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Abstract. Near-infrared photometry and narrow/broad-barkigher. The total mass locked in the outflow is often found to
imaging of the massive and luminous young stellar object IRA% larger than the central star. Churchwell (1997) proposed that
05361+3539 are presented. Imaging observations were m#uelarger outflow mass could be due to the in-falling matter di-
at Mt. Abu while the photometric data were taken from theectly diverted into the bipolar jets. Itis clear from earlier works
2MASS. From the color-color and color-magnitude diagramé&hepherd & Churchwell 1996; Churchwell 1997; Hartquist &
we identified several sources of faint Class Il type and about $yson 1997; Hunter et al. 1997) that the impact of outflows
Class | type in the parent molecular cloud complex. The IRABmM massive YSOs shapes the history of star-formation in the
05361+3539 itself was seen to be a Class | object and our iparent molecular cloud.
ages in Bty and H, lines show jets/outflows from this object. = We have started a NIR observational program on studies
The jet/outflow matches with the axis of CO outflow detectenf regions of massive star formation. This is our first paper in
earlier. The near-infrared and the IRAS far-infrared flux distrthe series. In this paper we study the massive and luminous
bution suggests a possible accretion disk with dust temperatuy&0 IRAS 05361+3539 and the star formation in the neighbor-
between 80 to 800K and extent of several tens to hundredshobd using 2MASS (The Two Micron All Sky Survey) data and
AU. A possible FU Orionis type of source was detected in threew NIR observations from Mt. Abu, India. The region so far
cluster. is not very well studied. IRAS source 05361+3539 (G173.58
+2.45) was studied in the millimeter line$CO and!>CO) by
Key words: stars: individual: IRAS 05361+3539 — ISM: jetsShepherd & Churchwell (1996). The source is situated at a kine-
and outflows matic distance of 1.8 kpc (Wouterloot & Brand 1989). Earlier,
Wouterloot et al. (1988) detected,& maser from the source.
The source is embedded inside a large molecular cloud. The FIR
fluxes meet the conditions of Wood & Churchwell (1989) for
UCHII regions and total FIR fluxes correspond to a B2.5 central
Massive YSOs are protostars (Palla & Stahler 1993) which aear. Shepherd & Churchwell (1996) found bipolar flows in the
either surrounded by ultracompact Hll regions or will eventualB?CO velocity map with high velocities (up t627.1 km/s in
be hot enough to produce HIl regions. They are mostly founide blue shifted lobe) with a total mass of 32Nbcked in the
buried deep inside clouds of gas and dust. The major difficultiestflow. They estimated from the IRAS fluxes the central star
in the study of massive YSOs are (a) there are fewer massinass to be 7M.
YSOs compared to low-mass YSOs and most of them are at aln Sect. 2 we present the observations and data reduction
distance greater than 1 kpc from the Sun and b) most masgivecedures, Sect. 3 deals with results and discussion and we
YSOs suffer large extinction (A» 10) and hence are difficult to summarize our conclusions in Sect. 4.
study in the optical wavelengths. However, they can be studied
in the radio and infrared wavelengths. Further, it is possible
to stydy the ermrpnment of t'hese objegts with seeing I|m|t%c_j Observations and data reduction
spatial resolution in the near-infrared using array detectors like
NICMOS. 2.1. Observations from Mt. Abu

Recent studies by Churchwell (1997) revealed that mas-AS 0536143539 (h tter IRS1 b 4 he 1.2
sive YSOs undergo similar bipolar outflows like the Iow—maég * (hereatter )was_o Serve rom the 1.
g}_eter Infrared Telescope, Mt. Abu, India, using a 266

YSOs, but the rate of mass outflow is larger by orders of ma )
nitude &3). Similarly luminosities of massive YSOs are als ngTe array (NICMOS-3, made by Infrared Laporatorles,
Arizona, USA). The telescope is located at an elevation of 1700
* Present addresdagoya University, Physics Department, Nagoy&eters from the mean sea level and the instrument is described
464-8602, Japan (renga@u.phys.nagoya-u.ac.jp) in Nandakumar (2000). Both the telescope and the NIR camera

1. Introduction
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Table 1. A comparison of stellar magnitudes from 2MASS data and Mt. Abu images. The 2MASS upper limit magnitude was derived from the
histogram of stars within the FOV of &owards the IRS1.

