass function (Ilifg K-band luminosity function (KLF) for the region under study.
Methods. We obtained deep BVRI Ha photometric data of the field situated to the west of the mainr@ nebula and centered on
WR 22. Medium-resolution optical spectroscopy of a subdamiX-ray selected objects along with archival data setsf€handra,
XMM — Newton and 2MASS surveys were used for the present studjei®int sets of color-color and color-magnitude diagrams are
used to determine reddening for the region and to identifyngostellar objects (YSOs) and estimate their age and mass.

Results. Our spectroscopic results indicate that the majority othray sources are late spectral type stars. The region sadsvge
amount of dfferential reddening with minimum and maximum value€¢B — V) as 0.25 and 1.1 mag, respectively. Our analysis
reveals that the total-to-selective absorption r&jois ~3.7 + 0.1, suggesting an abnormal grain size in the observedmreie
identified 467 YSOs and studied their characteristics. Tges @nd masses of the 241 optically identified YSOs range fror to

10 Myr and~0.3 to 4.8 M, respectively. However, the majority of them are youngeantth Myr and have masses below 2 NM'he
high mass star WR 22 does not seem to have contributed torthation of YSOs in the CrW region. The initial mass functitope,

T, in this region is found to be1.13+ 0.20 in the mass range of 056M/Mg, < 4.8. TheK-band luminosity function slope is also
estimated as 0.3% 0.01. We also performed minimum spanning tree analysiseo¥t®Os in this region, which reveals that there are
at least ten YSO cores associated with the molecular clodlifteat leads to an average core radius of 0.43 pc and a mediachb
length of 0.28 pc.

Key words. Massive stars: general — massive stars: individual (WR Z2ars: luminosity function, mass function — stars: prermai

sequence
1. Introduction understand the link with the neighboring massive star popul
Massive stars (M> 8-10 Mo) in star-forming regions sig- The Carina nebula (NGC 3372) region, which hosts several

nificantly influence their surroundings. In the course ofirthe : -
life theyfeedback provided by thei? energetic ionizatian ryoung star clusters made of very massive stars along withsy'SO

diation and powerful stellar winds regulate the formatioE‘rOVIOIeS an ideal laboratory for studying the ongoing sta f

! : > 1ation (see_Smith & Brooks 2008). The CO survey of this re-
of low- and intermediate-mass stafs_(Garay & Lizano 19982 ; .
" e lon demonstrates that the Carina nebula is on the edge of a
\/
zinnecker & Yorkei 2007). After a short life times(0' years), iant molecular cloud extending ovefl30 pc and has a mass
they explode as supernovae or hypernovae (supernovae Vlg\t%excess of 5x 10° M., (seel Grabelsk [ 1988). It con-
substantially higher energy than standard supernova&henr . - e - - ¥ .
ing the interstellar medium with the products of the various :ﬁg}iezg ?ngfsi\s/teagus_tstar?sl h_O_QI(SZ 6a._Povich et gg_éh;lﬁo.ll)' gz)%rae)
cleosynthesis processes that have occurred during tfeginme nd three WN(HB stars (i.e Wé—e—EQ'ﬂSR > 24ﬂem_1and mmﬂusa' ;
5,199 {er 1695: Nomotolet < e ooa,

se : .
|%_O__O_$, and references therein). The shock waves produce fith & Brook: 2008).

these ovents may friuger new star formation (5 ¢ eyreen Initially, on the basis of infrared (IR) and molecular stesli
y rigg (.. Elmel of the central Carina region, several authors (see Harval et

[1998). Characterizing the young stellar objects (YSOs) &sm 1979; [Ghosh et al_1988; de Graauw étlal._1981;] Cox 11995)

sive star-forming regions is therefore of utmost importate 5 :
greg P have reported that the Carina nebula is an evolvedrét

on and that there is a paucity of active star formation.
owever, following the detection of several embedded IR

* Table 3 is only available in electronic form at the CD%I
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) via
httpy/cdsweb.u-strasbg/agi-birygcat?JA+A/

** Senior Research Associate FNRS ! These are late type WN stars with hydrogen; for a review of WR

*** Research Associate FNRS stars, sek Abbott & Conti (1987) ahd CrowtHer (2007).
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Fig. 1. Color composite image of the large12x 2.7°) area containing the Carina Nebula and centered000)= 10" 41™ 175
ands(J2000) = -59° 40 36/9. This RGB image was made using the WISE 4n6 (red), 2MASSKs band (green), and DSRB
band (blue) images. Approximate locations offelient star clusters (Tr 14, 15, 16; Bo 9, 10; Cr 228, 232, an€Ns324) are
denoted by white boxeg.Carinae is marked by an arrow and in the lower left part of thage, south pillars (Smith et/al. 2000)
are shown. The region covered in the present study is showhebgreen box. Part of the selected field region can be seéein t
extreme western part of the image. North is up and east i®tteth

sources|_Smith et al. (2000) showed that star formationilis stow- and intermediate-mass star formation. Very receatlyiso-
going on in this region. Later, Brooks et al. (2001) also tden lated neutron star candidate discovered in the neighbaorbtwp
fied two compact H regions possibly linked with very young Carinae suggests there are at least two episodes of matsive s
O-type stars. Rathborne et al. (2002) traced the photadasso formation (Hamaguchi et él. 2007; Pires et al. 2009).
tion regions (PDRs) that are expected to be present in the mas
sive star-forming regions. They conclude that the star garm  Figure[d shows a three-color composite image, using the
tion within the Carina region has certainly not been congijet WISE 4.6um, 2MASS K band and DSSR band images, of
halted despite prevailing unfavorable conditions impdsgthe the large region of the Carina nebula. The prominent V-stiape
very hot massive stars (see for more details_Claeskens efaihe is associated with the nebular complex and consistesif d
2011). Detection of proplyds-like objects in these regitsee and molecular gas (Dickel 1974). Trumpler (Tr) 16 is located
Dufour et al! 1998; Smith et Al. 2003) proves the ongoingractinear the central portion of this lane and thought to-8eMyr

old. This cluster also hosts one of the most massive starsrin o
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galaxy,n Carinae (indicated by an arrow in the image), which The data were bias-subtracted, flat-fielded and corrected

has an estimated initial mass 150 M, (Hillier etall [2001). for cosmic-rays using the standard tasks availabléRAF.A

Tr 14 is younger with an age of 2 Myr (Carraro et al. 2004; The photometry in the natural system was obtained with the

Smith & Brooks 2008). In between Tr 14 and Tr 16, there is aDAOPHOTH (Stetson 1987, 1992) software. We also performed

other cluster named Collinder (Cr) 232. The cluster Cr 228 neaperture photometry of Stetson’s and Landolt’'s standatdsfie

Tr 16 is very young and probably located in front of the Carinand of the additional frames. All of them, along with ESO rec-

nebula complex (Carraro & Patat 2001). Finally NGC 3324 (ummmendations, were used to determine the color transforma-

per part in the image) is believed to be located inside thén@artion codficients. The zero points were fixed via comparison

spiral arm and embedded in a filamentary elliptical shapéd navith data published by Massey & Johnson (1993), VazqueZ et al

ulosity (see Carraro et al. 2001). (1996)/ DeGioia-Eastwood etlgl. (2001) and mainly with the u
Since the Carina nebula is a typical star-forming regiopublished catalog of Tapia et! 03).

feedback from the young and massive stars has cleared out theThe following equations were adopted, together with appro-

nebulosity in the central region and a large number of elopfiate zero points:

gated structures, so-called Pillafs (Smith ét al. 2000yshin

the lower left part of the image) have formed in the outer rdsd = Vi — 0.107% (B — V)wri,

gions. We can see many of them in the southern part of the im-

age. We also observe large bubbles in the northern regiob; pr(B — V)sa = 1.440% (B — V)wfi,

ably caused by the gusts of hot gas leaking from the powerful

stars at the center of the nebulﬁgMé 000). The cdh-—V)sd = 1.08x (U = V)usi + 0.02: (B = V)wfi,

tral clusters Tr 14 and Tr 16 tend to be devoid of star fornmatio

(Smith & Brook¥ 2008), but there are active sites of ongotag s (V = R)sa = 0.98 (V = R)wti — 0.09+ (B~ V)wri,

formation in the outer regions of the nebula. In the prestertys

our aim is to understan(?the star formation in one Ft)Jf the perip(V — Dgg = 0.94% (V = Dyii — 0.08% (B — V)ysi.

eral regions of the Carina nebula, influenced by the presehce

hot massive stars.

The color transformation cdiécients and the zero points ob-

: : ; - ined above were then used further to calibrate the amertur
Because of its relatively low obscuration and proximity anifine . ; ;
its rich stellar content, this nebula is one of the most exteRCtOMetry of 50 well-isolated bright sources in the Crw re-
sively explored nearby objecfs (Smith & Brobiks 2008). Salerdion. The astrometry was established by matching the instru
wide-field surveys of the Carina Nebula complex (CNC) havrgental coordinates V.V'th the 2MAS.S p,omt source catalo_g. The
recently been carried out atfiéirent wavelengths. The com-11'S Of the astrometric calibration is 0151 RA and 0.19 in
bination of a largeChandra X-ray survey (se€ Townsley et al Dec. To avoid source confusion due to crowding, PSF (point

mi with a deep near-infrared (NIR) survéy (Preibisch. i sPread function) photometry was collected for all the sesirc

. e - ——inthe CrW region. PSF photometric magnitudes were gengrate
). _Spltzer mid |£1;‘r2r:g|_(|l\e/lrls c)hoetl)?:rr-\i/ri#rlg.- by the ALLSTAR task inside thdDAOPHOT package. The cali-

vations (Gaczl ] [ 2013 R I | Ppta) brated aperture magnitudes of the same 50 stars were thén use

; o : /1o calibrate the magnitudes of all the stars in the CrW region
vides comprehensive information about the young stellgr- po btained from the PSF photometry.

ulations. In this paper, we discuss our new optical photom% : ) : :
try, along with some low resolution spectroscopy, archivi® These final PSF calibrated magnitudes were used in further

(2MASS), and X-ray Chandra, XMM-Newton) data of a field analysis. The typicaDAOPHOT errors are found to increase
located west of; Carinae (hereafter CrW) and centered on t '.th the magnitude and become large Q.1 mag) for stars
WN7ha+ O binary system WR 22 (HD 927mm79@mter thanV > 22 mag. Thg measurements beyor)q this mag-
Niemela[ 19791 van der Hucht eflal. 1981; Gosset et al 195ﬂtude were not considered in our analysis. In addition ttier
Hamann et 21 1991;_Crowther ef H 1095, Rauw bf 2 : ]gg%r.’esent study, we used only the 831 inner area of the mosaic.
IGosset et al. 2009) positioned just outside the V-shapekl dar

lane. 2.2. Completeness of the data
There could be various reasons (e.g., crowding of the stars)
2. Observations and data analysis that the completeness of the data sample may fbectad.
) Establishing the completeness is very important to studyiith
2.1. Optical photometry minosity function (LFjmass function (MF). ThéRAF routine

