Astronomy & Astrophysicsnanuscript no. 16528 © ESO 2011
April 19, 2011

Detection of a large massive circumstellar disk around a
high-mass young stellar object in the Carina Nebula*

T. Preibisch, T. Ratzka, T. Gehring, H. Ohlendort, H. Zinneckef34, R. R. King®, M. J. McCaughred?, and
J.R. Lewid

L Universitats-Sternwarte Ninchen, Ludwig-Maximilians-Universit, Scheinerstr. 1, 81679iMchen, Germany

2 Astrophysikalisches Institut Potsdam, An der Sternwarte 16, 1448@dtntsGermany

3 Deutsches SOFIA Institut, UniveraitStuttgart, Pfiienwaldring 31, 70569 Stuttgart, Germany

4 NASA-Ames Research Center, MS 211-3, fi&t Field, CA 94035, USA

5 Astrophysics Group, College of Engineering, Mathematics and Phy&itaihces, University of Exeter, Exeter EX4 4QL, UK

6 European Space Agency, Research & Scientific Support DepartBE®REC, Postbus 299, 2200 AG Noordwijk, The Netherlands
7 Cambridge Astronomical Survey Unit, Institute of Astronomy, Madingleya® Cambridge, CB3 OHA, UK

Received 17 January 2011; accepted 7 April 2011
ABSTRACT

Context. The characterization of circumstellar disks around young stellar objactgrovide important information about the process
of star formation and the possible formation of planetary systems.

Aims. We investigate the spatial structure and the spectral energy distributioreaflp discovered edge-on circumstellar disk around
an optically invisible young stellar object that is embedded in a dark cloud iG&hni@a Nebula.

Methods. The disk object was serendipitously discovered in our deep near-1Bingaurvey of the Carina Nebula obtained with
HAWK-I at the ESO VLT. Whereas the object was detected as an apghapaint-like source in earlier infrared observations, only
the superb image quality (FWHM 0.5”) of the HAWK-I data could reveal, for the first time, the peculiar morphglof the object.

It consists of a very red point-like central source that is surroungi@drbughly spherical nebula, which is intersected by a remarkable
dark lane through the center. We construct the spectral energy ditnitmf the object from Lm to 870um and perform a detailed
radiative transfer modeling of the spectral energy distribution and timesonorphology.

Results. The observed object morphology in the near-IR images clearly stgygegoung stellar object that is embedded in an
extended, roughly spherical envelope and surrounded by a lagyerdtellar disk with a diameter ef 5500 AU that is seen nearly
edge-on. The radiative transfer modeling shows that the centraltédjeighly luminous and thus must be a massive young stellar
object, most likely in the range 10 15M,,. The circumstellar disk has a mass of aboi 2

Conclusions. The disk object in Carina is one of the most massive young stellar objactshich a circumstellar disk has been
detected so far. The size and mass of the disk are very large compatieel corresponding values found for most other similar
objects. These results support the assumption that 18M,, stars can form via accretion from a circumstellar disk.
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1. Introduction planets may be forming, evolves with time and is finally dis-
persed (see Dullemond et al. 2007).

During the past dozen years, a substantial number of circum- i ) )

stellar accretion disks around young stellar objects haenb SO far, nearly all well characterized circumstellar disks s

spatially resolved with a number of dferent techniques suchround low- or intermediate mass stellar objects, W_|th |Ese t

as direct opticdinfrared imaging, (sub-)mm or radio-mapping@Pout 5— 8M,. Only a very limited number of disk detec-

radio-interferometry, and (more recently) infrared ifteome- tions have been reported around object_s Wlth higher masses i

try (see, e.g., Stapelfeldt et al. 1998; Zinnecker et al919golf the rangeM ~ 8 — 20M, (see, e.g., Chini et al. 2004; Jiang

et al. 2003: Leinert et al. 2004: Preibisch et al. 2006: Krais €t al. 2005; Nielbock et al. 2007; Kraus et al. 2010; Davies et

al. 2008; Ratzka et al. 2009; Gramajo et al. 2010; Quanz et & 2010). However, in many of these cases the mass estimates

2010). Spectroscopic observations have also providedriamo for the central star are quite uncertain; the true mass may in

kinematical evidence of accretion disks (see, e.g., Clearet] fact be considerably smaller than mmally estimated (s=g.,

al. 1995; Bik & Thi 2004; Wheelwright et al. 2010; Davies et aiSako et al. 2005). Another problem is that the observed flatte