No. Co-ordinates (J2000) 2MASS MtAbu
RA-DEC Ks H J K’ H J

1 05h39m22.8s +3%11'27' 14.20 14.88 15.94 14.10 14.65 15.96
2 05h39m22.9s +3%022’ 10.08 10.11 10.40 10.09 10.11 10.35
3 05h39m22.9s +3%1'40” 1252 12.63 12.84 12.47 1270 12.79
4 05h39m24.2s +3%1'11” 12.96 13.96 16.17 12.90 13.79 16.29
5 05h39m24.2s +3%202’ 12.35 12,52 13.03 1250 12.65 13.06
6 05h39m25.1s +3%1'12" 12.22 12.27 1254 12.33 12.39 1252
7 05h39m25.5s +38041" 13.62 13.70 14.12 13.47 13.80 14.13
8 (IRS1) 05h39m27.0s +380'51" 10.69 11.62 13.07 10.76 11.67 13.09
9 05h39m27.3s +3%058" 12.63 13.63 15.19 1255 1347 15.17
10 05h39m27.9s +330'41” 12.85 13.01 13.42 1295 13.19 1354
11 05h39m29.2s +331'39” 11.57 11.69 11.88 11.80 11.85 12.06
12 05h39m29.3s +331'09" 11.98 14.23 17.11 13.14 15.32 -

Upper Limit Magnitude 15.0 15.7 16.7 14.2 154 16.3

are owned by the Physical Research Laboratory, Ahmedabigited down to 3 level (peak signal), subsequently each frame
India. was visually inspected at different contrast levels to cross check
The source was observed in two sessions: in J, H and tke detection and remove false detections by DAOFIND. Aper-
bands on 10th January 2000, and in narrow band filters centetier@ photometry was performed on the images using PHOT task
on 2.12um (Hy v = 1 — 05(1)), 2.16um (Bry), and 2.14m  with aperture radius of 4.5 pixels in the J, H and K’ images. The
(continuum) on 25th February 2000. The FWHM of the narroveky was sampled using 5-pixel wide annuli centered on each
band filters was 0.042n. The plate scale wag'1 pixel for the star with inner radius at 5 pixels. The aperture size was decided
broad-band images and O/%ixel for the narrow-band images.using the brightest and isolated star. From the two images of
The nights were photometric during the observations. The s&&9s in each band, we found that the overall photometric error
ing was 2’ during the broad band observations and’Hring is of 0.07 mag. This estimation includes uncertainties in the
the narrow band observations. A large number of dithered sttgtermination of zero-point{ 0.03 mag) from the observed
frames were obtained (by shifting the telescope 3 arcmin dffree standard stars. We found that in the K’ images we could
the source in north-south-east-west directions) in all the filtedstect 12 stars up to 14.2 mag in the field of view bfig&ing
for sky subtraction and for making flat frames. Although théhe above mentioned procedure.
2.14um filter is supposed to exclude the nearby emission lines, The narrow-band images also went through similar image
we found from filter transmission curves that there is seriopsocessing. The total integration time was 250s indidd Bry
contamination from the 2.1@n line. We therefore will not con- filters.
sider the 2.14m line image in this paper and will present the
narrow band images as emission line plus continuum. We ob-
served three standard stars (AS11, AS19, and AS21 from H?J%% ZMASS data
et al. 1998) during the observations. We used the relation givafe extracted stars from the 2MASS point source catalogue
by Wainscoat & Cowie (1992) to obtain K’ magnitudes from Kvhich were within 8 diameter of the IRAS source. The data
magnitudes. were downloaded from the 2MASS Homepage available free for
The data reduction was done using IRAF software tasks. Afie Astronomical community. The 2ZMASS observations were
the NIR images went through standard pipeline procedures lit@ried out on 3rd February 1998The 2MASS point source
sky-subtraction and flat-fielding. Individual object frames wer@atalogue consists of J, H and Ks magnitudes of stars. The Ks
of 30s of integration in J and H band and 3s in K’ band. Theand (bandpass =2.Afh to 2.32um with center at 2.1//m) is
images were co-added to obtain a final image in each band (Jg¢ly similar to K band. A histogram of the 2MASS sources in
and K") of total integration time of 150s. Further, in each barithe Ks band within a field of view of &round the IRAS source
two suchimages were obtained. The images were further filtekgas plotted. The histogram showed that the completeness limit
using a median filter of 83 pixels for removing noise at sky-is close to 15 mag.
level, thus making them suitable for photometric analysis. We Since the 2MASS catalogue goes deeper than the Mt. Abu
used DAOPHOQOT (Stetson 1987) task for deriving the photomimages we decided to use the catalogue magnitudes to plot color-
try in the unvignetted field of view of 2 arcmins. The zero pointolor and color-magnitude diagram. However, the magnitudes
was obtained using the three observed standard stars. From the
J, Hand K’ images containing the IRAS source, stars were iden The date of observation was obtained from the header of the
2MASS fits images.
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Fig. 1. Color-color diagram of the sources extracted from the 2MASSq 2. Color-magnitude diagram. The symbols have same meaning as
data. The filled circles represent Class | type sources. The solid lijerig. 1.