A set of UBVRI and Ha observations of Crw ADDSTAR of DAOPHQT Il was used to determine the complete-

(2(J2000)= 10" 41™ 175 ands(J2000)= —59° 40’ 36/9) were ness factor (CF). Briefly, in this method, artificial star&nbwn
obtained with the Wide Field Imager (WFI) instrument at thfragnitudes and positions from the original frames are rartgo
ESOMPG 2.2 m telescope at La Silla in March 2004 (servic@dded’ and then artificially generated frames are reducaid ag

mode, 72.D-0093 PI: E. Gosset). The WFI instrument hasPy the same procedure as used in the original reduction.a-he r

field of view of about 34x 33, covered by a mosaic of eighttio of the number of stars recovered to those added in each mag
CCD chips with a pixel size of 0.238 arcsec. The observatiOHEUder?'V&S: the CfF as a fufn%tlleon of r_naé:]nltAude. In E'Ig(-j 2,hwe
typically consisted of three dithered frames with a shopicex SNOW the CF as a function of themagnitude. As expected, the
sure time (about 50s ib, 10s inBVRI, and 100s irHe) and 2 |RAF (Image Reduction and Analysis Facility) is distributed bg t

three dithered frames with about 18 times longer exposares\iational Optical Astronomy Observatories, which is opedaby the
allow measurements of both bright and faint objects. Add#il  Association of Universities for Research in Astronomy,. lagder co-
frames of a field located closer to the main Carina region wesgerative agreement with the National Science Foundation.

also acquired in order to connect our photometric system t8 DAOPHOT stands for Dominion Astrophysical Observatory
those of previous works. Photometry.
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100 | g-e-g-eg- o Bo ooy g ing the EMMI instrument mounted on the ESO 3.5 m New
o0 | o “a Technology Telescope (NTT) at La Silla (Pl: E. Gosset). This
° instrument was used in the Red Imaging and Low Dispersion
80 | : Spectroscopy (RILD) mode with grism #5 (wavelength range
S 70f M 4000 - 8700 A). One spectrum was obtained with the AT
2 ol s FORS1 (see _Claeskens etlal. 2011). The data were reduced in
o the standard way using thHieong context of the ESQJIDAS
£ s0f (European Southern Observatory Munich Image Data Analysis
2 ob System) packade Since the observing conditions were favor-
3 L able during our run, target spectra were calibrated usiadltix
30 i spectrum of the standard star LTT 2415 (Hamuy &t al. 1992).
20 |
0FV----- . 2.4. Archival data: 2MASS
| e e _
O T s 16 1 18 10 20 a1 2 2a s We used the 2MASS Point Source Catalog (PSC) (Cutrilet al.

Magnitude

[2003) for NIR JHKs) photometry of point sources in the Crw
region. This catalog is said to be 99% complete up to the lim-

Fig.2. Completeness levels for thé and| bands as a func- iting magnitudes of 15.8, 15.1 and 14.3 in th&1.24um), H
tion of magnitude derived from an artificial star experimer(f..66:m), andKs (2.16um) bands, respectivély We selected

(ADDSTAR, see Secf. 2]2).
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Fig. 3. (U - B)/(B- V) two color diagram for all the stars lying
in the region withV < 16 mag. The two continuous curves rep
resent the ZAMS by Schmidt-Kaler (1982) shifted for the mi
imum (E(B - V) = 0.25, left) and maximumg(B - V) = 1.1,

right) reddening values. The reddening vector with a slope

0.72 and size oA, = 3 mag is also shown.

only those sources that have NIR photometric accurad,2

mag and detection in at least tikg and H bands. Since the
seeing ¢FWHM of the stars intensity profile) for the WFI ob-
servations was around 1 arcsec, the optical counterpatteof
2MASS sources were searched using a matching radius of 1 arc-
sec.

3. Basic parameters
3.1. Reddening

The U - B)/(B - V) two-color diagram (TCD) was used to
estimate the extinction toward the CrW region. In Hiy. 3, we
show the TCD with the zero-age-main-sequence (ZAMS) from
[Schmidt-Kalerl(1982) shifted along the reddening vectdh\ai
slope ofE(U — B)/E(B - V) = 0.72 to match the observations.
This shift will give the extinction directly toward the olbysed
CrW region. The distribution of stars shows a wide spreatién t
diagram along the reddening line indicating the clumpy reatu
of the molecular cloud associated with this star-formirgjoa.

If we look at the MIR image of CrW (for detail see Sddt. 5 and
Fig.[18), we see the dark dust lane along with several enhance
ments of nebular materials at many places that are likelyeto b
responsible for this spread in reddening. Fiddre 3 yieldsra-m
mum reddening valug(B - V) of 0.25 with a wide spread lead-
ing to values up to 1.1 mag. Recent works (see Table 1) also

Nhdicate a spread in the value B{B - V) (~0.3— 0.8 mag) to-

ward then Carinae region. Smith & Brooks (2008) suggest that
8 detailed optical study of the Carina nebula can easily Ioe do
since our sight line toward this nebulaffars little extinction
and reddening compared to most of the massive star-forreing r
gions. This seems true for the line of sight up to the firstsstar

CF decreases as magnitude increases. Our photometry is MRBNging to the complex, but it could perhaps not remairiapp

than 90% complete up & = 21.5 andl = 22 magnitude. For capje 1o objects farther away and embedded inside the matecu
the distance of 2.9 kpc (cf. SeEL.B.3), this will limit ouudy to  ¢|oud.

pre-main-sequence (PMS) stars more massive than 8.5 M

3.2. Reddening law

2.3. Spectroscopy

) - _ To study the nature of the gas and dust in young star-forming
For a set of 15 X-ray sourd®sdentified usingKMM-Newton  regions, it is very important to know the properties of the in
observations in the CrW field (see Claeskens Et al. |2011), y&stellar extinction and the ratio of total-to-selectveinction,
obtained their optical spectra between 4 and 6 March 2003 us-
5 ESOMIDAS has been developed by the European Southern

4 Throughout this paper, we used the numbering conventionafyX Observatory.

sources as introduced|in Claeskens &t al. (2011). 6 httpy/tdc-www.harvard.edeataloggmpsc.html
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Fig.4. (V-1),(V-J),(V-H),and { - K) versus B- V) TCDs for the stars in the CrW region £ 10 from WR 22). The cross
and dot symbols represent the stars with abnormal and noeddéning, respectively. Straight and dotted lines shastisquares
fits to the data.

i.e.,,Ry = Ay/E(B - V). The normal reddening law for the so-relating these colors were found, for the red-dot stars,eo b
lar neighborhood has been estimated tdye= 3.1+ 0.2 (cf. 1.07+0.02, 1.86+0.02 2.33+0.03,and 250+0.03, which are ap-
Guetter & Vrbé& 1989; Whittet 2003; Lim etlal. 2011) but in theoroximately equivalent to the normal galactic values, ilel0,
case of they Carinae region, there are several studies that clailx®6, 2.42, and 2.60, respectively. The objects with blaokses
that Ry is anomalously high (see_Feinstein etlal. 1973; Herbdisplay steeper slopes, i.e.28+ 0.01, 2.34+ 0.03,2.84+ 0.03
1976] Forte 1978; Thé et 80; Sriith 11987, 2002; Tapal et and 303 + 0.03 for (V — 1), (V = J),(V — H) and ¥ - K) vs.
119_8_$Déazqu_ez_e_t_ﬂ.l,_19|965. Recently, using 141 early typmme(B — V), respectively. If we plot the spatial distribution of the
bers in this regio I_(2012) derived an abnormailltot red dots and black crosses, we clearly see that all the red dot
to-selective extinction rati®, = 4.4+ 0.04. are uniformly distributed, whereas all the black crossesdis-

. triputed away from the obscured region of the molecularalou
We used the TCDs as described|by Pandeylet al. (2003 1'8 y 9
study the nature of the extinction law in the Crw region. TQE means that the black crosses are most probably background

TCDs of the form of ¢ 1) versus B-V), whered indicates one stars, and their light is seen through the molecular cloee (s
of the wavelengths of the broad-band filteRsI(, J, H, K, L), pro- i Th L_fZQlllth o0& I L%LéZOl\?, ar:ld> 1
vide an éfective method for distinguishing the influence of thd"€rein). Therefore, the ratiog(V — DI/E(B - V)] (4 > 4,)

normal extinction produced by theftlise interstellar medium or the stars ir_1 the background V‘_e'd a hi_gh value Ryr (~3.7 .
+ 0.1), indicating an abnormal grain size in the observedregi

from that of the abnormal extinction arising within regidres/- M ! . | 30fTahle 1) h Iso found
ing a peculiar distribution of dust sizes (au any investigators (see column 3 of Table 1) have also found e
{Pandey et AL 2000). idence of larger dust grains in the Carina region. Marracdlet
' (1993) have found that the value dfx (the wavelength at
We clearly see in Fid.]4 that there are two types of distribyvhich maximum polarization occurred, which is also an indi-
tion having diferent slopes. We selected all the stars belongirgtor of the mean dust grain size distribution) is highenttne

to these two populations and plotted th&ir(1), (V-J), (V-H) canonical value for the generaliise ISM.
and V — K) vs. B - V) TCDs in Fig[4. The respective slopes




6

B. Kumar et al.: Stellar content in the Carina west region

Table 1. Extinction, distance, and reddening values for the Camgé#on collected from the literature.