2010). These studies have greatly advanced our undenstanditructure around these more massive young stellar objeets a

of the physics of young stellar objects (YSOs), how the yourftpt necessarily accretion disks, from which material iediy

stars gain their final mass, how the circumstellar mattevfiich ~ transferred to the central star; they may rather represtficia
torus that could be the remnant of a flattened envelope (Aflen

al. 2003). Considering even higher stellar massés; 20 M,

* The near-infrared observations for this project were collected wif? clear observational evidence for accretion disks habgfet
the HAWK-I instrument on the VLT at Paranal Observatory, Chile, urfound (see, e.g., Cesaroni et al. 2007). This rarity and tdck
der ESO program 60.A-9284(K). convincing disk detections is an important aspect in thgdon
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standing discussion about how massive stars form. A fundamebtained so far. In our images, we discovered an opticalligin

tal problem is that the strong radiation pressure resufiiogn ible infrared source with a very interesting morphology,ath
the very high luminosity of a massive protostars tends td hakeems to be a young stellar object surrounded by a huge cir-
the accretion flow and should thus limit the final stellar mass cumstellar disk seen nearly edge-on. It will be referredstthe
least in the case of spherical accretion (Kahn 1974). Marene “disk object” in the following text. In this paper we first disss
theoretical results alleviate this problem by mechanisowhs the morphology of the object and its environment, and then de
as non-spherical accretion, the “flash-ligffeet”, and “photon- termine its spectral energy distribution from the nearardd to
bubbles” (see, e.g., Yorke & Sonnhalter 2002; Krumholz et ahe sub-mm range. We compare the spectral energy distibuti
2009). The more accurate treatment of frequency-depemdentto models of young stellar objects surrounded by circurtastel
diative feedback by Kuiper et al. (2010) suggests that stdts disks and envelopes. Finally, we present the results of - c
masses well beyond the upper mass limit of spherical accretprehensive and detailed radiative transfer simulationshich
can be formed by accretion. However, due to the limited numave simultaneously modeled the spectral energy distribuaind

ical resolution of these simulations (e.g., 1.27 AU in thedgt the observed near-infrared morphology of the object in iotdle

of Kuiper et al. 2010), the reliability of the numerical réistiis determine basic parameters of the central young stellacbbj
not fully clear. As discussed in Zinnecker & Yorke (2007gté and the physical properties of the surrounding disk and-enve
are still strong indications that the formation of massitassis lope.

not simply a scaled-up version of the low-mass star formation

process. Alternative models for the formation of massiegsst )

highlight the importance of the cluster environment dusiagly 2. Observations

star formation stages (see, e.g., Bonnell etal. 2004; Kolo#t - 1o negrinfrared data presented in this paper were oltaine
al. 2010), and processes such as protostellar colliSith&@ng- iy the context of our large survey of the Carina Nebula (see

ers may be possible in the central regions of very densestiistp ipisch et al. 2011c, for more details) with the instruten

(see, e.g., Bonnell et al. 1998; Bonnell & Bate 2005; Bally &awk-| (see Kissler-Patig et al. 2008) at the ESO 8m Very
Zinnecker 2005; Davies et al. 2006). Large Telescope. HAWK-I is equipped with a mosaic of four
__In the context of these open questions, every new detgg; qii 2RG 2048x 2048 pixel detectors with a scale of
tion and good characterization of a circumstellar disk & 106" per pixel. All data were processed and calibrated by the
massive M 2 8Mo) young stellar object provides an impor-camprigge Astronomical Survey Unit using pipeline sofwar
tant new mosaic stone that helps to solve the puzzle of m&ssiy;gina|ly designed for the analysis of the UKIRT Infrareedp
star formation. However, observations of massive younipste Sky Survey. In the final images, objects as faindas 23 mag
objects are strongly hampered by the relative rarity of mass |y _ 5o mag, anKs ~ 21 mag ar,e detected &N = 3. '
stars, their correspondingly larger average distancesdas The parts of the HAWK-I mosaic in which the disk object
pared to low-mass stars), and the extremely short timescale s |ocated were obtained in the night of 27 January 2008. The
which massive protostars evolve. The expected lifetimedi$la image quality of these specific frames is particularly gowé:
around a massive young stellar object is very small®° yrs,  oaqured the PSF size for several point-like sources near th
since the circumstellar material is quickly dispersed yehor- ik object and found FWHM values of3¥” in the Ks-band
mous luminosity and wind power of the young high-mass Sta$45” in theH-band, and B2” in the J-band. This excellent |m

Furthermore, due to their extreme youth, massive YSOs Wléfée ; P ;
. . . X quality (for ground-based seeing-limited observaliovas
disks are still deeply embedded in their natal cloud and s ggsential for the detection and morphological characitioa of

tically invisible. the disk object.
The Great Nebula in Carina (NGC 3372; see Smith & Brooks |, e 15 get more comprehensive information about the

2008, for an overview) is a superb location in which to studyi, 0t we also analyzed archival data fromShiezer Space
the physics of massive star formation. At a distance of 2c3 k elescope (IRAC and MIPS maps) and optiealbble Space

e e 1 poPglscope (HST) images taken wih WFPC2 and ACS
’ 9 Finally, we also used our own deep sub-mm map of the CNC

(M ~ 100Mo) and luminous stars known in our Galaxy. MOSt Ofp ojyic oy et a1, 2011a) that we recently obtained with tame
these very massive stars reside in the clusters Trumplend4

16, which are thought to have ages of a few Myr (Tapia et PEX Bolometer Camera LABOCA at the APEX telescope.