represents unreddened main-sequence stars and the dashed lines are

parallel to the reddening vector with magnitude of Av=30. Also shown

are the positions of IRS1, star # 12 (from Table 1), and HD37317 {nter et al. 1995). Similarly, in Fig. 2, the solid line represents
the locus of unreddened main sequence and the dashed arrow

obtained from the Mt. Abu images will be used to find prospeé-hows the direction and magnitude of the reddening vector. We

tive variable stars and to study the morphology of the IRA@d a search in the SIMBAD database to find out any known

source and associations. sources around IRS1 with a search radius of.4Apart from

Table 1 shows a comparison of J,H,K’ and Ks magnitud%%e IRAS source and ?tSQL(D maser source, a star of AOV type
of stars detected within the unvignetted field ¢fi2 the K’ HD37317, 7.79 mag in Ks) was found in the SIMBAD search.

. ) . Q / i
image with the 2MASS point source catalogue. We found thyf"s 5“?“5 Cﬂ-ozrdgate; are O‘?h 39?3 1|?3{258+38 30 ’\}\?a;[ IS q
for standard stars the difference in K’ and Ks magnitudes proﬁ'mgﬁgss' O.Ut “west romtle hsourlce. ? r(])un
less than 0.05 which is less than the photometric error. He gam the point source catalogue the colors of the star

we will treat the K’ and Ks magnitude scales as similar in th e H-Ks=0.05 mag and J-H=0.031 mag. The colors of IRS1
paper. are H-Ks=0.93 mag and J-H=1.45 mag.

Starsin Fig. 1 can be divided into three main groups a) those
lying on the left side of the reddening band, b) those lying in

3. Results and discussion the reddening band and c) those lying on the right side of the
reddening band. The stars in the first group (a) plotted as open
circles can be further divided into two sub-groups: one, those
Figs. 1 and 2 show the J-H/H-Ks color-color diagram and theving J-H color less than 2 and second, those with J-H color
Ks/H-Ks color-magnitude diagram of the sources from 2MAS®@ore than 2. The former subgroup are mostly foreground stars
data. In Fig. 1 the solid curve is the locus of points corresporals supported by their low values of Av (less than 5 mag), and
ing to unreddened main sequence stars (Koornneef 1983). Tiine stars in the latter subgroup could be spurious detections
two dashed lines are parallel to the reddening vector with magince they have J and H magnitudes fainter than 17 and 16 mag
nitude of Av=30. They form the reddening band (drawn fromespectively. The second group (b) mostly consist of normal
the base and tip of the unreddened main sequence) and bastads with low values of Av{10) and background stars with
the region in which stars with normal photosphere fall (also shgh values of Av £10) and are also plotted as open circles.