Regioricluster E(B-V) Ry Mo — My d(kpc) References Methgdchniques
WR 22 (CrW) 0.36 3.1 12.15 2.7 Gosset et al. (2009) -
Trumpler 14 - - 111 - Becker & Fenkart (1971) -
0.5 - 115 2.0 Thé & Vleeming (1971) -
- - 12.7+ 0.2 35 Walborn (1973) Spectroscopic parallax
- 3.2 12.7+01 - Humphreys (1978) -
- - - 2.8 Theé et al. (1980) -
- - 12.3+ 0.1 - Walborn (1982) -
0.55+0.08 - 12.2:0.2 - Feinstein (1983) -
- 3.2 12.7+0.1 3.5 Morrell et al. (1988) Spectroscopic parallax
- - 12.3+0.1 2.8 Morrell et al. (1988) Spectroscopic parallax
0.82+0.12 - 11.9: 0.2 2.4+ 0.3 Tapiaetal (1988) Main-sequence fitting
- 3.2 12.8: 0.2 - Massey & Johnson (1993) Spectroscopic parallax
0.57+0.13 4.7+0.7 125+0.2 3.1+ 0.3  Vazquez et al. (1996) Main-sequence fitting
0.58 3.2 12.8:0.1 - DeGioia-Eastwood et al. (2001)  Spectroscopic paralla
- - 12.2+ 0.7 - Tapia et al. (2003) Spectroscopic parallax
0.57+0.12 4.2+0.2 12.0£ 0.2 2.5+ 0.3  Carraro etal. (2004) Main-sequence fitting
0.36+0.04 4.4+0.2 12.3+ 0.2 2.9+ 0.3 Huretal (2012) Proper motion
Trumpler 15 - - 111 - Becker & Fenkart (1971) -
0.4 - 115 16 Theé & Vleeming (1971) -
- - 12.9 3.7 Walborn (1973) Spectroscopic parallax
- - 12.9 - Humphreys (1978) -
- - - 25 Theé et al. (1980) -
- 3.2 11.8+0.1 2.3 Morrell et al. (1988) Spectroscopic parallax
- - 12.1+ 0.3 2.6 Morrell et al. (1988) Spectroscopic parallax
0.49:0.09 - 12.1+ 0.2 2.6+ 0.3 Tapiaetal (1988) Main-sequence fitting
0.49+ 0.09 - 12.1+ 0.2 2.9 Tapia et al. (2003) Spectroscopic parallax
— - 12.3+0.2 - Carraro et al. (2004) Main-sequence fitting
Trumpler 16 0.44 - 11.9 2.5 Thé & Vleeming (1971) -
0.4 - 12.1 2.7 Feinstein et al. (1973) -
- 3.0 12.1+ 0.2 2.6 Walborn (1973) Spectroscopic parallax
- - 12.2+ 0.1 - Humphreys (1978) -
- - 12.0 2.8 Theé et al. (1980) -
- 3.1 11.8+ 0.1 2.3 Levato & Malaroda (1982) Spectroscopic parallax
- - 12.3+0.1 - Walborn (1982) -
0.68+0.15 - 12.0:0.2 2.5+ 0.2 Tapiaetal (1988) Main-sequence fitting
- - 12.5+ 0.1 - Massey & Johnson (1993) Spectroscopic parallax
0.58 3.2 12.8:0.1 - DeGioia-Eastwood et al. (2001)  Spectroscopic paralla
- - 12.0+ 0.6 25 Tapia et al. (2003) Spectroscopic parallax
0.61+0.15 3503 13.0+0.3 3.9+ 0.5 Carraro etal. (2004) Main-sequence fitting
0.36+0.04 4.4+0.2 12.3+ 0.2 2.9+ 0.3 Huretal (2012) Proper motion
Collinder 228 - - 12.60.2 2.5 Feinstein et al. (1973) -
- - 12.2 - Walborn (1973) Spectroscopic parallax
- - 12.0+ 0.3 - Humphreys (1978) -
- 3.2 - 25 Thé et al. (1980) -
- - 12.06 2.6 Levato & Malaroda (1981) Spectroscopy
0.64+0.26 - 11.6:0.4 2.1+ 0.4  Tapiaetal (1988) Main-sequence fitting
- - - 1.9+ 0.2 Carraro & Patat (2001) -
Collinder 232 0.68:0.21 - 12.0:0.2 2.5+ 0.2 Tapiaetal (1988) Main-sequence fitting
0.48+0.12 3.20.03 11.8+0.2 2.3+ 0.3 Carraro etal. (2004) Main-sequence fitting
Bochum 9 0.63:0.08 - - 4.7 Patat & Carraro (2001) -
Bochum 10 - - 12.8 - Feinstein (1981) -
- - 12.2 - Fitzgerald & Mehta (1987) -
0.48+0.05 — 12.2 2.7 Patat & Carraro (2001) -
NGC 3324 - - 12.50.2 - Claria (1977) -
- - 12.4+£0.03 3.0+0.1  Carraro & Patat (2001) -
Trumpler 14, - 3.203 12.2 2.7+ 0.2  Turner etal. (1980) -

15, 16 and Cr 228

Several studies have already pointed toward an anomal@®u3. Distance
reddening law with a highRy value in the vicinity of star-
forming regions (see, e.g., Pandey et al. 2003). Howevethéo

Galactic difuse interstellar medium, a normal valueRyf= 3.1

The Carina nebula is a very large (angular siz2® x 1.5°) ac-

tive star-forming region containing a number of young stas<

is well accepted. The higher-than-normal valueRgfhas usu- €rS featuring very massive O-type stars. Recently martyoasit
ally been attributed to the presence of larger dust grainerd havg cons@ergd that the dlstanceytﬁarln_ae and to- the v_vhole

is evidence that, within the dark clouds, accretion of icenmﬁggi{'fa region 1S 2.3 kpc (see, E'MM%DM etal
tles on grains and coagulation due to colliding grains ckahg ). There is a large discrepancy in the measured distance

size distribution towards larger particles. On the otherchan to the clusters situated within this nebula, as can be seen fr
star-forming regions, radiation from massive stars mapesate Table[d. This large scatter in the distance occurs becasse, a

ice mantles resulting in small particles. Here, it is instireg to N0ted by_Smith & Brooks (2008), the direction of the Galactic
mention thal Okada et al. (2003) suggest tHatient dust de- plane in th_e Cgrma n(_ebula nearly looks down the tangenttpoin
struction is undergoing in the ionized region on the basihef of the Sagittarius-Carina spiral arm. The two clusters Tafid
[Si 11] 35 to [N 1I] 122 um ratio. Chini & Kruegel (1983) and Tr 16, located towards the center of the Carina nebula, hege b
|Chini & Wargali|(1990) have shown that both larger and small tensively studied by several authors, but the debatetein

) g sl}(stance is still open. Vazquez ef al. (1996) estimatedtarniie
modulus ofVp — My = 12.5+ 0.2 mag for Tr 14. By applying

an abnormal reddening lalw, Tapia et al. (2003) derMgd My

grains may increase the ratio of total-to-selective exiomc
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Fig. 5. Flux-calibrated spectra of the O-A-F-G type stars in ourctpscopic sample of the CrW region. The spectra have been
randomly shifted vertically for clarity. The spectral tygdgecome progressively later from left to right and from topdottom.

= 12.1 mag. In their study, they adoptad = 1.3%€(V — J) and 4. Results
found that both clusters are situated at the same distantén B ) ) .
another study, Carraro et al. (2004) concluded that botsteta  41- Spectroscopically identified sources

are situated at dierent distances witho — My = 12.3+ 0.2 The MK spectral types of 15 X-ray emitting sources in the Crw
mag for Tr 14 and 13.@ 0.3 mag for Tr 16. Recently, Hur et al-region were established using the newly acquired specte (s
(201.:2) concluded t.hat Tr 14 and Tr 16 are at the same dlstarggct@) and their comparison with the digital spectrassifi-
within the observational errory/§— My = 12.3+ 0.2mag, i.e.,d c¢ation atias compiled by R.O. Gray and available on thelweb
= 2.9+ 0.3 kpc). Their derived distance is based upon the propgie results are summarized in TaBle 2, from which we may in-
motion, which is comparatively more accurate than othehmeter that the majority of identified sources are late-typesstsee
ods. Since we are concentrating on the western side of theeCaisig 3§ for diferent spectral types), and none of these stars fea-
nebula containing some part of Tr 14, for the present stuey, W,res arH«o emission.
have adopted a distance of 2.9 kpc for CrW as given by Hurlet al. 1,100 X-ray sources (i.e. #6, #9, and #20: in Tdble 2) be-
(2012). long to spectral type O, of which #6 and #9 are correlated
with HD 92607 and HD 92644, respectively. Houk & Cowley
(1975) classify them as O type stars (HD 92607 — @48 land
HD 92644 — 09.80lll). Our present analysis rather favors

7 httpy/www.ned.ipac.caltech.edave)Grayframes.html
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Fig. 6. Left panel: The R— Ha)o index is shown as a function of th¥ & ) color. The solid line indicates the relation for MS
stars as taken fro 97). The dashed line (rteg@alds the thresholds fdi o emitter candidates. Right pan#:
versus R - Ha)o CMD. The magenta circles represéit emitter candidates. An envelope as discussed in Sectli4.ixdicated
by a solid line.

spectral types of O8.5111 for #6 and 09.7V for #9. These restars, classical T-Tauri stars (CTTSs), and weak line T iTaur
sults broadly confirm previous classifications of these sesir stars (WTTSs), respectively (cf. Feigelson & Montmerle 299
(see also_Claeskens et al. 2011). The X-ray properties ¢f b@lass 0 & | YSOs are so deeply buried inside the molecu-
stars are discussed in detail by Claeskenslet al. (2011hsege tlar clouds that they are not visible at optical wavelengiie
discussion and notes on individual objects). They find that tCTTSs feature disks from which the material is accreted, and
observed X-ray count rate for #9 is 3.8 times lower than #6, bemission inHa can be seen as due to this accreting material.
both are quite soft. Star #20 is identified as a reddened @7 Sthese disks can also be probed through their IR excess (com-
with observed/ = 13.03 and B - V) = 1.83 mag (cf. Tablg]2). pared to normal stellar photospheres). WTTSs, on the agntra
The remaining 12 sources have counterparts that are clhave little or no disk material left, hence have no stréthg
sified as late-type stars: three are of spectral type A, three emission and IR excess. It is evident from the recent studies
F stars, and six are classified as G-type stars. Stars #11, #b8t the X-ray luminosity from WTTSs is significantly higher
and #37 are identified as A5 V, Al lll, and Al V, respectivelythan for the CTTSs with circumstellar disks or protostarthwi
Similarly #3, #10, and #23 belong to F5 V, F8 V, and F3 \accreting envelopes (Stassun et al. 2004; Telleschi e08l7;2
spectral types, respectively. Claeskens bt al. (2011)instudy [Prisinzano et al. 2008). In this section we report the tamat
found that source #18 is among the brightest X-ray sourcesidentification of YSOs on the basis of thdita emission, IR
this field; however, they could not identify any optical ctera excess, and X-ray emission.
part for this object from the GSC2.2 catalog. Based on IR col-
ors, they computed the band magnitude of this object to be
in between 20.2 21.5. Later on by visual inspection of Digital
Sky Survey images, they found a star having brightness 18
at the exact source location. We also found a star with magni-
tude 18.214- 0.012 (cf. Tabl€R, column 4) at a similar positionThe stars showing emission iHa might be considered as
Binarity could explain why this star is brighter in the oiithan PMS stars or candidates, and the strength oHheine (mea-
expected from its near-IR magnitudes (Claeskens|et all)2a11sured by its equivalent width ‘EW{q)’) is a direct indica-
could reside in front of the Carina, but it could also be mgii tor of their evolutionary stage. The conventional disiimictoe-
cally brighter than a main-sequence (MS) star. Sources#Z, #tween CTTSs and WTTSs is an EW¢) > 10A for the for-
#15, #32, #40, and #42 are characterized as G6 Ill, G9 V, @&r (se€_Herbig & Béll 1988). Howevér, Berfolit (1989) has
1, G3 V-IIl, G8 V, and G9 Il spectral type, respectivelyaBed suggested that a limiting value of 5A might be more appro-
on the observed X-ray counts, Claeskens ket al. (2011) clzam tpriate. More recently, investigators have tied the definitio
#42 is a variable star. It is also worthwhile to mention thvea t the shape (width) of théde line profile (se€_White & Basri
sources (#7 and #15) are identified as PMS sources (sed Jabled3; | Jayawardhana ef al. 2003). In the study of NGC 6383,
in the present study (cf. SeCt_4R.3). [Rauw et al.[(2010) find that e equivalent width of 10A cor-
responds to arR— Hea) index of 0.24+ 0.04 above the MS rela-
4.2 YSOs identification tion oflﬁ!. 97). They have further used this asecsel
tion criterion for identifyingHa emitters. In our study, we have
The PMS stars (YSOs) are mainly grouped into the classesnsidered a source as probaHle emitter only if the R— Ha)
0-I-1I-111, which represent in-falling protostars, evad proto- index is 0.24 above the MS relation Mﬁt 997).