’ LT ; a1lhis map traces the 870n emission at 18 angular resolution

2003). Recent sensitive infrared, sub-mm, and radio obserxgo 2 pc at the distance of the Carina Nebula)

tions showed clearly that the Carina Nebula Complex (CNC)is ™ '

a site of ongoing star formation. The region contains moaa th

10° Mo of gas and dust (See Smith & BrOQkS 2008; PrelblSCﬁ] Discovery of the disk Object in the dark cloud

et al. 2011a). Several very young stellar objects (Megei#th e ear Cr 232

1996; Mottram et al. 2007) and a spectacular young embeddedq

cluster (the “Treasure Chest Cluster”; see Smith et al. Pb@%e The disk object was discovered in our visual inspection ef th

been found in the molecular clouds, a deep HSilitdaging sur- HAWK-I images due to its peculiar morphology. It is the bright

vey revealed dozens of jet-driving young stellar objectmif® est member of a group of very red, deeply embedded objedts tha

et al. 2010a), and Spitzer surveys located numerous emeddee surrounded by extended nebulosity, as shown in Fig.d. Th

protostars throughout the Carina complex (Smith et al. B91adisk object is located at J2000 coordinates 10" 44™ 31.06°,

Povich et al. 2011). A recent deep wide-field X-ray survey ré-= -59° 33 10.5” and is seen as an extended, roughly spherical

vealed at least 11 000 young stars in this area (Townsley et ahebulosity with a diameter of about 4The nebulosity is inter-

2011; Preibisch et al. 2011b). The CNC is thus an ideal tangetsected by a prominent dark lane that divides it into two sinhyl

which to search for very young massive stars. large hemispheres. The dark lane can be clearly traced alier a
We have recently used the ESO 8 m Very Large Telescopetémce of 3, corresponding to about 7000 AU. The global mor-

perform the largest and deepest near-infrared survey @M@ phology of this object is similar to the famous ‘Butterfly Nedv
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Fig. 2. Negative grayscale representation of then@Spitzer image of

the cloud in which the disk object is embedded, with overplotted con-
tours of the 87(xm LABOCA map. The field-of-view isx 4.5 x 3.8;

north is up and east to the left. The sub-mm contour levels increase
from 0.06 Jybeam to 1.5 Jypeam in equal steps. The position of the
disk object is marked by the white circle.

gests that this cloud edge is an ionization front caused by th
strong UV irradiation fromy Car and the O-type stars in Tr 16.
The sub-mm emission of this cloud shows two peaks. The
southern peak agrees very well with the position of the disk o
ject, suggesting that this object dominates the sub-mmséonis
of this peak. The second, northern, peak is found &8st and
23’ north of the disk object. It coincides with the center of the
optical dark cloud and a corresponding minimum in ther8
surface brightness (see Fig. 2). No embedded infrared esurc

Fig. 1. Upper image: Optical image of the central part of th&'€ Seen near the center of this second sub-mm peak.

Carina Nebula, reproduced from the ESO photo release 1031

(httpy/www.eso.orgpubli¢imagegetamosaicnm?2. North is up and
east to the left. The box shows the area covered by the near-infrared’ |/€V/0uS detections of the disk object as an unresolved
HAWK-I image below. point-like source

hov‘{gggggzniega%%r?ﬁ:;ﬂa X\?vaé’?Iﬁ?;;é;”gﬁﬂggf;;g%‘&ﬁ& hSince the disk object is a relatively bright infrared sourite

disk object. (Note: the horizontal and vertical dark streaks are artlfa(‘ﬁ@s detected in many previous infrared observations ofréis

related to the dither pattern and the mosaicing process.) gion, but the details of its spatial structure always reredicom-
pletely unresolved. Only due to the superior image quafitguo
HAWK-I data that provide an angular resolution©f0.5”, its

_ _ _ _ _ peculiar morphology could be resolved.

in Taurus, (a circumstellar disk surrounding a T Tauri stae Figure 3 shows a small part of tié-band HAWK-I image

Wolf et al. 2003) or the ‘Silhouette Disk’ around a young staground the disk source in which the locations of other saace

inM 17 (Chlnl et al. 2004) and is discussed in more detail |ﬁharked The HAWK-I |mages show a bnght po|nt like source

Sect. 4. only 215" to the south-east of the disk object. Its PSF shows

no indications of being extended and it is clearly separfted

the nebulosity surrounding the disk object. We thus beltaat

this point source is an unrelated star. Based on its posifian=

In the optical images of this region (see Fig. 1) the diskatde 10"44™313%¢ = —59 31’ 11 we will refer to it asstar 31.3-11

completely invisible since it is embedded in a dark clouchia t in the following. This star is optically visible and much ginter

region of the clustering Collinder 232. In order to show tlies  than the disk object in thé-band, but less bright than the disk

ture of this cloud, we plot in Fig. 2 the contours of the @@ object in theKs-band. These rather blue colors may suggest it to

emission (tracing the cold dust in the cloud) on thex8Spitzer be a foreground star.

image (tracing the surface of the cloud). The south-easidge Inspection of the 2MASS images shows that the disk object

of the cloud is very sharp, straight and bright; its origotais and this nearby point source appear there as an unresokedi bl

nearly perpendicular to the direction towang<ar. This sug- listed as 2MASS-J10443122-5933113 in the point source cata

