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ABSTRACT

Using optical (H�, [S ii], and i0), near-IR (H2, J, H, and KS), mid-IR (Spitzer Space Telescope IRAC 4.5 �m), and
submillimeter (850 and 450 �m) data, we have examined the region surrounding the IC 348 cluster and the neigh-
boring ‘‘Flying Ghost Nebula’’ (FGN) and found amultitude of shocks from protostellar outflows including HH 211,
which had previously not been detected in visible wavelength images. We have identified 13 protostars in the region
that drive protostellar outflows. The region surrounding the FGN is rich in ongoing star formation, with a number of
outflows similar to those found in other sites of moderate star formation in Perseus (e.g., L1448, L1455, and Barnard 1).
We have also found a candidate bent jet in this region. The axis defined by the bending angle suggests that this source
may have been ejected from a multiple star system near the IC 348 IR source.

Key words: ISM: clouds — ISM: Herbig-Haro objects — ISM: jets and outflows — stars: formation —
stars: pre–main-sequence

1. INTRODUCTION

Star formation is usually accompanied by bipolar outflows,
which can be traced by optical emission lines as Herbig-Haro
(HH) objects (for a review see Reipurth&Bally 2001). New large-
format, wide-field CCDs are enabling the study of how outflows
shapemolecular clouds and influence the process of star formation.
Shocks from outflows heat, dissociate, and ionize the gas. They
also inject kinetic energy and momentum into the cloud, which
may drive turbulence and affect the rate of gravitational collapse
of cores within these clouds (e.g., Leorat et al. 1990). Chains of
HH objects and/or H2 shocks often trace internal working sur-
faces in parsec-scale outflows (Reipurth & Bally 2001). Their
locations and orientations, together with their morphology, indi-
cate the presence of embedded protostars. Outflows may play
a fundamental role in the evolution of star-forming molecular
clouds, turbulence generation, and cloud destruction.

The IC 348 cluster, located at the eastern end of the Perseus
molecular cloud, is the most populous cluster of young stars in
this star-forming region. The distance to the cluster is somewhat
uncertain but is roughly 300–350 pc (Herbig & Jones 1983;
Herbig 1998). For the calculations in this paper we assume a
distance of 320 pc.

The stellar population in IC 348 has been well studied (e.g.,
Strom et al. 1974; Herbig 1998; Preibisch & Zinnecker 2001;
Muench et al. 2003; Luhman et al. 2003, 2005a, 2005b; Cohen
et al. 2004; Preibisch & Zinnecker 2004). The census of the
IC 348 cluster by Luhman et al. (2003) contained 288 members,

23 of which are spectral type M6 or later and are likely brown
dwarfs. In addition, the IC 348 cluster contains a handful of
early type B and A stars, with the most massive being themV ¼
8:68 mag B5 V star BD +31 643. The giant o Per (B1 III, mV ¼
3:855), located north of IC 348, is a member of the somewhat
older Perseus OB2 association centered to the east of IC 348.
Lada et al. (2006) used Spitzer Space Telescope photometry to
identify stars in IC 348 with a disk excess and found a disk frac-
tion of 50% � 6%. Some of those disks, however, were optically
thin, anemic disks. The disk fraction of optically thick, primordial
disks was 30% � 4%. The near-IR photometry of Muench et al.
(2003) is consistent with earlier conclusions that star formation
in IC 348 has been taking place between roughly 0.5 and 3.5 Myr
ago (Palla & Stahler 2000). This is in slight contrast to Herbig
(1998), who found an additional population of stars with ages
up to 12 Myr. Muench et al. (2003) suggest, however, that the
older generation of stars in the Per OB2 association may have
contaminated theHerbig (1998) results, causing an excess of older
stars. The IC 348 cluster is located close to the molecular cloud
surface, as evidenced both by reflection nebulosity associated
with the brighter members and by the extinction maps of Muench
et al. (2003).