4.2.1. On the basis of Ha emission
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-59.40 radiative transfer modeling) range fronl Mg, to ~10 M,. Out
of these 642 sources, 105 fall in our studied region.

Using NIRMIR data of 2MASS and Spitzer, Povich ef al.
(2011) present a catalog of 1439 YSOs spanning a 1.42 deg
field surveyed by th€handra Carina Complex Project (CCCP)
(for more details about CCCP see Townsley ét al. P011). This
field includes the major ionizing clusters and the most activ
sites of ongoing star formation within the Great Nebula in
Carina. YSO candidates were identified via IR excess enmissio
from dusty circumstellar disks and envelopes, using datan fr
the Spitzer Space Telescope (the Vela—Carina survey) and th
2MASS database. They model the 1424 IR spectral energy
distributions of the YSOs to constrain their physical prepe
ties. Their Pan-Carina YSO Catalog (PCYC) is dominated by
intermediate-mass (2 M< M < 10 M) objects with disks, in-
cluding Herbig A¢Be stars and their less evolved progenitors.
Out of these 1439 sources, 136 fall in our studied region.

Recently| Preibisch et al. (2011b) used HAWK-I at the ESO
VLT to produce a deep and wide NIR survey that is deep
enough to detect the full low-mass stellar population eavn
to ~0.1M, and for extinctions up té\y ~15 mag) in all the im-
Fig. 7. Column density distribution of the molecular cloud irportant parts of the CNC, including the clusters Tr 14, 15 an
our field of view, as derived from the near-infrared reddgrih 16, as well as the South Pillars region. They analyzed CMDs to
stars. The lowest contour correspond#\to= 3.4, the step size derive information about the ages and masses of the low-mass
of the contoursis 0.2. stars. Unfortunately, their surveyed region does not couer

studied region. Therefore for the present study we used IHtR d
] ] from the 2MASS survey to identify sources with IR excess. We

The Ha filter at WFI has a special passband, therefore jiised the following scheme to make the distinction between th
cannot be dwe%o&bexstmg standard photeimet sources with IR excess and those that are simply reddened by
system (see al 10). By selecting ten stars ghist along the line of sighf (Gutermuth etlal._2005). First we
served with EMMI (see Sedf. 2.3), whose spectra do not exhiieasure the line of sight extinction to each source as parame
Ha emission, we calibrated the zero point by comparing the ofgrized by theEy_x color excess due to the dust present along
servedR—Ha and dereddened/(- ) with the R—Ha)o versus - the lines of sight. For objects where we hal@hotometry in
the (V — I)q relation of emission free MS stars as determined bytidition toH andKs with the condition that they are positioned

11(1997) for NGC 2264. The<{1) color is dereddened ahove the extension of CTTSs locus and have cdleH] > 0.6,
by E(V — 1) value ofE(B - V)min x 1.5. In Fig[6, we plotted the we used the equations givenlby Gutermuth &f al. (2009) tueleri
(R=Ha)o Vj_ﬂ%_)awmbu'ﬂon of all the stars along with thethe adopted intrinsic colors. Theftiirence between the intrinsic
MS given by Sun (1907). o color and the observed one will give the extinction valuec®n

Since there is large scatter in the distribution (cf. [Ey. Ge had the extinction value for the stars, we generated an ex-
left panel), there may be false identificationstddé emitters. tinction map for the whole CrW region. The extinction values
To minimize this, we introduced another selection criterfo  in a sky plane were calculated with a resolution of 5 arcsec by
identify the Ha emitters in addition to the previous one. Weaking the mean of extinction value of stars in a box having a
used theV vs. R — Ha)o color magnitude diagram (CMD) (cf. size of 17 arcsec. The resulting extinction map, smoothea to
Fig.[8; right panel) and defined an envelope that containg m@ssolution of 0.6 arcmin, is shown in Fig. 7. This IR extiocti
of the stars following the MS. The stars that have a value gfap represents the column density distribution of the mplec
(R—Ha)o — or-He) greater than that of the envelope of the M$ar cloud associated with the CrW region. We can clearly see
can be assumed to be probable emitters. In our study, we the high density region toward the northeast of Crw and then
therefore consider that a star is a gd#a emission candidate if the density following the dust lane as visible in the A6 im-
it satisfies both conditions. We have identified 41 YSOs in odge (cf. Sec{]5, see Fig.]16). Thanks to less extinctiorydon
study as potentiatia emitters, and these can be seen in Ei§. 1@avelength observations can penetrate deeper inside the ne
ulosity than do shorter wavelengths. For this reason, theze
many stars in the CrW region that do not havieand photome-
try. Once we constructed the extinction map, we used thisto a
Recently | Gaczkowski et al.. (2013) have obtained Herschigredden the stars having ddand detection. Here it is worth-
PACS and FIR maps that cover the full area of the CNC anchile to note that we used CTTSs loci to estimate reddening by
reveal the population of deeply embedded YSOs, most of whiback-tracing all the stars located above the CTTSs locsait
are not yet visible at the MIR or NIR wavelengths. They stddietension to the CTTSs loci or its extension. It is quite prdbab
the properties of the 642 objects that are independentictid that the genuine CTTSs are mixed with deeply embedded MS
as point-like sources in at least two of the five Herschel bandtars that could fall above the CTTSs locus in the 2MASS eolor
For those objects that can be identified with apparentlylsingolor diagram. Therefore, when we deredden this mixed sampl
Spitzer counterparts, they used radiative transfer mddede- of stars, the reddening value for CTTSs will get overestadat
rive information about the basic stellar and circumstglaram- because of their surrounding cocoon of dgas, whereas for the
eters. They found that about 75% of the Herschel-detect€asy SMS stars, it will get underestimated because the intrinslorc
are Class 0 protostars and that their masses (estimatedteomof MS stars lies below CTTSs loci.
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4.2.2. On the basis of IR excess
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Fig.8. Ko/(H — K)o CMD for (a) stars in the CrW region, (b) stars in the field regand (c) same stars as in panel (a) along
with identified probable NIR-excess stars. The blue dasimedrépresents the envelope of field CMD, whereas the red boé
demarcates the distribution of IR excess sources from MS.sta

In Fig.[d, we have plotted the dereddened NIR CMRBg, The reference field was around 1vBestward from the center of
versus H — K)o, for the CrW region and the nearby referencéhe CrW (cf. Fig[1).
field region having same area as CrW. Since both the field and The number of probable NIR excess stars in the reference
CrW region CMDs are dereddened by the same technique, tfe@d is about 8 whereas the number of probable NIR excess
underestimatiofoverestimation of theA, value will not dect stars in the CrW region is 60. This means that we have a con-
our analysis much. However, owing to the clumpy nature @mination of about 13% in our sample. The majority of these
the molecular cloud associated with the CrW region, thedteresrobable NIR excess stars follow the high density regiomén t
dened CMD for CrW will show more scatter than the field CMDCrw region (see Fid.16) and may be deeply embedded in that
A comparison with the reference field CMD reveals that thefgebulosityl Povich et &l. (20111) have identified many YSQ@s th
might be many stars showing excess emission that is apparg®@ mainly in the irradiated surface of the cloud (see[ETybi6
from their distribution atkl — K)o < 0.6 mag. Therefore, we de- recently, based on Herschel FIR data, Gaczkowskileft al.3201
fined an envelope representing a citime (Figs[8b,c) on the have identified YSOs that are also located within the dark lan
basis of the CMD of the CrW region and of the field one. We thest the Crw region.
designed an additional envelope (solid line in red) shiftethe YSOs such as CTTSs, WTTSs, and HerbigBestars tend
red from the preceding one by an amount corresponding, to o occupy diferent regions on the NIR TCDs. In Fig 9, we
= 5 (to compensate for the scattering due to the clumpy natyge plotted the NIR TCD using the 2MASS data for all the
of molecular clouds). Doing that, we aim at isolating prdeabgqrces lying in the observed region. All the 2MASS magni-
NIR excess stars from reddened MS stars. Since we know tges and colors were converted into the California Inistiaf

the photometric error is larger at the fainter end of the CMq?echnology (CIT) systef All the curves and lines are also
the shape of the cuttdline at the fainter end is adjusted accordiy the T system. The shown reddening vectors are drawn
ingly. All the stars having a color H{ — K)o — o(1-k)," greater from the tip (spectral type M4) of the giant branch (“upper
than the red cut4b line might have an excess emission in th?eddening line”), from the base (spectral type AO) of the MS
K band and thus can reasonably be considered to be probgflg,ch (“middle reddening line”) and from the tip of the intr
YSOs (see also Mallick et al. 2012). While this sample is domijc cTTSs line (“lower reddening line”). The extinction icet
nated by YSOs, it may also contain the foI_Iovv_lng types of CONK, /Ay = 0.265 Ay/Ay = 0.155 andAy /Ay = 0.090 have been
taminations: variable stars, dusty asymptotic giant idAGB)  taken from Cohen et Il (1981). We classified the sources ac-
stars, unresolved planetary nebulae, and backgroundigalaxqrging to three regions in this diagram (cf. Ojha éf al. 9004

(Robitaille et al! 2008; Povich etial. 2011). We used the CMBhe ‘F sources are located between the upper and middle red-
of the reference field covering the same area as the CrW region

to calculate the fraction of contaminating objects in ounpke.

8 http://www.astro.caltech.edu/~ jmc/2mass/v3/transformations
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Fig. 10. Cumulative numbers of correlations between the X-ray
Fig.9. (J — H)/(H — K) color-color diagram of sources de-detected sources and the WFI catalog. The thick curve repre-
tected in theJHK's bands in the CrW region. The sequence3€Nts the observed numbers, the dashed curve shows the,best fi

of dwarfs (solid curve) and giants (thick dashed curve) ewmf and the dot-dashed line (magenta) and dotted (red) curves-co

Bessell & Breft [(1988). The dotted line represents the lagus SPond to the numbers of real and spurious sources, resgigctiv
T Tauri stars 7). Parallel dashed straigles| 1 he vertical line indicates the optimal correlation radius
represent the reddening vect 1981). Tisseso

on the dashed lines are separated\py= 5 mag. YSOs are also

shown. Open magenta squareSpitzer; filled magenta circles (see[ Bricefio et al._2007). At an age ©8 Myr, only ~50%

= Ha; filled squares= X-ray emitting WTTSs (grees XMM-  of the young stars still show NIR excesses, and~ty Myr

Newton, blue= Chandra); open red triangles CTTSs and open this fraction is reduced te 15% [Preibisch et al. 201/1c). Since

green .C|rc_les: probable NIR-excess sources (see text for thge expected ages of most young stars in the CNC are sev-

classification scheme). eral Myr, any IR-excess-selected YSO sample will be highly
incomplete. To tackle this problem, we used the X-ray emit-
ting point sources in the region to identify YSO candidates.

dening lines and are considered to be either field stars (&tS,st The X-ray detection methods are sensitive to young stats tha

giants) or Class Ill and Class Il sources with small NIR-essce have already dispersed their circumstellar disks, thusdawgp

‘T’ sources are located between the middle and lower redddRe bias introduced when selecting samples only based on IR

ing lines. These sources are considered to be mostly CTTFSsxcessl(Preibisch etlal. 2011c).