3.1. The environment of the disk object
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Fig. 3. H-band HAWK-I image of the area around the disk object. Th
small (green) circles with’2diameter mark the positions of the objectd
listed in the 2MASS point source catalog. THediameter (red) circles
mark the locations of the two 14um sources detected by Mottram et
al. (2007), and the 18diameter (red) circle marks the peak of the sul
mm emission as seen in our LABOCA map. A grid of J2000 coordinat

is shown. ﬁg. 4.RGB composite image constructed from #e, H-, andJ-band

HAWK-I images.

log. Its position is just between the disk object and the lsout4d. Morphology and spectral energy distribution of
eastern point source (as expected). the Disk Object

The disk object is associated with the MSX source
G287.4779-00.5463, which appears clearly extended (FWHf#- Near-Infrared Morphology

~ 40") in the MSX images. The object was also detected @aSclose-up view of the disk object as seen in our HAWK-I im-

a faint difuse nebulosity in the thermal-infrared study of thgges is shown in Fig. 4. The main morphological structures ca
Carina nebula by Rathborne et al. (2002), where it is denaméedpe described as follows:

source “N4”". These authors performed a careful analysib®f t

MSX and IRAS data with the aim to separate the flux from the- The general morphology is that of an approximatgyeri-

compact infrared source from the surroundinfiudie emission cal nebulositywith a diameter of about4(corresponding to

and derived the spectral energy distribution of the souroe f 9200 AU) and a small degree of elongation, approximately

8um to 100um (their Fig. 12). They modeled the object with  along the north-south direction.

a two-component blackbody fit to the SED and derived a totat The nebulosity is divided into a northern and a southern lobe

luminosity of 41000, and a spectral type of 09-09.5 for the (hemisphere) by a prominedark central lane. The width

central object. This result was the first hint that the disjectis of the dark lane i 1.0” (2300 AU) in theJ-band imagey

actually a massive young stellar object. 0.5” (1150 AU) in theH-band image, ang 0.3” (690 AU)
Mottram et al. (2007) performed ¥um mid-infrared ob- in the Ks-band image.

servations of G287.4779-00.5463. Their images were oédain — While the central lane appears completely dark in fhe

with TIMMI2 at the 3.6 m ESO telescope and thus provide much band, afaint central object becomes visible in théi- and

better spatial resolution~( 1) than the MSX images. They  Ks-band.

found two compact mid-infrared sources (these are marked in While the nebulosity has a rather sharp eastern edge, the

Fig. 3) associated to G287.4779-00.5463. The brighteredah ~ western part is much moreftilise. This suggests wind-

mid-infrared sources coincides perfectly with the diskeabj swept morphology from some agent to the east of the ob-
while the fainter one can be identified with another embedded ject. We note that there are two known massive stars in this
object with surrounding dliuse nebulosity seen in our HAWK-|  direction that may be responsible for thieet: The O5 star

images about 11to the south-east of the disk object. Based on HD 303311, 48 east and 15 north of the disk object (at

its J2000 coordinates af = 10"44™32.35§ = —-59° 33 14", we a projected distance of 0.56 pc), and the O3 star HD 93250
will refer to this second embedded objectY¥®0D 32.2-14 in the 105’ east and 44 south of the disk object (at a projected
following. distance of 1.26 pc).

The angular separation of the disk object &f@D32.2-14 — Th_e sout_h western part of the nebulos_ity shows some kind of
is large enough that they are easily discerned in the HAWK-I, “tail” pointing towards the south. This structure breaks the
2MASS, Spitzer, and TIMMI2 images. For MSX and IRAS, otherywse high degree of symmetry of the d.|sk Ob]EfCt'. As this
however, these two objects cannot be separated and thus thetail” is the only part of the infrared nebulosity that is e
fluxes derived for wavelengths beyondir@ are contaminated ~ in the opticalHST images, it might be related to foreground
by the contribution of the second embedded object. nebulosity.
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4.2. Near-Infrared Photometry

Table 1. Spectral energy distribution of the disk object

Photometric calibration of the HAWK-I images was achieved

. . . F, aperture Instrument Reference

via bootstrapping from aperture photometry measured in the [um] [Jy] diameter
HAWK-I images for the star 2MASS J10442989-5933170, this 1.26 00013= 0.0003 B HAWK-I 1
star is about 10 to the south-west of the disk object, appears 1.62 00099+ 0.0015 8 HAWK-I 1
well isolated, and has 2MASS magnitudeslef 14.272+ 0.04, 2.15 Q0351+ 0.0045 5 HAWK-I 1
H = 13376+ 0.04,Ks = 13.015+ 0.05. 3.6 0113+ 0.023 7' Spitzer 1
For the brightstar 31.3-11 near the disk object we deter- 4.5 0237+ 0.047 7’ Spitzer 1
mined magnitudes ol ~ 153, H ~ 146, andKs ~ 14.7. The 5.8  0443+0.089 7’ Spitzer 1
rather bluish color of this staH — Ks = —0.1) suggests a very : 0760+ 0.228 7 Spitzer 1
low level of extinction and may imply that this object is loed éoz'g 035f g'g% 12 'II;/III\S/I;\(/IIZ 23
in front of the dark cloud. It also implies that its contrilmut 1213 N 101 MSX 3
to the mid- and far-infrared fluxes for the disk object willsto 74 g5 ~73 MSX 3
likely be very small and can be neglected. 21.3 ~ 284 MSX 3
For the disk object, we determined the following measure- 25 ~50 IRAS 3
ments: The peak surface brightness in the northssnthern 60 ~ 300 IRAS 3
lobes is 17.8516.97 magsqgarcsec in thd-band, 15.0315.01 100 ~ 233 IRAS 3
870 <25 36" LABOCA 1

