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Abstract We present the analysis of Spitzer/IRAC and near infrareafjing obser-
vation of AFGL 5157, an active star forming region. In the IRAnages, this region
shows strong emissions of polycyclic aromatic hydrocasiarchannel 4 and emis-
sions of H in channel 2. Many of the Hfeatures are aligned to form jet-like struc-
tures. Three bipolar jets in the NHtore region and a couple of jets northwest of the
core have been identified. We identify the possible driviggrds of the bipolar jets
and show them to be very young. An embedded cluster has béectetkin the NH
core; many members in the cluster have spectral energyhdittms that increase
from JHK bands toward longer wavelengths, indicative of their eaxlglutionary
stages. Millimeter and submillimeter continuum emissionthe NH; core and the
northwest subregion are found to coincide spatially witksthpresumable Class 0O/l
sources. The existence of,Wipolar jets and very young stellar objects suggests that
star formation is continuing at the present epoch in thebeegiions. Combining in-
formation from previous studies, we propose a sequengalfetmation scenario in
the whole AFGL 5157 region.

Key words: ISM: individual (AFGL 5157) — ISM: jets and outflows — ISM: l&s
and bands — stars: formation

1 INTRODUCTION

AFGL 5157 is an active star forming region that has recentiyaeted a great deal of attention.
Near infrared (NIR) observations show that it is a clusternif@tens of young stars (perhaps pre-
main sequence stars) with a total mass-0f00 M, that are just emerging out of their natal cloud
(Chen et al. 1999; Kumar et al. 2006, hereafter NIR clusfam)|RAS point source (05345+3157)
is associated with the brightest NIR source in the NIR cly$RS 1. The far infrared luminosity of
the IRAS source is estimated to be5.5x10° L, at a distance of 1.8 kpc (Snell et al. 1988), and
this value could be scaled up if the recent kinematical distaof 2.1 kpc is adopted (Molinari et al.
2008).
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More interesting is the region 1.5 to the northeast of the NIR cluster. NHmission lines
were first reported by Torrelles et al. (1992) and we refehis tegion as the NElcore hereafter.
A number of molecules tracing high density gas, such as HGhv@Bv 1999), NH+ and N;D™
(Fontani et al. 2008), have been detected recently. Mitémémm) continuum peaks have been
detected in the core region extending to the south (Kleinl.e2@05). A molecular outflow was
reported in the east-west direction (Snell et al. 1988; gtetral. 2005), which has been resolved by
observations from the Submillimeter Array (SMA) into sealeyutflows with a complex morphology
(Fontani et al. 2009). A number of shocked Emission knots have been detected (Chen et al.
2003). Some of them are associated with the Herbig—Haro @ti#cts (Torrelles et al. 1992) and
the outflows. These shocked ldmission knots, although widespread and oriented towafféseaht
directions, show strong signs that they are associatedthéthNH; core, suggesting the presence of
a protostellar cluster with ongoing star formation insidewever, few NIR sources have been found
in the region, suggesting that this proto-cluster is sekply embedded in its nursery. We therefore
carried out an observation using the Spitzer Space Teles®PT) to investigate the embedded
population and its properties.

The observation reveals a large amount of deeply embeddedesothat are not detected by
Chen et al. (1999) in the NHcore, and a number ofHemission knots associated with the deeply
embedded cluster. In this paper we present the highlightseoftudy.

2 OBSERVATIONS AND DATA REDUCTION

The observation was carried out on 2009 April 22, with IRACumizd on the SST in imaging mode.
Data in four channels (with central wavelengths 3.6, 4% ahd 8.Qum, hereafter chl, ch2, ch3 and
ch4, respectively) were obtained. For each channel, adb288 frames was taken, each having an
effective exposure time of 10.4 s. After rejecting unusdtdenes & 30 frames in each channel),
sets of basic calibration data that have also been correseslused to make the mosaic of images
using the software Mopex. Standard parameter inputs wexe escept for the pixel scale of the
fiducial image, which was set to 0.7per pixel, in order to obtain higher photometric accurade T
final mosaic of images has 40 min integration time resulting in aSdetection limit of~ 0.1 mJy

in all channels.