Class Il objects) with large NIR-excess. There may be anlaper

of Herbig AgBe stars in the ‘T’ regiori (Hillenbrand et/al. 1992) :
‘P’ sources are those located in the region redward of theﬂom?(MM'NaNton Observations

reddening line and are most likely Clagsdbjects (protostellar- The XMM-Newton satellite has observed the CrW region in the
like objects{ Ojha et al[ (20D4)). It is worthwhile also ment  course of the study of the massive binary WR 22. The corre-
ing that  Robitaille et &l.(2006) show that there is a sigaific sponding results have been presented in separate papers (se
overlap between protostars and CTTSs. The NIR TCD of té)_ss_el_el_él 2009; Claeskens étlal. 2011). In this section we
observed region (Fid.] 9) indicates that a significant nunaer cross-correlated the sources detected in our photometticaf
sources that have previously been identified as probable N¥ge Crw region with the positions of 43 X-ray sources from
excess stars lie in the ‘T region. Forty-one sources haenbeéCjaeskens et al[ (2011). The positions of the X-ray sourses a
designated as CTTSs in our study with the condition that thgken byl Claeskens etlal. (2011, columns 8 and 9 of their table
fallin the ‘T" region of the NIR TCD (Fig[P) and are redward of) refer to the astrometric frame as determined fromxhem-

the dashed blue cutfidine in the dereddened CMD (Figl. 8). WeNewton on-board Attitude and Orbit Control System. The cross-
also have plotted probable NIR excess sources that aretelétegorrelation with the GSC and the present optical catalogesis

in *J’ band (10 out of 60). Most of these sources are located jfaking a small correction. We therefore suggest decredising
the ‘P’ region in Fig[®, which means that they are most likelyjght ascension df Claeskens et al. (2011) Bg®and increas-
Class 0l objects. ing the declination by’06. No rotation was detected. We adopt
these new positions for the 43 X-ray sources.

We defined an optimal cross-correlation radius to find a com-
promise between correlations missed due to astrometricserr
The NIR-excess-selected YSO candidate samples are geaad spurious associations in the CrW field. To derive the- opti
ally considered incomplete because the NIR-excess emissinal correlation radius, we applied the technique dffrike al.
in young stars disappears on timescales of just a few M{@997). In this method, the distribution of the cumulativenber

4.2.3. On the basis of X-ray emission
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of cataloged sources as a function of the cross-correledidins 61
rc is given by
8 -
_r2 I
Od<ry) = All-exp|—= 0 .
202 I

+ (N-A) [1 — explrn Bri)] .

12 -

In this equatiorN, A, o, andB represent the total number of
cross-correlated X-ray sources € 43), the number of true cor- ur
relations, the uncertainty in the X-ray source positiord #re I
surface density of the catalog of photometric sources,e@sp
tively. In the course of fitting the integrated number of earr 8
lations with the CrW photometric catalog as a function of the
separation (where 43 X-ray sources have an optical soufce lo
cated closer than 8 arcsec), we derived the fitting parasater
A =3378,0 = 0.9arcsec, and® = 2.3 x 102 arcsec? (see Fig.
[I0). The optimal correlation radius was chosen tobe 2.7”,
which implies that there is no more than one spurious associa
tion among the 34 correlations; i.e., the optical countespaf
79% of theXMM-Newton sources in the CrW field should thusFig. 11. J/(J — H) CMD for the stars in the CrW region. The
be reliably identified. isochrone of 2 Myr (Z= 0.02) byt Marigo et al/(2008) and PMS

[Claeskens et al.[ (2011) also cross-correlated these X-tagchronesofage 0.1, 1, 2,5 and 10 Myr taken f et al.
sources Kl = 43), but they searched the optical counterpar ) corrected for a distance of 2.9 kpc and a redde(iBg-
using the Guide Star Catalog version 2.2 (GSC2.2). Their fitdmn = 0.25 are also shown. The symbols are the same as in
ting parameters ard = 354, B = 2 x 103arcsec?, and Fig.[d (see Sedi. 4.3.1 for the classification scheme). Thesh
o = 1.8arcsec. The number of true correlatiody of both masses and sEectraI types have been taken from the 1 Myr PMS
studies are very much consistent. The surface denBjfyo{ isochrone o 00).
the catalog of optical sources in the present study is anrorde
of magnitude higher than in_Claeskens etlal. (2011), while ou
o value is half that of these authors. The results of the crosslassification of X-ray emitters based on NIR TCD
identification are listed in Tablg 2. When several opticalrco . . . o
terparts are present, only the closest one is given. Thecbist We have identified WTTSs based on their X-ray emission, as

umn is the ID of the X-ray sources frdm Claeskens ef al. (201 ell as on their respective position in NIR TCD (Fig. 9) thgbu
Columns 2 and 3 are their respective RA and Dec in degree (fréiandraandXMM-Newton observations. The sources having X-

our photometric catalog). In the next columns thenagnitude, '@y €mission and lying in the ‘F’ region above the extensibn o
coloes v-1),(V-R) (Bgz V)and U - B) are reportedQSourcesthe intrinsic CTTSs locus, as well as sources havikgH) > 0.6

with a spectral classification are mentioned in the nextagy- Mag and lying to the left of the first (leftmost) reddeningteec
column. (shown in Fig[®) are assigned as WTT®&ass Il sources (see,

e.g.,[Jose et &l. 2008; Pandey etfal. 2008; Sharmalet all .2012)
Here it is worthwhile to mention that some of the X-ray sogrce
Chandra X-ray observations classified as WTTS€lass Ill sources, lying near the middle
reddening vector, could be CTT/SSlass Il sources. Out of 34
Recently, a wide area (1.42 dggof the Carina complex (XMM-Nenton) and 469 Chandra) sources, 7 and 119, respec-
has been mapped by ti@handra X-ray Observatory (CCCP, tively, were identified as WTTSs, with 4 in common. These are
I1.2011). These images were obtained with thintified in Tabl€B (by numbers 4-5 in the last column anddill
Advanced CCD Imaging Spectrometer (ACIS; Garmire et aquares in Fig]9).
[2003). This CCCP study mainly includes the data from the
ACIS-I array, although ACIS-S array CCDs S2 and S3 were also
operational during the observations. But most of the sauoce 4-3. Age and mass of YSOs
S2 and S3 are crowded and dominated by the background in ;
CCCP datal (Townsley etlal. 2011). In this survey, 14369 x-ra{‘g‘sl‘ Using NIR CMD
sources were detected over the whole CCCP survey region. Ohe CMDs are useful tools for studying the nature of the atell
of these, the CrW region contains 1465 sources. Since the population within star-forming regions. In FigJ11, we péat
axis Chandra PSF is 0.3’ and because it degrades at lardge o the J/(J — H) CMD for all the YSOs identified in the previous
axis angles (see, e.g., Getman et al. 2005; Broos et all 28&0) sections having NIR counterparts and located in the Crw re-
have taken an optimal matching radius of 1 arcsec to determgion. For cross-matching thea, X-ray, Spitzer, and Herschel
the opticalNIR counterparts of these X-ray sources. This size adentified YSOs with the 2MASS data, we took a search ra-
the matching radius is well established in other studiesels wdius of 1 arcsec. For the FIR Herschel identified YSOs, we did
(see, e.gl, Feigelson etlal. 2002; Wang &t al. 2007). Weifaht not find any NIR counterpart. We used the relatiaggyAy =
469 sources that have 2MASS NIR counterparts and fall in tBe265,A /Ay = 0.155 mn, isochrones for age-
CrW region. 2 Myr and PMS isochrones for ages 0.1, 1, 2, 5, and 10 Myr

18 [~
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Table 2. Cross-identification of 43 X-ray sources from Claeskenslg¢P811) with CrwW optical photometry. Stars brighter than
= 11.3 are from the literature. The YSOs identified in Sediighade also mentioned in the last column.
ID(X-ray) @(J2000) §(J2000) \Y (V-1) (V-R (B-V) (U-B) Spectraltype YSO number

#1 159.894496 -59.737510 20.386 2.860 1.438 2250 /AN - 183

#2 159.947016 -59.608981 12.991 0.809 0.436 0.653 -0.042 - -

#3 159.948029 -59.746218 10.470 /AN N/A 0.440 NA F5V -

#4 150.983333  -59.618056  11.279 /AN N/A 0.668 NA - -

#5 160.042973 -59.619011 17.720 2.299 1.195 1.721 1.051 - 57

#6 160.051779 -59.802809 8.140 /AN N/A -0.020 -0.780 08.51ll -

#7 160.069977 -59.534346 14.720 1.386 0.787 1.006 0.673 11G61 13

#8 - - - - - - - - -

#9 160.132138  -59.778854  8.880 /AN  N/A  -0.030  -0.900 09.7V -

#10 160.161981  -59.462519  12.839  0.807  0.419 0590 0028  V F8 -

#11 160.174252 -59.621872 12.609 0.429 0.258 0.320 0.108 V A5 -

#12 160.174412 -59.539547 14.974 0.954 0.540 0.736 0.149 V G9 -

#13 160.184003 -59.826372 17.565 3.222 1.551 2.103 1.018 - -

#14 160.193248 -59.700809 19.680 2.144 1.115 1.544 /A N - -

#15 160.214424 -59.622191 15.365 1.332 0.716 1.109 0.609 1 G8 18

#16 - - - - - - - - -

#17 160.229239 -59.639602 17.422 1.552 0.835 1.217 0.607 - 8 4

#18 160.230446  -59.710999  18.214 1586  0.928  1.086 0373  V F8 -

#19 160.235367 -59.862561 11.363 0.340 /AN N/A N/A ALl -

#20 160.247070  -59.457005 13.031  1.825  0.860  1.340  -0.031 7 O -

#21 - - - - - - - - -

#22 160.322983 -59.676915 6.420 /AN N/A 0.080 -0.730 - -

#23 160.335850  -59.589894  11.692  0.718 /AN  0.841  -0.285 F3V -

#24 160.338038  -59.659587  17.131  1.316  0.758  0.978  0.259 - -

#25 - - - - - - - - -

#26 160.362639 -59.656561 16.698 1.334 0.774 0.896 0.494 - -

#27 160.364564 -59.686933 16.339 1.174 0.658 0.903 0.215 - -

#28 160.387108 -59.604288 19.416 2.737 1.136 1.667 /A N - -

#29 160.426017 -59.635431 16.982 1.335 0.712 1.054 0.482 - -

#30 160.437963 -59.807270 19.050 2.058 0.922 1.818 /A N - -

#31 160.464076 -59.720771 12.626 0.782 0.442 0.550 -0.019 - -

#32 160.478811 -59.689836 13.146 1.224 0.793 0.935 0.923 V-1G63 -

#33 - - - - - - - - -

#34 - - - - - - - - -

#35 - - - - - - - - -

#36 - - - - - - - - -

#37 160.523400 -59.604232 14.022 0.554 0.316 0.357 0.158 V Al -

#38 160.556738  -59.599388  18.204  2.910  1.446  2.081  0.479 - 7 8

#39 160.564481 -59.565945 19.215 2.738 1.145 1.679 /A N - -

#40 160.603836 -59.669004 14.842 1.105 0.636 0.576 0.164 VvV G8

#41 160.636112 -59.611374 16.242 1.834 0.975 1.461 1.079 - 0 3

#42 160.652591 -59.731771 15.372 1.454 0.764 1.096 0.746 NG9 -

#43 160.679111  -59.591296 15.898  1.365  0.738  1.165  0.425 - -

aWR 22 itself; ' The YSO entry numbers are from Table 3.

by IMarigo et al. [(2008) and Siess et al. (2000), respectiwely time as lower mass stars, a more extensive analysis is egtjuir

plot the CMD assuming a distance of 2.9 kpc and an extinctiém confirm their presence or absence in this region.