magsgarcsec in thél-band, and 12.4413.13 magsqarcsec in
g;ilt(ﬁ_e??r}ghlgﬁslﬁ%_lg; f ih%ll;lé%%l‘;ﬁ%d gegfflogéhti;m%n arIEQ(Ijeferences.(l) This work; (2) Mottram et al. (2007); (3) Rathborne et
and 1.47:1in th&s-band. The magnitudes of the central sourc%' (2002).
in the H- and theKs-band (measured in circular apertures with

2.5-pixel radii from which the average of the fluxes measumed sourceYS032.2-14 is clearly separated from the disk object in
% IRAC images (see Fig. 5) and does not contaminate our pho-
tometry.
Although the Spitzer MIPS maps also havé@sient angular
olution to clearly separate the disk object fre80 32.2-14,
th objects are heavily saturated and therefore no qatnt
hotometric analysis is possible. In order to check thebdh
ity of the mid- to far-infrared fluxes determined by Rathbmat
I. (2002) from the MSX data, we analyzed and compared the
pitzer MIPS 24/im image and the MSX E-band (Blum) im-
ge. The MIPS image shows a bright, roughly circular nebulos
ity with a diameter of about 30with three embedded compact,
point-like sources. The brightest of these point-like sesris
the disk object, the second brightesY8D 32.2-14, and the third
one is the 2MASS source 10443341-5933189 (the bright object
) ) ) o near the lower left corner of Fig. 3). In order to determine th
In all optical HST imagesstar 31.3-11 is clearly visible, but the 24,m flux of the nebula, we used an aperture with diameté&r 54
disk object cannot be seen. Only the “tail” at the south-emst anqg excluded circular regions with diameters of’ kentered
edge of the disk object is visible in the F555W and F850LP ingm each of the three point-like sources. Subtracting thgetar
age, suggesting that it may represent reflected light fréonea  scale background level estimated from several nearby msgio
ground cloud that is unrelated to the disk object. we found a flux of~ 46 Jy for the nebula. In the MSX E-band
In Fig. 5 we compare the Spitzer IRAC images to oOUmage, the cloud is also clearly visible, but the point-Ekairces
HAWK-I near-infrared images and the HST F555W imagexre not resolved. The total flux, measured again in’adiam-
Although the IRAC images do not have enough angular resgrer aperture, is- 95 Jy; this is the sum of the emission from
lution to show the structure of the disk object, it can be segfe cloud and the embedded point-like sources. Subtratiimg
that the optically invisible disk object strongly brightewith  ~ 46 Jy from the nebula as estimated above from the Spitzer
increasing wavelength. The same is trueY8D 32.2-14. map, leaves a total flux of 49 Jy for the sum of the three
point-like sources. Since the disk object is clearly brigl the
Spitzer maps than the other two point-like sources, the ffux o
28.4 Jy determined by Rathborne et al. (2002) for the dontinan
We assembled the spectral energy distribution of the disk gtwint-like source (i.e. the disk object) is a very reasoeablue.
ject from the images and literature data discussed abowe. Fo We also performed aperture photometry in our LABOCA
our HAWK-| data we performed aperture photometry using asub-mm map. In order to approximately isolate the contidiout
aperture diameter of about’' 5excludingstar 31.3-11. For the of the disk object from the surrounding cloud, we measured th
Spitzer IRAC data an aperture diameter 6fwas used. Due to flux in an aperture with a radius of 1§corresponding to the
the lower angular resolution of the IRAC data, the disk objeEWHM of the beam) and subtracted the scaled background flux
andstar 31.3-11 cannot be separated. However, aslkheband estimated from the median flux level in an annulus with 1.1 and
flux of star 31.3-11is only 88x 10™* Jy, i.e. 40 times lower than 1.5 times the aperture radius. This yielded a flux of 2.5 Jy. As
that of the disk object and sinatar 31.3-11 shows quite blue the rather large aperture partly includésO 32.2-14, this value
colors, we are confident that its contribution to the emis$io should be regarded as an upper limit to the sub-mm flux from
the IRAC bands can safely be neglected. The second embedtteddisk object.

the center in the dust lane was subtracted to account footiag |
background) are found to b¢; ~ 161, H ~ 196, J > 218;
note that the errors of these measurements are substamgial rg-.\s
to the complicated background. If we assume that the obder
emission is actually the central young stellar object, theeoved
colorH — Kg ~ 3.5 and the assumption that the intrinsic color o
the central star should bel(-Ks)o < 0.1 lead to an extinction es-
timate of Ay > 54 mag. However, we note that the central pat
in the images may also just be reflected light from the innetmoa
parts of the circumstellar disk; in that case, the true ekitm
and optical depth to the central source would be much higher

4.3. Morphology at other wavelengths

4.4. Construction of the spectral energy distribution



Preibisch et al.: A large massive circumstellar disk surrounding amigbs young stellar object in the Carina Nebula

Fig. 5. The disk object and its surroundings seen #edént wavelengths. The upper left panel shows the optical HST imé&ge through the
filter F555; the position of the (optically invisible) disk object is marked by thétevcircle. The next three panels show the HAWK-I images, and
the lower row shows th&pitzer IRAC images.