The dense cloud core located 100 southwest of IC 348 is one
of the brightest cores of 13CO emission in the entire Perseus
molecular cloud complex (e.g., Walawender et al. 2005b). This
cloud core is associated with an optical and near-IR reflection
nebula that Boulard et al. (1995) have named the ‘‘Flying Ghost
Nebula’’ (FGN). Strom et al. (1974) found a near-IR source (IC
348 IR) with colors consistent with a deeply embedded B star
that is probably illuminating the nebula. Based on the com-
parison between models and the appearance of a disk shadow in
the reflection nebula, Boulard et al. (1995) concluded that the
appearance of the FGN and photometry of its central star could
be produced by a B7.5 star behind 28–36 mag of visual ex-
tinction with a disk of radius 2400 AU (scaled to the 320 pc
distancewe are using) andmass of 0.03M�. Luhman et al. (1998),
however, used near-IR spectroscopy to determine that this is an
M-type star and not B-type. Also, Avila et al. (2001) used the Very
Large Array at 3.5 cm and 7 mm to study this same source and
concluded that the disk must be much smaller (rdisk P 10 AU),
with a mass of 0.05 M�.
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The region also appears as a dense core in an extinction map
of Perseus, determined using stellar reddening data from the Two
Micron All Sky Survey (2MASS; Kirk et al. 2006). Kirk et al.
(2006) found that the Perseus molecular cloud is made up of
distinct regions of high extinction (‘‘cores’’) and is also associated
with larger regions (‘‘supercores’’). The FGN corresponds to Kirk
et al. (2006) core 5, with a total peak visual extinction of�10mag
and a mass of�200M� based on Gaussian modeling. The larger
region in which the FGN is embedded (Kirk et al. [2006] super-
core 2) spans a region of �300 and contains �2000 M� of ma-
terial. Approximately 10 south of IC 348 IR, McCaughrean et al.
(1994) discovered a highly collimated outflow (HH 211) by means
of its shock-excited molecular hydrogen emission. Eislöffel et al.
(2003), using 1.2 mm continuum emission, discovered HH 211-
mm, the driving source for the HH 211 outflow. HH 211-mm is
not visible in near-IR wavelengths; thus, it is likely a Class 0
protostar. McCaughrean et al. (1994) also found a chain of H2

knots north of HH 211. Eislöffel et al. (2003) found the south-
ern extension of this north-south flow and identified a candidate
driving source (IC 348MMS) that is bright in the submillimeter
but not visible in the near-IR, indicating that it is also a likely
Class 0 source.

In a previous paper (Walawender et al. 2005b) we cataloged
the HH objects in the IC 348 and FGN region and discussed the
global population of shocks in the entire Perseus molecular cloud.
In this paper we examine the population of outflows in and around
the FGN using the shocks identified inWalawender et al. (2005b)
and those identified by shock-excited H2 2.12 �m emission. We
also use submillimeter, Spitzer Infrared Array Camera (IRAC;
Fazio et al. 2004), and near-IR images to identify candidate driving
sources for those outflows. We discuss the outflow and source
properties in x 3.

2. DATA ACQUISITION AND REDUCTION

Visible wavelength images of the entire Perseus cloud were ob-
tained as part of anNOAO survey program using theMosaic CCD
camera on the 4 m Mayall telescope at Kitt Peak and were de-
scribed inWalawender et al. (2005b). Single exposures, each with
a duration of 400 s, were obtained through the H� and [S ii] filters,
and exposures with a duration of 60 s were obtained through the
broadband Sloan Digital Sky Survey i 0 filter (see Fig. 1).

The Perseus cloud was imaged on a regular grid of pointings
chosen to follow the contours of CO emission from the cloud.
As a result, the HH 211 region southwest of IC 348 fell into
the northeast corner of one of the pointings, IC 348 itself fell
onto another, and the region immediately to the south fell onto a
third. The images presented here were obtained by combining
portions of these three different fields. The data were reduced
with the MSCRED package in IRAF. Because these are single
exposures in each filter, the gaps between individual CCD chips
are still visible in the images (a loss of about 3% of the area
coverage).

Near-IR images, comprised of four 4.6 arcmin2 field of view
pointings to the east and north of the FGN, were obtained on the
nights of 2005December 22 and 2006 January 13 using the NIC-
FPS camera at the Apache Point Observatory 3.5 m telescope,
which is owned and operated by the Astrophysical Research
Consortium. Fields were imaged in narrowband (0.007 �m pass-
band) H2 2.12 �m and broadband (0.32 �m passband) KS filters.
Narrowband exposures were a total of 20 minutes (4 minute
individual exposures), and broadband exposures were a total of
100 s (20 s individual exposures). The field containing SMM 17
and HH 799 was repeated to bring the total exposure time to
60 minutes in H2 and 5 minutes in KS. However, on both nights