The aperture photometry was carried out using the DAOFIND RHOT tasks in the IRAF
software package. Since the core region is rather densplylated with point sources, we adopted 4
pixels (2.88) as the aperture radius to do the aperture photometry. Thesfluere then corrected to
10 pixels (7.2) in chl and ch2, and to 15 pixels (10)8n ch3 and ch4 because of the larger expected
point-spread-function in these two channels. The cowadtctors were obtained by comparing the
fluxes of stars in the reference fields, which were observedIsineously with the targets in each
channel, between the two apertures (i.e., 2.88d 7.2 in chl and ch2, and 2.88nd 10.8 in
ch3 and ch4, respectively). The final factors are 1.21, 11238 and 1.42 for the four channels,
respectively, with uncertainties better than 10%. Theaxiad photometric data were then combined
with the 2MASS point source catalog to obtain the spectratgyndistributions (SEDs) of young
stellar objects (YSOs) in the field.

3 RESULTS AND DISCUSSIONS

Figure 1 presents a pseudo-color image composed of ch1nch@e (top panel) and chl, ch2 and
ch3 (bottom panel) frames, with blue corresponding to tletslst wavelength and red to the longest.
In the top panel, strong red extended emission is seen in tiogewegion, roughly extending from

the southwest to the northeast, indicative of the existefipelycyclic aromatic hydrocarbon (PAH)

molecules. A shell-like structure surrounding the NIR tdugChen et al. 1999) is clearly seen. Note
that the feature forming a line from the north to south mighaltifacts caused by the strong emission
associated with the shell structure. We indicate them witbves in the top panel. To the northeast
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Fig.1 Pseudo-color image composed of chl, ch3 and tipipanel) and chl, ch2 and ch®d¢ttom
panel) images, with the red, green and blue corresponding to dsitrg wavelengths. The R.A. and
Dec. are given in J2000.0.

of the shell structure, in the Njtore region, diffuse emission features are highly strgetpysimilar
to the area associated with M17 (Povich et al. 2007) and attagrforming regions (e.g. AFGL
437 Kumar Dewangan & Anandarao 2010). However, despitddanspection we have not found
a sharp edge associated with the PAH emission like in the a7 (Povich et al. 2007). This
suggests that the AFGL 5157 area lacks very high-mass stays Q stars), and thus does not have
extreme-ultraviolet photons to destroy the PAH molecules.

In the bottom panel, extended emissions are also obviaudasito the top panel. In the NH
core region (Torrelles et al. 1992), a number of red pointsesiare detected. Many of them are not
detected in thé(,-band or shorter wavelengths by 2MASS data or by Chen et@99)1 suggesting
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Fig.2 (a) ch2/chl image in a smaller field than that of Fig. 1. Somiatmmurces having stronger
emission in ch2 than in chl are shown by black circles forregfee. The contours are inte-
grated intensity of the redshifted (reé9.2 ~ 6.4 km s ') and blue shifted (blue-46.4 ~
—26.0 km s~1) components of COJ = 2 — 1 line emission observed with SMA (Fontani et al.
2009). The contour starts fromr4rms) with a step of 4 (red: ~ 7.2 Jy beam! km s™!; blue: ~
6.0 Jy beamn® km s!). The dashed square represents the field of (b). (b) Cologéncamposed
from ch2 ted), ch1@reen) and the H narrow bandlflue) images. The K narrow band (2.12m)
image is adopted from Chen et al. (2003). The red contourshar8 mm continuum observed by
Fontani et al. (2009). The green arrows and lines denoteotighrdirection of the bipolar jets in the
area. The red pluses indicate the position of YSOs mentiondtk text.

that they are still deeply embedded. The most prominenufeatare the compact and extended
emissions in ch2, which appear green in the figure, geneckibe to the NH core region. These
objects, commonly referred to as extended or compact giigjeuts, are likely shocked4£mission
(Cyganowski et al. 2008) arising from the star forming atigg.

3.1 TheH, jetsand Knots

To highlight the H emission features, in Figure 2(a) we present the ch2/ch@emahich is shown
in a smaller field of view than that of Figure 1. Although thefdhl image can protrude the;H
emission features, some point sources that show strongénaam emissions in ch2 than in chl
cannot be completely removed. These point-like sourceskae/n by black circles in the figure.
For comparison, we overlay line wing emissions of GO= 2 — 1 observed with the SMA. The
red and blue contours are integrated intensities over itglotervals (9.2, 6.4) kms' and (—46.4,
—26.0) km s'!, similar to what is presented by Fontani et al. (2009).