Za

Table 2. Spectral energy distribution of the sour¢80 32.2-14 tablished that many young stellar objects show considerabl
infrared variability by factors of up to~ 2 or even more,

1 F, aperture Instrument Reference on timescales between days and decades; these variat®ns ar
[um] [Jy] diameter thought to be caused by changes in the structure of the inner
1.26 Q00053+ 0.00011 2 HAWK-I 1 disks (e.g., Flaherty & Muzerolle 2010). This implies thaixfl
1.62 00024+ 0.0036 2" HAWK-I 1 variations by about a factor of 2 could be present and charege t
215 00089+ 0.0013 2 HAWK-I 1 shape of the observed SED.

3.6 0053+ 0.011 8 Spitzer 1

4.5 0105+ 0.021 8" Spitzer 1

g:g 8§égi 8:(1)11;1 g, 28:52; i 5. Radiative transfer modeling
10.4 024+ 0.01 12”7 TIMMI2 2

5.1. Modeling of the spectral energy distribution with the
References. (1) This work; (2) Mottram et al. (2007). Robitaille models

The pre-computed set of SED models provided by Robitaille et
al. (2007) are now used as a standard tool to estimate saelthr

The SED of the disk object (see Fig. 6) rises steeply frogircumstellar parameters of YSOs from the observed SEDs. We
1.26um to 8um. The spectral index measured betweelb2m therefore choose to fit the observed spectral energy disiit
and 8m is o = 0.878; the object thus qualifies as a “classf the disk source with these models as a first step of our anal-
| source”, i.e. a very young object that is embedded in largais. We note that this kind of analysis ignores the morpiielo
amounts of circumstellar material. cal information we have available from the near-infraredges.

We note again that the reliability of the fluxes is quite difHowever, since most current studies of YSO circumsteltaicst
ferent in the diferent wavelength ranges. The near- and middres are based on such SED fits without spatially resolvedém
infrared fluxes derived from the HAWK-I and Spitzer data amformation, this modeling can tell us what conclusions igou
well as the TIMMI2 flux are highly reliable and not contami-be drawn if the direct spatial morphology information fronr o
nated by other infrared sources. The MSX and IRAS fluxes folAWK-I images were not available.
the object derived by Rathborne et al. (2002) are less teldhie Using the SED fluxes as listed in Tab. 1 and fixing the dis-
to the uncertain local background correction and may beacont tance to 2.3 kpc, the best figv = 1.89) is found for a model
inated by emission fron¥SO 32.2-14. The LABOCA flux is also of a young star surrounded by an envelope with the following
uncertain since it may contain significant amounts of lesgale parametersM, = 133 Mg, L. = 4190Ly, Meny = 42 Mg,
nebula emission and is therefore regarded as an upper timitR.,, = 5.3x 10* AU, inclination= 69.5°, and foreground extinc-
our modeling described below. tion of Ay = 5.59 mag.

A final caveat comes from the fact that the individual points In the 31 further models witly%/v — xy?%/v (best) < 2, the
of the SED werenot obtained simultaneously. It is well es-parameters are in the following rangéd; = 8.11...14.3 M,
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‘0'7; T T T T T means of a Monte Carlo algorithm. After the self-consistent
of ] computation of the dust temperatures throughout the disk, t
07F SED and images at fierent wavelengths are computed with a
10-9 i ray-tracing procedure. The density model for the circutteste
— : disk and envelope we have used in our modeling is defined in
ool cylindrical coordinatesr(z) by the following formulae:
& The density of the disk is given by
1oL
o B A Z 1
:;10_12 Pdisk = Pdisk0 E exp BTak 1)
<
1013k whererg is set to the stellar radius ardis the vertical pres-
sure scale height. The parameltecan increase with the radial
10" distance from the center, resulting in a flaring of the disk:
10—15 oo 1 SRRy M| 1l AN
0.1 1 10 100

PV
1000 h(r) = ho(—) ) 2
A (um) fo
Fig. 6. The 32 best fitting Robitaille SED models compared to the mea- 1his disk is embedded in a spherical envelope with power-

sured fluxes of the disk object. The best fit is shown as a solid line; tiv density gradients:
dashed line shows the stellar spectrum of the best fit model with the