E(B - V)nin = 0.25. In the present analysis, we usgd= 3.7 . .
as discussed in SeEi B.2.f@irent classes of probable YSOs are The NIR counterparts ]f.)f YShOS 'T] a nebglalr star-forming

also shown in the figure. Most of the probable T Taldi, emis- reg|onf are mr(])re easy to mdht an their og?ltlca counterp%rts.
sion stars and IR excess stars have an apparent age under 1 ﬁé(:i\gi:g (tex?a(’:\y: C!;/Isg (\;\ﬁn d?\\//i?jjglit\l(sggi i)é rsnoor:]ee\\/(vﬁz(a)t?jiffjt

The Spitzer identified YSOs are located mainly in two groupg since at the Ioggr end of the NIR CMD, the isochrones of

one shows ages less than 1 Myr, whereas other groups have g ’

: : . différent ages and masses nearly coincide with each other. Age
it:;tg\;eYego}sli(r)] hég:'iméﬁzggﬂﬂso find that the MAIOT3nd mass of individual YSOs can be derived more accurately

using the optical CMDs.

The mass of the probable YSO candidates can be estimated
by comparing their location on the CMD with the evolution4.3.2. Using optical CMD
ary models of PMS stars. The slanted dashed curve, taken from
[Siess et dl.[(2000), denotes the locus of 1 Myr old PMS stdrsFig.[I2, theV/(V — |) CMD has been plotted for the optical
having masses in the range of 0.1 to 3/5. To estimate the counterparts of YSOs identified in Sdct.]4.2. We have taken th
stellar masses, theluminosity is recommended rather than thasame 1 arcsec matching radius for identifying the opticaheo
of H or K, because thd band is less féected by the emission terparts of the presumed YSOs. Here also we have not found
from circumstellar material (Bertout et/al. 1988). The mi#jyo any optical counterpart of the Herschel identified YSOs. The
of the YSOs have masses in the range 3.5 toN5 indicat- dashed lines (for dlierent ages 0.1, 0.5, 1, 2, 5 and 10 Myr)
ing that these may be T Tauri stars. A few stars with a massow PMS isochrones by Siess et al. (2000) and the post-main-
higher than 3.9V, may be candidates for Herbig /e stars. sequence isochrone (continuous line) for 2 Myméij%_d.bt a
Gaczkowski et al.[ (2013) state that this region exhibitswa lo ). These isochrones are corrected for the CrW disi@nge
number of very massive stars. However, since the more neasdpc) and minimum reddeninds(B — V) = 0.25 mag, see previ-
stars form more quickly and tend to be more obscured, ane simus section). Itis clear from Fig. 1.2 that a majority of tharees
they may not exhibit the same signatures of youth for as londghave ages: 1 Myr with a possible age spread up to 10 Myr.
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Table 3. Sample of the optically identified YSOs along with their ded ages and masses. Error bars in magnitude and color
represent formal internal (comparative) errors and domatide the color transformation and zero-point unceriesnt

ID (J2000) 6(J2000) V+o V-N+to Age+o  Massto  Technique
@) ©) (mag) (mag) (Mys) M) 123456

(@) @) [€)] @ 5 (6) @) [G)]
1 160.544858  -59.643538  12.3d®009 0.3730.018 0.20.2 3.20.2 1

2 160.586232  -59.898926  12.72B011  0.2130.018 2.62.1 4.8:0.3
3 160.556561  -59.735036  13.07®011  0.4220.014 1.40.2 2.8:0.3
4
5

159.827622  -59.759030  13.508006 0.67#0.010 2.50.4 2.:0.3

1
1
1
160.509158  -59.674841  13.587.009  1.0080.014  1.40.2 3.4:0.3 1

1 Spitzer identified source$,Ha sources? CTTS,* Chandra sources® XMM-Newton sources® Probable NIR excess
(This table is available in its entirety in a machine-redéddbrm in the online journal. A portion is shown here for gade regarding its form and content.)
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Fig. 13. Histograms showing the distribution of YSOs ages (left peaed masses (right panel) in the observed region. The green
and red histograms are for the estimated ages and masse€sf &Suming a distance of 2.9 kpc and 2.3 kpc, respectiviety. T

error bars along ordinates represen{N Poisson errors.

very coarse resolution (30 points for their whole mass rasfge
0.1 to 7 My); therefore, for a better estimation of mass, these
isochrones were interpolated (2000 points). We used phettom

ric errors along with the error in the distance modulus anf re
dening to draw an error box around each data point. In this box
we generated 500 random points using Monte Carlo simulation
For each generated point, we calculated the age and mass as de
rived from the nearest passing isochrone. For this studysed u

a bin size of 0.1 Myr for th al. (2000) isochroneshAt
end we took the mean and standard deviation as the final derive
values.

It is important to note that estimating the ages and masses
of the PMS stars by comparing their locations in the CMDs
with theoretical isochrones is prone to both random and sys-
tematic errors (see Hillenbrand 2005; Hillenbrand ét aD&0
Chauhan et al. 2009, 2011). Th@ezt of random errors due
to photometric errors and reddening estimation in detergin
N the ages and masses has been evaluated by propagating-the ran
dom errors to their observed measurements by assuming a nor-
mal error distribution and using Monte Carlo simulation& (c
[Chauhan et al. 2009). The systematic errors could be dueto th
Fig. 12. V/(V — I) CMD for all the detected YSOs (symbols ag/se of dﬂ?(_arent PMS evolutionary models and an error in the dis-
in Fig.[d, see Sedi.Z.2.2 for details). The isochrone for 2y tance estimation. Barentsen et al. (2011) mention that gies a

Marigo et al. [[2008) (continuous line) and PMS isochrones féhay be incorrect by a factor of two owing to systematic errors
1,2, 5, and 10 Myr b dl.(2000) (dashed lines) ace alg the model. The presence of variable extinction in theaegi

shown. All the isochrones are corrected for a distance ok@co Will not affect the age estimation significantly because the red-
and reddening (B — V) = 0.25. The horizontal line with arrow dening vector in th&//(V —1) CMD is nearly parallel to the PMS
is the completeness limit of the observations. isochrone.
The presence of binaries may also introduce errors into the
age determination. Binarity will brighten the star, consewntly
The age and mass of the YSOs have been derived usthg CMD will yield a lower age estimate. In the case of an equal
the V/(V — 1) CMD. The[Siess et al! (2000) isochrones haveass binary, we expect an error-a50% to~60% in the PMS
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3.0

age estimation. However, it isfticult to estimate the influence

of binariegvariables on the mean age estimation because the
fraction of binariegsariables is not known. In the study of TTSs b

in the Hi region IC 1396, Barentsen et al. (2011) point out that > [ ! 1
the number of binaries in their sample of TTSs could be very

low since close binaries lose their disk significantly fastan % %

single stars (cf. Bouwman etlal. 2006). s T ]

We have calculated ages and masses for 241 optically ideng % %
tified individual YSOs classified using fterent schemes (see
Table3). Here we would like to point out that out of six opliga L5 1
identified probable NIR excess stars, five have agédviyr.
They may be YSOs that are deeply embedded and are formed
by the collapse of the core of a molecular cloud. Estimates ag Lo .
and masses of the YSOs range fret1 to 10 Myr and~0.3 to
4.8 M,, respectively. This age range indicates a wide spread in - s 0o 02 o o0 o o "
the formation of stars in the region. The histograms of agk an Log Mg
mass distribution of YSOs are shown in Hig] 13. ) . )

As stated in Seci_3.3, several authors have usfdrdnt Fig. 14. Plot of the mass function in the CrW region. Ldy
distances (2.3 kpc) than ours (2.9 kpc) for the Carina nebulgpresents lo§(log m). The error bars represemt\/_ﬁ errors.
Therefore, we also examined the above results (ages an@snad$e solid line shows a least-squares fit over the entire namger
of YSOs) for the distance of 2.3 kpc. The ages and massesQg? < M/Mo < 4.8. Open and filled circles represent the points
YSOs are once again derived using the same procedure askfdow and above the completeness limit of our data, resgyti
scribed above and the corresponding histograms are otiegblo
in Fig.[13. As can be seen in this figure, both derived values ar
more or less similar within their Corresponding errorgﬂwgh the field IMF. However, most of the more recent and sensi-
there are slight dierences in the number of YSOs that are led/e studies of massive star-forming regions (see, :
than 1 Myr. By looking at this figure, we can safely conclu | Espinoza et &l. 2009) find the numbers of low-mass stars
that the majority of the YSOs are younger than 1 Myr and hai agreement with the expectation from the “normal” fieldr sta

a mass lower than 2 M These age and mass are comparabiMF. Preibisch et &l1(2011c) confirm these results for ther@a
with the lifetime and mass of TTSs. Nebula and support the assumption of a universal IMF (at leas

in our Galaxy). In consequence, this result also suppoetaith
N ) tion that OB associations and very massive star clusterthare
4.4. Initial mass function dominant formation sites of the galactic field star popolatas

The distribution of stellar masses that formed in one stefréady suggested by Miller & Scalo (1978). .
formation event in a given volume of space is called theahiti Ve have optically identified 241 YSOs (cf. Séctl4.2) in the
mass function (IMF), and together with the star formaticteya "€gion of Crw and then calculated their masses (cf. $ed). 4.3

the IMF dictates the evolution and fate of galaxies and dtes-c With the help of optical CMD using the theoretical PMS of
ters. The fects of environment may be more revealing at t . 0). Here we would like to mention that for our
low-mass end of the IMF, since one might imagine that therowghotometry, the completeness limit is 0.3 N¥br a distance of
end of the mass spectrum is most strongteeted by external -9 kPC. The MF of the CrW region is plotted in Fig.] 14. The
effects. The goals of this study are to identify the PMS populdloPe of the MFT” in the mass range 0.5 M/M,, < 4.8 comes
tions in order to study the IMF down to the substellar regime. Out 10 be-1.13 + 0.20, which is a bit shallower than the value