3.1. Star formation in the cloud
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The third group (c) contains stars showing excess emission in H [
and Ks. Such sources are mostly YSOs (Lada & Adams 1992; |
Lada et al. 1993; Gomez et al. 1994). YSOs can be further
divided into Class |, Class Il and Class Il type sources based ]
upon their Spectral Energy Distributions (SEDs) (Strom et al. 1o L B
1989; Kenyon et al. 1993; Hartmann 1998). We have plotted ]
sources redder than IRS1 and falling on the right hand side of ]
the reddening band as ‘filled circles’ and are considered to be T
Class | type or protostars (since IRS1 is a known protostar; also |
see Lada & Adams 1992). Sources which show low H-Ks color'' [
(<1.5) and J-H color£1.0) and also lying on the right hand side~ |
of the strip of reddening lines are also plotted as ‘open circle§).
All these sources are faint in the Ks band (14 to 15.2 magoj. I ]
Even though most of them are within the limit of completeness, ;2 | TN |
we will need deep K band images to verify the existence of the | . \
sources. Their Av values range from 13 to 23 mag, suggesting | e \
that they could be Class Il type sources (Kenyon et al. 1993). -
It is clear from the J-H/H-Ks color-color diagram that the | -
region around IRS1 is undergoing a phase of star formation.!> [ e
Three out of five Class | sources detected (excluding IRS1) are | o
found within one arcmin radius of IRS1. Two of these sources
are brighter than 14.2 mag in K’ and are detected in the Mt. Abu | |
images. A comparison of magnitudes of these two sourBes # ;, [ 1l il e il b L L
and #2 (see Table 1) show that one of then 2 has varied o 0k 04 06 08 1 12 14 16 18 2
over the time of observation between 2MASS (February 1998, Log(®)
as given in the header of the FITS images) and Mt. Abu (Jafiy. 3.SED of IRS1. Crosses represent observed fluxes and dashed line
uary 2000). The star has become fainter by 1.1 mag in K’ andnbdel values. The flux F is in Watts/metemd wavelength in um.
bands in about 23 months. In the Mt. Abu J band image the s&ae text for details.
is not detected. Since the difference in magnitude is much larger
than the photometric errors and the decrease in the brightness

is consistent in K’ and H bands, we believe that this is reghined the temperature distribution of the circumstellar matter
The star also shows extreme reddening in the J-H/H-Ks colgf fitting a model (Anandarao et al. 1993) to the observed SED.
diagram, a typical characteristic of Class | sources and preseg€have assumed photospheric temperature of 20,000K, stellar
of circumstellar material. Val’lablllty in low-mass protOStaI’S |ﬁ3d|us equa' to seven solar radii' and p|ane para”e' geometry for
known (Hartmann 1998). The total luminosity depends on thige dust shells. The dashed line in Fig. 3 shows the model. The
mass accretion rate, and low mass protostars like FU Oriogisrived dust temperatures are 800K at 4AU and 80K at 400AU
type of objects have shown variability of several magnitudesffym the central source. The uncertainties in the dust parameters
the Optical Wavelength (Bell etal. 1995, and references therEiaét”d be as |arge as 10-20% due main|y to the inherent non-
Itis possible that we have witnessed a FU Orionis kind of behayhiqueness of the model and to some extent to the uncertainties
ior from the star. However, we need further NIR observatiof§ the assumed stellar parameters. These results confirm that

to verify this. IRS1 is a Class | type source. The range of dust shell parame-
ters derived from the model seem to support the accretion disk

3.2. Photometry and spectral energy distribution scenario (Hartmann 1998; Adams et al. 1987) in which case,

of IRAS 05361+3539 the grain heating is due to two processes: one due to the repro-

cessing of UV photons and the other due to viscous heating in
IRAS 05361+3539 (IRS1) is amassive luminous YSO and is afg disk (Hillenbrand et al. 1992). Following Hillenbrand et al.
sociated with an ultra-compact Hll region (Shepherd&Churc(&lggz) we estimate the minimum radius of an accretion disk
well 1996). The low-resolution NVSS contour plot shows emi%tttributing the entire 2&m flux to the accretion heating of the

sion towards IRS1 at mJy levek@t) (Condon et al. 1998). The yrain (i.e. T=140K). We derive radius of the disk to be 160 AU
FIRIRAS fluxes of IRS1 at 1G@m, 6Qum, 25m, and 1Zmare i the inclination is 0 (face on).

1310Jy (upper limit), 29.15Jy, 6.72Jy, and 1.18Jy respectively.