Y
effect of the foreground extinction &, = 5.59 mag. The grey lines _ r
show the other good models as discussed in the text. Pemv = Penvo ( m,) for 1 < Reny 3)
and
L. = 1320...4950L,, Menw = 4.8...363M,, inclina- ro\?
tion = 182°...87.1°, and foreground extinction ofy, = Penv=/Penuo |- for r > Reny. (4)
1.24...209 mag. Nineteen of these models have (in addition w
to the envelopes) disks with masddgs = 8.7 x 102 ... 4.3 x For our computations, we used a grid sizéRof 5000 AU,
10 M. 130 radial grid points, 50 angular grid points (with 10 exra

We also performed SED fits excluding the near-infraregular points to refine the grid near the equator), a gas-sb-du
fluxes (that are contaminated by scattered light). We fohad t mass ratio of 100:1, and 1@hoton packets for the Monte Carlo
this produces only very marginal changes of the fitting tssulsimulations of each model. For the dust opacities we used the
The best model is the same as the second best model in tpdated model of Draine & Lee (1984)ith 75% silicate and
full SED fit. The parameter ranges for the best 31 models a?§% graphite. We assumed a canonical grain size distrilutio
M, = 828...156M,, L. = 1550...6500Lc, Memeiope = N(@) o @ *° with a minimum grain size of 005um. For the
482...251M,, inclination = 18.2°...87.1°, and foreground maximum grain size we used a density dependent value ranging
extinction ofAy = 0...35 mag. from amax = 0.25um for p < 107 g/cn? up to amax = 10um

The rather wide ranges for the stellar and circumstellar pfr o > 10 *3g/cn?.
rameters demonstrate the large ambiguities of the fits basedOur density model is described by eleven free parameters:
on the SED only. If we make use of the information deducdd) Stellar luminosityL,; (2) Stellar temperatur&.,; (3) Disk
from the observed morphology and restrict the selection @gnsity power lawy; (4) Disk flaring parametes; (5) Disk ver-
models with a nearly edge-on viewing angie ¥ 75°), we tical scale heighho; (6) Disk densitypdisko; (7) Inner envelope
find six different models with the following parameter rangeslensity power law exponeft (8) Outer envelope density power
M, = 845...132M,, L. = 2140...4750Ls, Meneiope = 18W €xponents; (9) Envelope characteristic radiln,; (10)
26...93Mo, Renvelope = 4.4 x 10%...1 x 10° AU. Two of Envelope densityenyo; (11) Inclinationi. Furthermore, as the
these models also have a circumstellar disk; one with a m&ject is obviously located inside a dark cloud, we also wbns

of Mgisk = 0.027M,, and radiusRysk = 122 AU, and the other €red the #fects of foreground extinction. o
one withMgisx = 0.033M,, and radiusRyisk = 8 AU. A general problem of such a radiative transfer modeling is

that the high dimensionality and the complicated topologhe

parameter space make a search for the “best model” véiy di

5.2. 2D radiative transfer modeling of the SED and cult in practice. Simple scanning of the parameter spacetis n
morphology feasible: for example, even an extremely coarse disctitizaf

In the second step of our analysis, we performed a more ddtaifnly S different values for each of the 11 parameters would al-
radiative transfer modeling of the object in which both, 8D eady require the computation (and evaluation) of about 50 m

d1th frared hol v taken int lion different models.
and the near-infraréd morphology, areé properly taken into ac- A ey problem is how to evaluate the fit-quality of a spe-

count. The direct spatial_infp_rmation from the NIR imagea “%ific model. For the comparison of the model SED to the ob-
resolve many of the ambiguities of the models that are based rved SED, a simplg? analysis is easy to implement. A

SED fits only, and provide a much more physically meaningﬂt!]uantitative evaluation of the model images, however, tssno

model. traightforward. First attempts to compare the individpiakl

(Du\lll\tlaemozsde% E)hoemir?i[k) zg%ﬁ?tlevnhictr:aggr\%s (t:r?gecorFftﬁBUMm alues in the model images to those in the observed images wer

radiative transfer problem in a passive irradiated axisytni@n ! seehttp://www.astro.princeton.edu/ draine/dust/
dusty disk and envelope around a central illuminating star ldust.diel.html
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— Stellar temperaturel, = 22 000 K

Disk density power lawe = 2.25

Disk flaring paramete = 1.25

Disk vertical scale heightyy/ro = 0.2

Total disk massMgjsk = 1.78 Mg

Inner envelope density power law exponent: 1.3

= — Outer envelope density power law exponengt —4.5
= — Envelope characteristic radiuRs,, = 1500 AU
b — Total envelope masdile,, = 0.16 Mg,
102l | — Inclination:i = 87°
The model assumesfareground (i.e. interstellar cloud) extinc-
I 1 tion of Ay = 2.5 mag. Comparison of the stellar luminosity and
107y | temperature to the pre-main sequence models for massige sta

i L L L from Bernasconi & Maeder (1996) suggests a stellar mass of
] 10 100 1000 ~ 12M,. Such an object should evolve towards a ZAMS star of
spectral typex B1.

Similarly good models can be found for the following range
of the main parameterd:., ~ 10000...15000L;, Mgisk =
18...47Mgy, and Mgy, = 0.16...0.5Mg. The range of val-
ues for the vertical disk scale height in the good models is
ho/ro = 0.1...0.2; this agrees well with the typical scale heights
found for circumstellar disks around young stars (see hiled
& Dominik 2004) and clearly shows that the spatial configu-
ration of the circumstellar material is that of a geomethca
1.25um 1.65um 2.2um thin disk, andnot a thick torus (that would be characterized by
hq/ro > 0.5). The luminosity range suggests that the most likely

ss of the central object is in the rangd0. .. 15M,.