Figure 2(a) reveals a large number of &mission knots in the Nicore region and in the region
~2' west. In the NH core region, the EHlemission features are very complex. The fact that tens of
embedded YSOs exist in the region further complicates tttei@. To identify these fHknots more
concretely, in Figure 2(b) we present a color image compfreadch2 (red), ch1l(green) and the H
(2.12um) narrow band (blue) images. The image of thertdrrow band is adopted from Chen et al.
(2003). In this figure, the FHemission features are clearly seen in purple. By carefpleason, we



AFGL 5157 NH; 699

Y1 ' ' 1078 ' Y2

1078 3
TR 5 107
"’, (7]
P o
E 1071 1§10}
<) 2
ks -1 4 ()
AL 2ol
< <
L= a-12 ] LS
=< 10 ~< 1012}

10—13 d

[ | A\ | | el | A\ | "
0.1 1 10 100 1000 0.1 1 10 100 1000
A (um) A (um)

Fig. 3 Best fitting models for the two YSOs, Y1eft panel) and Y2 ¢ight panel). The filled circles
show the input fluxes. The solid line shows the best fits. Trehekd line shows the stellar photo-
sphere corresponding to the central source of the bestfittiodel, as it would look in the absence
of circumstellar dust (but including interstellar extiioct).

could identify three bipolar structures and also a jet-fikature. Presumably they are jets arising
from protostellar objects in the Nftore.

In the most prominent jet labeled J1, two bow shocks are seteitwo terminations, with their
openings opposite to each other. At the midpoint of J1, atpoinrce is detected in all four channels
as well as in thdHK, bands by 2MASS, being located at YIE"37™52.02%, +32°00'04.1 (J2000).
The red and blue shifted CO components (R1, B1, Fig. 2(agentainly associated with J1. R1 has
two peaks: one coincides with the northeastlhdw shock (R1a), the other is near Y1 (R1b). Its
blueshifted counterpart B1 splits into several parts, tlthas Bla and B1b. Inspection of the CO
channel maps indicates that R1b, Bla and B1b are high velommponents{ +25km s~! with
respect to the system velocity —19km s'), while R1a has a lower velocity~( +15km s~ 1).
Remarkably, Bla, which is also split into two parts, is lechin the wake of the western,Hbow
shock of J1, suggesting that the CO outflow is entrained by ahto & Raga 1991; Raga & Cabrit
1993). The Wide-field Infrared Survey Explorer (WISE) avehimage of the field shows a very
strong mid-infrared point source at the Y1 position, sutjggshat this object is very young. Using
the photometric data including theband, ch4 and WISE point source photométuye fit the SED
to the YSO models given by Robitaille et al. (2087Jhe ten best fits give a mass of 2%, and
an age of 1.5yr-3.510° yr.

Figure 3 shows the result of the best fit. We notice the stromgss emissions toward wave-
lengths longer than 1Om. This is likely caused by contamination of other sourcemtarstellar
dust emission since the FWHM of Y1 in the fourth band (22) of WISE is as large as 20We
also estimate the dynamical age by assuming a jet veloci®pdim s* (the velocity of B1a) and
an inclination angle of- 60°, resulting in an age of 2:210* yr at an assumed distance of 2.1 kpc
(Molinari et al. 2008). We note, however, that the inclinatiangle is rather arbitrary, so we can-
not estimate the error arising from the assumption. The ocohclusion from the estimation of the
dynamical age is that the driving source is quite young, isterst with the result from SED fitting.

The second bipolar jet (J2) is inferred from the bow shockatrtorthwest terminal and some
faint Hy emission knots in the pathway. At the southeast terminalpthrphology is irregular, prob-
ably due to the contamination of point sources, but we sbifiae a slight elongation in the jet direc-

1 The online fitting tools can be accessedhtp://caravan.astro.wisc.edu/protostars/.
2 The WISE catalog can be found titp: //irsa.ipac.caltech.edu/Missions/wise.html.
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tion. In the middle of J2, there are two point sources, latateY2: 05"3749.83%, +31°5948.2"
and Y3:05"37™50.02%, +31°5952.4’, respectively. The positional alignment with respect te th
jet cannot suggest which one is the driving source. We thempete the SED fittings to these two
objects. The best fits suggest that both Y2 and Y3 are mass@sYof~8M, but Y2 is much
younger (& 1.6x10* yr) than Y3 (~ 3.8x10° yr).