We estimated the spectral index of IRS1to be 1.1 betweem60 i

and 1.12m (Jband). The source therefore belongs to the grogp>: Morphology of IRAS 05361+3539 and Detection

of Class | type sources (Strom et al. 1989). The SED is sho®ha NIR Jet

as a plot (crosses) of L¢yF)/Log()) in Fig. 3 whereX is the  Fig. 4 shows K’, H (emission line + continuum) and Bfemis-
wavelength inum and F is the flux in Watts/meteiWe deter-  sjon line + continuum) images of IRS1. Fig. 5 gives the contour
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Fig. 5. Contours of the molecular hydrogen (line + continuum) image
R T o T Ry o, ™y, o H on the K’ image, the contours are frorr 40 9o levels. The x and y
10" T #12 ™ axes are same as in Fig. 4.

+35%1° 00" . #9 _1 erndirection and a filamentary structure of lengthréthe east

[ 1  (seen more prominently in thesHcontinuum image).

i u i 1 The eastern filamentary structure bends beyohdr@m

50" [~ #3 -1 IRS1and continues another2i the southeast direction. Since

1 wedo nothave a continuum freg Emission line image we can-

1 not quantify the amount of Hemission from the region. How-

#7 | ever,wequalitatively argue from the brightness inthe K’ and the

1 Haz+continuum image that at least 40% of the total brightness

' 1 inthe narrow band image is due to purg émission. Further,

e s s e, thefilamentary structure matches with the eastward jet found in
the low resolution CO map of Shepherd & Churchwell (1996).
Therefore, itis likely that the Hemission is tracing the jet from

P R F T gy vt o, T J the YSO. The bending of the jet could be because of physical

100 -1 obstruction of its flow due to the presence of putative dense mat-

L 1 ter. We do not see significant structure in theyBrcontinuum

image. If one assumes a particle density of 4n?, then there

+35041°00" [~ 4 cannot be sufficient flux of energetic UV photons available from
i 1 aB2startoionize the matter except in optically thin regions.
i h 1 The structure in the northern direction is six times brighter
50" [~ —

than the jet. There are three distinct possibilities regarding the
nature of this structure. This could be an unresolved star closely
associated with the IRS1 source. However, in the 2MASS point
source catalogue there is no entry corresponding to that position.
We will need high-resolution images in K band to prove that the
N e I e Ty ol [0 AT northern structure is an unresolved star.

sh3empgs 285 278 265 255 A second alternative is that the extended nebulosity is due

Fig. 4. K’ (top), molecular hydrogen line (2.12n line + continuum) Fo the presence of the_ultra-compact HII_ region. From the near-
(middle) and B#y (emission line + continuum) (bottom) images Ofnfrared m.orphology, it appears that this could be_ a cometary
IRS1. The stars are identified with numbers as given in Table 1 and H€H!! region (Wood & Churchwell 1989). Supposing that the
arrows indicate the extended nebulosity. The x and y axes are RA &@tral star has a relative motion with respect to the parent
DEC (J2000) respectively. molecular cloud, say a few km/s, such a supersonic motion can

create a region of low density behind the star (Hughes & Viner

1976; Weaver et al. 1977). If we consider a dynamical time of
map of H, superposed on the K’ image. The plate scale in Fig53x10* years (Shepherd & Churchwell 1996) and a speed of
is 1”/pixel for the K’ image and 0/5pixel for the narrow band 1km/s to 2km/s (Jones & Walker 1988) then, in as many years
images. The NIR images reveal (Figs. 4, 5) that the IRS1 southe star would have traveled a distance of 0.1 pc (upper limit).
is associated with a nebulosity extended up’tarbthe north- The extent of the extended nebulosity in thettontinuum im-

40" [

o L T

30" [
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age corresponds to about 0.04 p&(’, see Fig. 4). The density by Shepherd & Churchwell (1996) in the eastward direction. A

behind the central star should be much less (drticles/crd) nebulosity is also detected towards north extending up’to 5

for the UV photons to reach up to 0.04 pc. from IRS1. This could be due to either an unresolved star, an
NIR spectroscopy of UCHII regions have shown that theyCHII region, or a dense clump of molecular hydrogen.

are bright in Bty emission line (Armand et al. 1996; Doherty et

al. 1994). A, for the UCHII region can be calculated from Av

using the relation A/Av=0.125 (for R,=5.0 extinction law of AcknowledgementsThe present observations were made under a col-
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