Fig. 7. SED (above) and near-infrared model images (below) comput
with RADMC. The solid dots in the SED plot show the HAWK-I and
Soitzer data points, the open squares the MSX data, the tigkmbol One fundamental éerence between this model (for SED
the TIMMI2 measurement, the open diamonds the IRAS fluxes, and t6d near-IR image morphology) and the Robitaille models (for
open square t_he LABOCA flux. A square-root intensity scaling is Usgle SED only) is the presence of a massive and optically thick
for the model images. circumstellar disk. Such a disk is not required for a gooddfit t
the SED alone, but its presence is clearly established fteam t

not successful. Instead, we performed a quantitative ssseg  Near-infrared images. Another notabléfeiience is seen in the
of the mostimportant morphological features in the imaggs  values of the stellar luminosity, which is considerably fteg
was implemented by computing 2D discrete cosine transfornid 0ur RADMC models compared to the Rob‘|‘ta|IIe SED TOd'
tions (DCTs) of the model images and comparing 192 DCT Cg_ls. Thls diference is related to the ;o—called flashligheet
efficients per model image to those derived from the observig$t discussed by Yorke & Bodenheimer (1999). It resultsrfro
images. In this way we made sure that model images classifiég highly non-isotropic distribution of radiative flux thac-
as “good fits” showed a central dark lane and a roundish nel§/'s when a dense, optically thick and flat circumstellak &8s
losity above and below this lane. present around_ an |Ilum|na_t|ng c_entral source. At shor_twetv

In the first part of our modeling, we computed several thOL!p,ngths (for which the disk is optically thlck),_the _radmtlfleld
sand models to explore the maiffeets of the individual pa- 'S strongly concentrated toward the polar directions. Ichsa
rameters on the fit quality. Based on these initial resulis, Wituation, the total observed outgoing radiation flux isrars
then implemented a “genetic algorithm”, in which small rand  function of the viewing angle; the integratetserved flux for
changes of some of the parameters of good models are infagarly edge—on inclinatioris~ 90° can be considerably smaller
duced in order to find an even better model. In total, more thin the integratedbserved flux measured from a more pole-
150 000 models were computed. on view position (see Yorke & Sonnhalter 2002). In the case of

It was very easy to find models that reproduce the SED Vet,hye Carina disk object, the presence of the dark centraldane
well. However, the images of these models deviate considggctly shows that much of the stellar light is removed from ou
ably from the observed images: they generally produced amu¢ewing direction and scattered into directions perpewidicto
thicker dark lane, and often the shape of the Upper and lasver i€ line-of-sight. Therefore, a high stellar luminosityesjuired
flection nebulosity was more cone-like than hemisphere{#s to rgproduce the_observed flux seen in our edge-on viewing di-
observed). On the other hand, we also found several modls fi¢ction. The Robitaille models (that use only the SED astipu
reproduced the near-infrared morphology quite well; thaed- 0N the other hand, have no such optically thick disk aroued th
els, however, could not reproduce the shape of the obsef&Bd Star and thus assume a much more isotropic radiation field. As
between 2m and~ 20um. consequence, these models underestimate the luminodit of

We finally found several models that reproduce both, SE@PIect. ) )
and images, in an acceptable way (although none of these It has to be emphasized that the detection and the 2D char-

models is shown in Fig. 7. The model parameters are: strongly our modeling results depend on the angular reisolut
we applied Gaussian filters withfterent FWHM to the images
— Stellar Luminosity.L, = 12 000L, to see how the observed morphology changes. Degrading-the in
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trinsic resolution of the images/(0.4” in theKgs-band) to a more dust properties of the circumstellar material around thassive
typical value of 07" is already sfficient to reduce the contrastprotostar.

between the dark lane and the bright lobes to less than 108%. Th

implies that under “average” seeing conditions the preserfic Acknowledgements. We would like to thank the referee for comments that
the dark lane (and thus the nature of the object) would nodon%elped to improve the paper. We gratefully acknowledge fumdif this work
be clear. Since the dark lane is the strongest observatomal PY the GermarDeutsche Forschungsgemeinschaft, DFG project number PR

. . . . 699-1. Additional support came from funds from the Munich Céusof
straint for our 2D modeling, the existence of a disk would n xcellence: “Origin and Structure of the Universe”. Thidfication makes use

longer be established. of data products from the Two Micron All Sky Survey, which igoint project
of the University of Massachusetts and the Infrared Pracgsand Analysis
CenteyCalifornia Institute of Technology, funded by the Natioderonautics
and Space Administration and the National Science Foundafibis work
makes use of observations made with the Spitzer Space Tetgsebjeh is op-

. . erated by the Jet Propulsion Laboratory, California logtibf Technology under
Our near-infrared survey of the Carina Nebula led to th:?contragtwith NASAp. Y o
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