The mass function (MF) is often expressed by a power Iaﬁ%ven byl Salpeter (1955), and there seems to be no break in

‘e i the slope at M~1 M, as has been noticed in previous works
N(logm) «« m" and the slope of the MF is given as P 2007 Pandey el al. 2008: Joselet all 2008peOn t
other hand, Preibisch etlal. (2011c) show that, down to a mass
limit around 0.5- 1 M, the shape of the IMF in Carina is con-
whereN(logm) represents the number of stars per unit logaritigistent with that in Orion (and thus the field IMF). Their riésu
mic mass interval. directly show that there is clearly no deficit of low-masssia

The IMF in the Galaxy has been estimated empirically. TH8€ CNC down to~1Mo.

first such determination by Salpeter (1955) gave —1.35 for
the stars in the mass rangd @ M/M,, < 10. However, more re- } i ;
cent works (e.gl. Miller b_lQVQ;iQHLO_IQB_Q;EhﬂaJ%f;'E' K-band luminosity function
m) suggest that the mass distribution deviates fr The K-band luminosity function (KLF) is the number of stars as
a pure power law. It has been shown (see, etafunction ofK-band magnitude. It is frequently used in studies
[2005; Scalo 1986, 1998; Kroupa 2002; Chalirier 2003) that, fof young clusters and star-forming regions as a diagnastiaif
masses abovelMy, the IMF can generally be approximatedhe mass function and the star formation history of theitaste
by a declining power law with a slope similar to what is foungiopulations. The interpretation of KLF has been presented b
by [Salpetér[(1955). However, it is now clear that this poweeveral authors (see, e.g.. Zinnecker &t al. 1893; Muenah et
law does not extend to masses much belaM,. The distri- [2000; Lada & Lada 2003, and references therein).
bution becomes flatter below 1 Vand turns & at the lowest To obtain the KLF, it is essential to take the incomplete-
stellar masses. It has also often been claimed that somg) (veress of the data and the foreground and background source
massive star-forming regions have a truncated IMF, i.eatain  contaminations into account. The completeness of the data i
much smaller numbers of low-mass stars than expected frestimated using thé\DDSTAR routine of DAOPHOT as de-

I' =dlogN(logm)/dlogm
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Fig. 15. (a) Comparison between the observed KLF in the referenck(fied filled circles) and the simulated KLF from star counts
modeling (blue filled triangles). If the star counts représhe number N of stars in a bin, the associated error bars &ié. The

KLF slope @, see Seck._415) of the reference field (solid line).B4& 0.01. The simulated model (dashed line) also gives the same
value of slope (B4+ 0.02). (b) The KLF for the CrW region (filled red circles) and gimulated star counts (blue filled triangles).
In the magnitude range 10-514.25, the best-fit KLF slopexf for the CrW region (solid line) is.81+ 0.01, whereas for the model
(dashed line), after taking extinction into account, it @nout to be 36 + 0.02.

scribed in Sectiof 212. To consider the foregraofyadkground mass YSOs is in Tr 14 itself. They have concluded that the re-
field star contaminations, we used both the Besancon Galacent star formation history in the Carina Nebula has beeredri
model of stellar population synthesis (Robin € al. 2003) twe or at least regulated by feedback from the massive stars.
nearby reference field stars. Star counts are predicted tisin Recently, Gaczkowski et al. (2013) identified 642 YSOs in
Besangon model in the direction of the control field. We &leelc the Carina Complex with the help of FIR Herschel data. These
the validity of the simulated model by comparing the modeRKLYSOs are also found to be highly heterogeneously distribute
with that of the control field and found that both KLFs matcin the region, and they do not follow the distribution of aibu
rather well. An advantage to using the model is that we camass. Gaczkowski etlal. (2013) show that the Herschel select
separate the foreground ¢d2.9 kpc) and background (2.9 YSO candidates are located near the irradiated surfaces of
kpc) field stars. As mentioned in Sect{on]3.1, the foregraamd clouds (see Fig_16) and pillars, whereas the Spitzer select
tinction using optical data was found to B ~0.93 mag. The ‘YSO’ candidates/(Povich et aAl. 2011) often surround theke p
model simulations with#\, = 0.93 mag and & 2.9 kpc gives the lars. This characteristic spatial distribution of the ygustel-
foreground contamination. lar populations in dterent evolutionary stages has been related
The background population (2.9 kpc) was simulated with by|Gaczkowski et all (2013) to the idea that the advancing ion
Ay = 3.4 mag in the model. We thus determined the fractiamation fronts compress the clouds and lead to cloud calaps
of the contaminating stars (foregroumrdoackground) over the and star formation in these clouds, just ahead of the iooizat
total model counts. This fraction was used to scale the iyeafioonts. They further state that some fraction of the cloudsna
reference field. The KLF is expressed by the power law is transformed into stars (and these are the YSOs detected by
% o 107K | Herschel), while another fraction of the cloud material is-d
persed by the process of photo-evaporation. As time prageed

where ™) is the number of stars per 0.5 magnitude birfhe pillars shrink, and a population of slightly older YSGs i
© K , ; AP
anda is the slope of the power law. left behind and revealed after the passage of the ioniz&ton.

FiguredIha and b show the KLF for the reference field add'eir results provide additional evidence that the foromaf
CrW region, respectively. Thefor the reference field and simu-these YSOs was indeed triggered by the advancing ionization
lated model is (84+0.01 and 034+ 0.02, respectively. Similarly fronts of the massive stars as suggested by the theoretazkl m
a for the CrW region is 81+ 0.01, whereas for the model, aftere!s (see Gritschneder etal. 2010).

taking the extinction into account, it comes out to b@83-0.02. IRoccatagliata et all (2013) with the help of the wide-field
Herschel SPIRE and PACS maps, determined the temperatures,

surface densities, and the local strength of the far-U\Wliera
5. Discussion: star formation scenario in the Crw tion for all the cloud structures over the entire spatiakexif
the CNC. They find that the density and temperature structure
of the clouds in most parts of the CNC are dominated by the
IPovich et al. [(2011) using Spitzer MIR data identified 143strong feedback from the numerous massive stars, rathebtha
YSOs (Pan Carina YSO Catalog) in the field surveyed by thigndom turbulence. They also conclude that the CNC is faymin
CCCP. The spatial distribution of these YSOs throughout tiséars in a particularly ficient way, which is a consequence of
Carina Nebula shows a highly complex structure with cliister triggered star formation by radiative cloud compressioa tiu
at several positions. The majority of YSOs identified by treen numerous high mass stars.
located inside the tlcavities near, but less frequently within, the  In the center of Carina, there are the young clusters,
boundaries of dense molecular clouds and the ends of tlaeill Trumpler 14, 15, and 16, that host about 80% of the high mass
They also found that the high concentration of the intermiedi stars of the entire complex (Roccatagliata et al. 2013)s T

region
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Fig. 16. Spatial distributions of dierent classes of YSOs. Various symbols are overlaid on ti&8Ml6um image. The filled square
symbols represent X-ray identified sourc¥MM-Newton bigger greenChandra sources small blue). Open magenta squares, open
red triangles, filled magenta circles, and open green si@te Spitzer-identified YSOs, CTTS4¢ emission stars, and probable
NIR-excess YSOs, respectively. Purple star symbols arediet YSO sources. The abscissae and the ordinates rejpRésand

Dec, respectively for the J2000 epoch.

also the hottest region of the nebula with temperaturesimagng (Rathborne et 4l. 2002). At a projected distance®pc, the UV
between 30 and 50 K, whereas the molecular cloud at the westtput of Tr 14 dominates the other Carina Nebula clusterk su
ern side of Tr 14 has a temperature of about 30 K and a decreasdr 16 in determining the local flux at the PDR in the northern
in density from the inner to the edge part (Roccatagliatd/et aloud (Brooks et & 8; Smith 2006a; Smith & Brdoks 2008).
[2013). Our studied region CrW contains this cloud, which caFhis spatial sequence of Tr 14, radio source, PAH emissiuth, a
be seen in our infrared extinction map (see Elg. 7). In Eig. 1then strong molecular emission delineates a classical-edge
different classes of YSOs identified in our study are overlaid ®DR m@. The edge of this region containsyman
the WISE 4.6um (MIR) image. We can easily see the extensio8pitzer-identified YSOs. The alignment of the YSOs in this re
of the dust lane in the figure from northeast to southwest@f tgion may be due to the star formation triggered by high mass
CrW region. The northeast region contains the outer mogt parars of Tr 14.
of the cluster Tr 14 along with the high density region of the i . i
molecular cloud (see Figl lﬁbOS) show the The Herschel-identified YSOB (Gaczkowski €t al. 2013) are
spatial relationship of Tr 14, the ionized gas, the PDR eimigs |0catéd mainly in the high density region of the molecular
the molecular gas, and the dust lane. The brightest molec }ym%rou ings at several places along the dus
emission is concentrated towards the dark western dusbline '1aN€-& 13) have derived an age®l Myr

set from the center of Tr 14 by 4 arcmin. The radio continuufR" their sample of YSOs. The probable NIR excess starsiident
for emission source “Car I” can also be seen here at the awerf f1€d in this study also follow this region. For some of them, we
of the dust lane and the brightiHegion. Between this sourcederived agess1 Myr. These sets of identified YSOs are basi-
and the molecular cloud, a widespread PDR emission canals@@!ly Very young in nature and are embedded in the cores of the

seen in the form of an arc like PAH emission feature ayarg Molecular cloud. We could not say anything about the nortiwe
region of CrW, which is not well covered by previous surveys.
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Fig. 17. Cumulative distribution of the MST branch lengths. In pgiag) the solid lines represent the linear fits to the pointallen
and larger than the chosen critical branch length. Thecatitiadius is shown by a vertical line. Panel (b) is the hisiagof the
MST branch lengths for the YSOs in the CrW region (see text).

ISmith et al.[(2010) observed in their western mosaic (which Recently,| Gutermuth et all_ (2009) have done a complete
contains most of our observed region including the dark,langharacterization of the spectrum of source spacings usiag t
see their Fig. 3), the YSOs density of around 500 soydegé minimal spanning tree (MST) of source positions. The MST
with little signs of clustering. In this study we have iddietii is defined as the network of lines, or branches, that con-
467 YSOs falling in the CrW region. The overall density ofsthinect a set of points together such that the total length of the
region then turns out to be1700 sourcgsled which is higher branches is minimized and there are no closed loops (see, e.g
than three times the YSOs density given by Smith bt al. (201@artwright & Whitworth! 2004{ Gutermuth etlal. 2009, and ref-
Here it is worthwhile to mention that the PCYC used in presrences therein). Gutermuth et al. (2009) demonstratethieat
vious studies has a sensitivity problem at the ionizatiamtfr MST method yields a more complete characterization than NN
between Tr 14 and the Car | molecular cloud core to the wasethod. Therefore, for the present study, we used the sanfe MS
(Yonekura et all_2005; Ascenso et al. 2007) where theusk algorithm to analyze the spatial distribution of YSOs in @&V
MIR nebular emission is bright (Povich et al. 2011). region.