sensitivity was impacted by thin cirrus clouds; thus, the final
sensitivity is less than the exposure time would indicate.
A more complete set of near-IR observations of just the field

containing the FGN and SMM 17 was obtained on January 28
using NIC-FPS on the ARC 3.5 m telescope. A complete set of
J,H, andKS broadband observations were obtained in addition to
1 hr of integration in the H2 2.12 �m filter and the corresponding
narrowband continuum filter just redward of H2.
Additional near-IR images of HH 211 and the FGN were ob-

tained on 2002November 25with theUniversity of Hawaii 88 inch
(2.2 m) telescope onMaunaKea, Hawaii. The instrument used was
QUIRC (Hodapp et al. 1996) at a pixel scale of 0B189 pixel�1 and
using narrowband H2 2.12 �m and [Fe ii] 1.64 �m filters. We
obtained 18 180 s exposures in H2 and nine 180 s exposures in
[Fe ii]. The conditions during the observing period resulted in a
stellar FWHM of �100.
The submillimeter data from SCUBA were taken from the

JCMT7 archives, run by the CADC.8 The 850 and 450 �m data
were first flat-fielded and extinction-corrected using the standard
SCUBA software (Holland et al. 1999).We then applied thematrix
inversion technique (Johnstone et al. 2000a) to convert the two
data sets into imageswith pixel sizes of 300. The 850�mmap has an
intrinsic beam size of 1400. It was convolved with a � ¼ 1:5 pixel
(4B5) Gaussian to aid in the reduction of pixel noise, producing an
effective 17B6 beam. Similarly, the 450 �mmap has an intrinsic
beam size of 8B5 and was convolved with a � ¼ 1 pixel (300)
Gaussian, yielding an effective beam size of 10B6.
Structure in the submillimeter map on scales several times

larger than the chop throw (>12000) may be an artifact of the image
reconstruction (this is independent of reconstruction technique;
Johnstone et al. 2000a), and so we also removed these from the

Fig. 1.—H� + [S ii] image of the IC 348 and FGN regions. HH objects are
marked with circles and labeled. The region covered by Fig. 2 is boxed and
labeled.

7 The James Clerk Maxwell Telescope is operated by the Joint Astronomy
Center inHilo, Hawaii on behalf of the parent organizations of the Particle Physics
and Astronomy Research Council in the United Kingdom, the National Research
Council of Canada, and The Netherlands Organization for Scientific Research.

8 Canadian Astronomy Data Center, which is operated by the Dominion As-
trophysical Observatory for the National Research Council of Canada’s Herzberg
Institute of Astrophysics.

WALAWENDER ET AL.468 Vol. 132



map. This was done through the subtraction of a map convolved
with a � of 9000. To minimize negative ‘‘bowling’’ around bright
sources, all points with values outside of�5 times the mean noise
per pixel were set to those values before convolution. The noise in
the 850 �mmap is�7 mJy beam�1, and it is�69 mJy beam�1 in
the 450 �m map.

3. RESULTS

3.1. Submillimeter Clumps

The SCUBA map shows that the optically visible cluster in IC
348 ismostly devoid of dust, while the FGN region to the southwest
contains two bright filaments (Fig. 2). One filament is oriented
predominantly east-west and contains SMM 29 as its brightest
condensation. The other filament runs northeast-southwest and
contains SMM 1 (SMM J034395+32008 or IC 348 IR) as its
brightest condensation. Approximately 100 east of the FGN lie
several fainter filaments, with the SMM 7 (SMM J034473+32015)
clump being the only bright clump in that region.

We identify 17 submillimeter clumps in the 850 �mmap using
the two-dimensional version of Clumpfind (Williams et al. 1994).
Hatchell et al. (2005) also studied the clumps in IC 348 using the
same SCUBA data, and their clump properties are similar to ours.
The locations and names of the clumps along with the Hatchell
et al. (2005) designations are provided in Table 1. The observed
and physical properties of these clumps are presented in Table 2.
In addition, Kirk et al. (2006) used these data in an analysis of the
entire Perseus cloud.