Figure 3 (right panel) shows the best fit for Y2. Since the peburce detected by WISE is
positionally associated with both Y2 and Y3, we assign theefiun four bands to Y2, while keeping
in mind that they could be the combined contribution of battrses. This result would suggest Y2 is
more likely the driving source of J2. We have not found anyhhiglocity CO component associated
with J2, probably because it is near the edge of the SMA fieldef.

The third bipolar jet (J3) has a bow shock structure in thetsmast and some faint tails in the
northwest (Chen et al. 2003). The red and blue shifted COsomis (R2, B2) are also detected
along it (Fig. 2(a)). B2 is spatially coincident with the towest H, knot and R2 is a little closer in
terms of projection than the southeastern bow shock. Thel@@rel maps suggest R2 and B2 have
velocities~ + 15 km s™!. Between the two ends, no point source is detected in thargdr Fontani
et al. (2008, 2009) observed this region with the SMA andeRlatde Bure Interferometer. In their
1 mm and 3 mm continuum images, there is a faint peak nortleé&st, which is also associated
with the southern part of the northernN™ condensation. As can be seen in Figure 2(b), the faint
peak is in the middle of J3. This mm source is probably theingigource of J3. Assuming a shock
velocity of 15 km s* (the velocity of R2 and B2) and an inclination angle~o60°, the dynamical
age of this jet is estimated to bel.8x 10 yr.

Apart from the three bipolar jets, another jet-like knot)(i#located between J2 and J3, elon-
gated in the direction similar to that of J2. Faint Emission features have been detected in ch2 as
well as in the NIR (Chen et al. 2003). However, we have not fbamy point source along the path.
At present, it is not possible to conclude where this jet hagmated. A possible interpretation is
that it is a parsec-scale jet from the northwest region. lditaah, there are a number of faintoH
emission features. They are distributed so disorderedtywtle cannot currently tell from where they
originate. Notably, there is likely another bipolar CO omflwith velocity~ +15 km s (denoted
as R3, B3) in the region, and R3 is contaminated by R1 and B8d#ipnally connected to B2.

In the northwest region, two jet-like structures are foudde is stronger, roughly in the east-
west direction. Some knots have also been detected by Chaln @003). The other fainter jet
feature, oriented in the southeast-northwest direct®npt detected by Chen et al. (2003). These
two jets have a number of components that are too faint tamé@te their exact direction, so we
only place two dotted lines along these components fortitition. Nevertheless, they are likely
to have originated from the region where they intersect,wiere a number of point sources with
red SEDs are detected. These red point sources are reasaaallidates for the driving sources
of the two jets. High-resolution observations of molecwatflows from this region may help us
to understand the star forming activity there. In conclostbe existence of jets/outflows in these
subregions signals ongoing star formation in thesNidre and northwest region.

3.2 Distribution of the Young Population

In the entire field, a total of 480 point sources are detected least four bands (including 2MASS
JHK, bands). Using the combined photometric data, we constinecSEDs of the sources, which
can help us to select local members from field stars. To dg tésclassify the SEDs into six
categories: (1) SEDs increasing monotonically towardgéomvavelengths; (2) those having double
peaks; (3) those with a single peak#ét or longer wavelengths; (4) those with a single peak/at
(5) those decreasing monotonically towards longer wayghes) (6) irregular SEDs. Figure 4 shows
some example SEDs of the above categories except for Type 6.
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Fig.4 Typical SEDs of the five categories. The numbers corresporalt internal photometric
identifications. The sources, Nos. 362, 509, 513, 563 anfl, 3w typical SED types 1-5, respec-
tively. We note, however, that not all sources are detectedl bands like the examples shown here.

According to the theory of star formation, the categoriesiaepresent an evolutionary se-
guence from 1 to 5. Even considering the extinction dropmftbe J-band through ch4, Type 1
SEDs (66/480) should peak at chl or longer wavelengths egotiight be Class | YSOs or still ear-
lier; Type 2 SED sources (35/480) could be Class | or Il olsjedgth the presence of disks. Type 3
SEDs (108/480) are probably T Tauri objects with weak diskssions; Type 4 SEDs (135/480) are
more evolved, but could still be YSOs with infrared color esses; Type 5 SEDs (35/480) may be
local YSOs or field stars. For the last category, the meadiures are generally small with large
error bars. They might be YSOs or may be some line-emittirmksuch as K PAH features, field
stars or even false-detections. We cannot infer their pti@seso we ignore this kind of detection in
the following analysis.