The complex observational patterns (e.g., filaments, bub- InFig. [17b, we plotted the histogram of MST branch lengths
bles, and irregular clumps, etc.) in a molecular cloud such #r the YSOs in the CrW region. From this plot, it is clear that
Carina nebula are resulting from the interplay of fragmentthey have a peak at small spacings and that they also have a rel
tion processes. The star formation usually takes placelénsptively long tail of large spacings. Peaked distance distions
the dense cores of the molecular clouds, and the YSOs bfPically suggest a significant subregion (or subregiofisgb
ten follow clumpy structures of their parent molecular csu atively uniform, elevated surface density. By adopting a8T™

(see, e.gl, Gomez etlal. 1993; Lada ¢t al. 1996; Motte et @8;19ength threshold, we can isolate those sources that arerdims
lAllen et all. (2002 Gutermuth etldl. 2005; Teixeira etla Zoogether than this threshold, yielding populations of sosittet

Winston et al. 2007: Gutermuth et al. 2008) Recently fragm make upalocal surface density enhancement. To get thistthre
tations in gas with turbulence (e.q., Ball -Par old distance, in Fid_17a, we plotted the cumulative distiin
[2007) and magnetic fields (e. - 20dw@nction (CDF) for the branch length of YSOs. The curve shows

have been discussed, leading to detailed predictions afighe- ~ three diferent slopes: first a steep-sloped segment at short spac-

butions of fragment spacings. The spatial distribution §0¢ ings then atransition segment that approximates the cutved

in a region can be analyzed in terms of a typical spacing bcter of the intermediate-length spacings, and finally dsia

tween them in order to compare this spacing to the Jeans fralpped segment at long spacings. For the present study, wee ha

mentation scale for a self-gravitating medium with therprais- chosen the peak in the histograrB0 arcsec-0.42 pc), which

sure (Gomez et al. 1993). Some recent observations of sg@rresponds to the first steep-sloped segment, as a thdeshol

forming regions have been analyzed in terms of the disighut critical length.

of nearest neighbor (NN) distances (5ee Gutermuth et ag;200 In Fig [I8, the results from MST analysis are overplotted on
6) and find a strong peak in their histogoam the RGB image of the CrW region. This image was created using

NN spacings for the protostars in young embedded clustéis. Tred, green, and blue colors for the WISE;#8, Ha, andV band

peak indicated a significant degree of Jeans fragmentaiiorg  images, respectively. Circles and MST connections in bihezk

this most frequent spacing agreed with an estimate of thesJewith the objects that are more closely spaced than the aitic

length for the dense gas within which the YSOs are embeddé&hgth (0.42 pc).

These results also suggest that the tendency for a narrae ran A close inspection of Fid._18 reveals that the CrW region

of spacings among YSOs in a cluster can last into the Classkhibits heterogeneous structures, and there are sevesa c

phase of YSO evolution. concentrations of YSOs distributed along the moleculamgs.
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Fig. 18. Top: Minimal spanning tree of the YSOs overplotted on a colwnposite image of the CrW region (WISE 2 (red),
Ha band (green), andl band (blue) images). WR 22 is situated in the center. Theendiitles connected with dotted lines, and
black circles connected with solid lines are the branchasate larger and smaller than the basic critical lengtipaets/ely. The
identified ten cluster cores are encircled with yellow calnd labeled with A to J. Bottom: Two zoomed images of YSO cdtes

and E, are shown in the lower left and right panels, respelgtisee text for detail).
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Table 4. The YSO cores identified in the CrW region and their charésttes.

Core Radius  Number of YSOs Number Median

number (pc) in core (N) density (dc?)  branch length (pc)

A 0.45 6 9.43 0.32

B 0.37 6 13.95 0.26

C 0.51 8 9.79 0.36

D 0.56 7 7.11 0.33

E 0.18 4 39.30 0.12

F 0.26 5 23.54 0.20

G 0.39 4 8.37 0.36

H 0.49 6 7.95 0.31

| 0.64 6 4.66 0.30

J 0.44 7 11.51 0.28
Average 0.43 5.9 13.56 0.28

Prominent YSO clustering can be seen in the northeastetn paal parameters such as reddening, reddening law, etc. dte al
of this figure and are possibly part of the star cluster Tr heré identified the YSOs located in the region and studied their sp
are also ten cores (having MST branch lengths less thanithe dial distribution using the MST method. Ages and massese®f th
ical distance) distributed along the molecular cloud @atd 241 YSOs having optical counterparts, were derived based on
in Fig[18). A close view of the cores C and E can be seen ¥i(V — I) CMD. These YSOs have been further used to con-
the lower left and right panels in HigI18. The details aboaséh strain the IMF of the region. The main scientific results froan
cores have been given in Talple 4. The majority of the membestsidy are as follows

of all these cores are the YSOs identified in the Herschekesurv

ha%%g ages. Our result agrees with the conaissio _ The region shows a large amount offdiential reddening

of . 9) and Giinther et al. (2012), iniiea  \yith minimum and maximur&(B-V) values of 0.25 and 1.1
that the young protostars are foundin aregion having maligin _ mag., respectively. This region shows an unusual reddening
higher surface densities than the more evolved PMS staes. Th |5 with a total-to-selective extinction rat, = 3.7 + 0.1.

average of median branch length and core radius is found to be The MK spectral types for a subsample of 15 X-ray emitting

0.28 pc and 0.43 pc, respectively (see Table 4). _ sources in the CrW region are established that indicatés tha
_To check the role of WR 22 in the formation of stars in  the majority of them are late spectral type stars. There are
this region, we tried to look at the spatial distribution 08®s three sources belonging to each O, A, and F spectral types:

(Fi_g.EIE) with optical counterparts (whose age has beerve_idari however, six sources are of spectral type G.

using theV/(V — 1) CMD, cf. Sect[4.3P) in the CrW region. _ we cross-correlated the 48MM-Newton X-ray sources

The general observation is that within the detection linfibj- from [Claeskens et Al[ (2011) with our optical photometry

tical observations, the YSOs show mixed populations Ged and found that 34 of them are well matched. Out of these

ent ages throughout the CrW region. The extreme northeaster 34 sources, 7 have been identified as YSOs. We also cross-

region contains a group of YSOs that are under the direct in- jjentified theChandra X-ray sources (1465 in our region)

qu_ence of the_ high-mass stars of Tr 14, _and it also shows a \with our source list and found 469 objects with optibAR

mixed population. For most of the YSOs in the dust lane, we counterparts. In total, 119 X-ray sources are identified as

have not found their optical counterparts. This age digtitim YSOs, four of them in common witKMM-Newton.

around CrW_doe? not S?IOW fi/r\‘/)llqtrzezndlteVe” in metp\;\?;ezngehﬂfWe collected a sample of 467 YSOs identified in the Crw

a very massive star sucn as . It seems tha aSregion based on their IR-exces$y and X-ray emission. In

not influenced these YSOs much. Smith etlal. (2010) presented some cases, the same YSOs were identified in more than

Spitzer observations of a part of the CrW region studied .here one scheme. Out of these, there areHid emitters, 105

These authors reached similar conclusions, suggestingtisa  Herschel identified YSOs, 136 Spitzer identified YSOs, and

very massive star may be projected in the foreground or back- 225 2MASS identified YSOs in our list. The YSO density

ground compared to 'ghe surr_ounding molecglar gas, or itccoul  for the Crw/ region turns out to be1700 sourcesegred,

have only recently arrived at its present location. which is higher when compared to the reported values (500
sourcegdegred, [Smith et al. 2010).

— We calculated the age and mass of 241 individual optically
identified YSOs. Estimated ages and masses of the YSOs

Although the center of the Carina nebula has been studiethext  range from~0.1 to 10 Myr and-0.3 to 4.8 M,, respectively.

sively, the outer region has been neglected due to the absénc  This age range indicates a wide spread in the formation of

wide field optical surveys. In this study, we investigatedidew stars in the region. The majority of these YSOs are younger

field (32 x31') located in the west of the Carina nebula and cen- than 1 Myr, and their mass is below 2;M

tered on the massive binary WR 22. To our knowledge, thisis th— We derived the IMF and calculated the slopéih the CrwW

first detailed study of this region. We used deep optid®BVRI) region. In the mass rangesd< M/Mg, < 4.8, it comes out as

andHa photometric data obtained with the WFI instrument at —1.13+0.20 which is a bit shallower than the value-af.35

the ESQMPG 2.2 m telescope (La Silla). Ot band photom-  given byl Salpeter (1955), and there seems to be no break in

etry is complete up te-21.5 mag. Low-resolution spectroscopy the slope at M~1M,. The slope of the K-band luminosity

along with Chandra, XMM-Newton, and 2MASS archival data  function is found to ber = 0.31+ 0.01.

sets, was also used in this analysis. We generated varions co— The spatial distribution of all 467 YSOs has been studied

binations of optical and NIR TCD, CMDs and calculated sev- in detail. The edge of the irradiated surface between Tr 14

6. Summary and conclusions
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Fig. 19. Spatial distribution of the optically identified YSOs in tBeW region. The size of the symbols represents the age of the
YSO, i.e. bigger the size younger the YSO is. Various colemeasent YSOs identified usingldirent schemes (Spitzer - orange,
Ha - purple, CTTS - redChandra sources - blackiMM-Newton - blue, and IR excess - green).

and the molecular cloud contains many Spitzer identifistlicknowledgements
YSOs whose formation was probably triggered by the high-
mass stars of Tr 14. The high-density region of molecul : " ;
clumps contains many probable NIR excess stars, as thank the anonymous referee for /his critical review
as Herschel-identified YSOs that are very young in age ( and constructive suggestions that helped to improve th_e con
Myr). tent and presentation of the paper. The observations export

— We used the well-established MST method to identify local'S PaPer werr1e olbtamedlwnh the MPESO Z'dz rz Telescope,
density enhancements in the YSO distributions. The nortl€ New Technology Telescope (NTT), and the Very Large
eastern part of the studied region presents a more pro _Iescopg array.(VLT) at t_he European Southern Observatory
nent YSO clustering. However, there are at least ten corgs>2: Chilé). This publication makes use of data producisiir
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over the CrW region and havingfErent core radii. The av- the University of Massachusetts and the Infrared Procgssin

erage core radii and median branch length values for thﬁ%d Analysis CentgCalifornia Institute of Technology, funded

e authors are grateful to Mauricio Tapia for sharing himda

; the National Aeronautics and Space Administration aed th
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; ; ; ; :National Science Foundation. The authors (BK, JM, EG, GR,
YSOs having optical counterparts in CrW are uniformly di and YN) acknowledge the support of an Action de Recherche

tributed having mixed population of fiierent ages. The age a s !
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