Figure 5 shows the color-color diagram of the point soureeated in all four channels. It is
not surprising to see that Type 1 sources are located in tms©OV1 block or in the upper-right corner
of the Class Il block. Type 2 sources are in the Class Il blobkenType 3 sources are in the Class Il
and Ill blocks. Type 4 and 5 sources are mostly in the Cladsldiék. Such a coincidence indicates
that the scheme of evolutionary sequence we proposed ab®ariewhat equivalent to the Class
I-11l sequence. We note here that it is difficult to state tivenes of one scheme over the other. Our
proposed scheme contains information between 1 anaii @vhile the color-color plot gives a more
accurate color index in a smaller wavelength range.

To illustrate the distribution of the YSOs in the region, wake a pseudo-color image as fol-
lows: we use red points to denote the location where Type 1 SEDs are located; the same
procedures are done for other types while Type 2 and 3 YSOsarked by yellow points, Type 4
by green points, and Type 5 by blue points. Such an imageiiscbievolved with a 45x 45" kernel.
The resultantimage is presented in Figure 6.

As expected, the red areas, representing the youngesigtigpLthat has so far been detected, are
located in the NH core, stretching southward along the edge of the shellslikecture surrounding
the NIR cluster. Another red peak is located in the northwesgion where two H jets are found.
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Fig.6 Pseudo-color image representing the distribution of YSOthe field. Red represents the
Type 1 SED objects; yellow Types 2 and 3; green for Type 4 aud fur Type 5 (see text). The solid
contours are a SCUBA 850m continuum image (Di Francesco et al. 2008; Klein et al. 2005

In Figure 6 we overlay the 850m contours (Di Francesco et al. 2088 the image of the YSO
distribution. Interestingly, the red peaks coincide witle 850um continuum peaks (Klein et al.

3 The 850um image can be downloaded hitp: /mww1.cadc-ceda. hia-iha.nre-cnre.ge.ca/community/scubal egacy/.
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2005) very well. This shows that the mm continuum emissioasisociated with the very young
population there. This result confirms our previous coriolushat a cluster with two subgroups
is just forming. Taking the NIR cluster into consideratitime whole region shows a star forming
sequence where the NIR cluster forms first, and the exparstiatj surrounding the NIR cluster
may trigger another round of star formation in the N&thd northwest areas.

Using the JCMT archive data, which were obtained by Di Fraooest al. (2008), and assum-
ing optically thin dust emission, a dust temperature of 2Q#&s-to-dust ratio of 100, grain size of
0.1um, grain mass density of 3 g cm and a grain emissivity index of 2 (correspondingste: 0.3
for comparison with Ossenkopf & Henning 1994), we adopt theagions outlined in Hildebrand
(1983) and Beuther et al. (2005) to estimate the gas maskedinal values are- 1100 M, and
~ 150 M, in the NH; core and northwest region, respectively. Meanwhile, theses of the stellar
contents are estimated by SED fittings to-b240 M, and~ 50 M, respectively. The overall star
formation efficiencies are then 18% and~ 25% in these two subregions.

4 CONCLUSIONS

We have carried out a deep observation of the star formingpmedFGL 5157 using the
Spitzer/IRAC. PAH emissions are found to be extended thnougthe field. No destruction of PAH
emissions suggests that there are no very high mass staesiiegion. The images in the four chan-
nels reveal a large number of point sources that are nottéetatthe NIR. By analyzing the SEDs
of the point sources in the NIR and four IRAC channels, we hdestified a deeply embedded clus-
ter, which is split into two subgroups. These two subgrowpgain a number of point sources with
SEDs increasing toward longer wavelengths. They congedgatard the 85Qm continuum peaks
(Di Francesco et al. 2008; Klein et al. 2005). The spatiaicioience between the SED | sources and
the sub-mm peaks suggests that a new cluster is just formerg.tThe star formation efficiencies
in the two subregions are estimated to-b&8% and~ 25%, respectively.

In the two subregions, we detected a large number of objeitihisamhanced emission in ch2.
Some of them have counterparts in the NIRférrow band image (Chen et al. 2003), but others do
not. We have identified several bipolar jets in the N#dre region; two of them are associated with
CO bipolar outflows. The SED fittings and jet kinematics bathgest that their driving sources are
very young. One of the driving sources is not detected evémifRAC images, but shows faint mm
continuum emissions (Fontani et al. 2009). It has probaldy $tarted the formation process. Two
jets that presumably originated from the northwest regiendeetected. The widespread Knots
also support our conclusion that a cluster formed recently.
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