A useful parameter for classifying the clumps is the degree to
which they are centrally condensed. This parameter can be found
using the values obtained by Clumpfind. Following Johnstone
et al. (2000b), the total flux F (in janskys), the peak flux density S
(in Jy arcsec�2), and the effective radius Reff (in arcseconds)
combine to measure the concentration of a clump: C ¼ 1�
F/ �R2

eAS
� �

. This parameter can be physically interpreted in the
context of the Bonnor-Ebert sphere model (Bonnor 1956; Ebert
1955; Hartmann 1998), in which thermal support within the
clump balances self-gravity and external bounding pressure. Stable
Bonnor-Ebert spheres can only exist for concentrations below
0.72 (Johnstone et al. 2000b); objects possessing higher concen-
trations require additional support (e.g., from turbulence or mag-
netic fields), or else they will collapse. At the other end of the
concentration spectrum, a uniform-density sphere has a concen-
tration of 0.33. Clumps with concentrations below this value are
likely poorly defined or not in equilibrium. Since the concentra-
tion gives a measure of the importance of self-gravity within an
object, one would expect that objects with a higher concentration,
especially near or above 0.72, would generally be more evolved
than their lower concentration counterparts (Johnstone et al. 2000b).

We can estimate the internal dust temperature clump by mod-
eling each clump as a Bonnor-Ebert sphere. Following the pro-
cedure outlined by Johnstone et al. (2006), we assume that each
clump is in equilibrium, supported against gravitational col-
lapse by an equal amount of thermal and nonthermal turbulent
pressure. Conversion between the observed total flux and mass
requires knowledge of both the dust opacity at 850 �m, which
we take to be � ¼ 0:02 cm2 g�1, and the distance to IC 348,
whichwe take to be d ¼ 320 pc. The resulting temperatures range
from 15 to 21 K. An alternate estimate for the clump temperatures
can be derived from the ratio of flux found at 850 and 450 �m.
To prevent misleading results from the differing beam sizes at these
two wavelengths, we first convolve the image at each wavelength
with the estimatedbeamof the otherwavelength (seeReid&Wilson
[2005] for the procedure and Johnstone et al. [2006] for the beam

Fig. 2.—Gray-scale image of the 850 �m SCUBA map of the FGN region. Squares and triangles represent HH objects and H2 shocks, respectively. Asterisks
represent IRAS sources. Submillimeter clumps are marked by numbered circles according to their SMM designation. Dashed lines represent likely outflow orientations,
including the north-south flow of McCaughrean et al. (1994). The boxed region shows the coverage of Fig. 3.

9 SMM 2 is formally designated SMM J034395+32031 and is also known
as IC 348 MMS in the nomenclature of Eislöffel et al. (2003). For clarity we
refer to the submillimeter clumps in the text as SMM 1 through SMM 17 (see
Table 1). More formal designations are based on the J2000.0 coordinates: SMM
Jhhmm.mmdddmm.m (e.g., SMM J033336+31075). We note this designation at
the first mention in the text of any particular clump. In addition, Table 1 contains
both designations.
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parameters). Assuming that the dust opacity follows a power
lawwith index � ¼ 2, we estimate temperatures ranging from 8 to
23 K. Significant uncertainty remains for each of these tempera-
ture measures, and thus, we adopt a ‘‘typical’’ dust temperature of
15 K in order to measure the mass associated with each clump.
Thus, the conversion from 850 �m total flux in janskys to clump
mass in solar masses is 0.8. Table 2 lists the mass of each clump.

3.2. Protostars and Outflows in the IC 348 Region

Our visible wavelength images (Fig. 1) have revealed 10 HH
objects in the IC 348 region (Walawender et al. 2005b). Most are
clustered around the FGN to the southwest of the IC 348 cluster.

Infrared counterparts to some of these shocks can be seen in the
K-band images presented by Muench et al. (2003) and the H2

images presented by Eislöffel et al. (2003). Using the morphol-
ogy of the shocks in the visible wavelength images and their
proximity to clumps in the submillimeter map or sources in the
IRAS point source catalog, we have linked several shocks into
coherent flows and tentatively identified their driving protostar.
Our near-IR images reveal 18 new10 H2 shocks in the region

(Table 3). New H2 shocks are found primarily in the region east

TABLE 1

Positions of SCUBA Clumps in the IC 348 Region

Name (SMM) Designation (SMM J) � (J2000.0) � (J2000.0) Hatchell Name

1..................................... 034395+32008 03 43 56.8 32 00 50 12

2..................................... 034395+32031 03 43 57.2 32 03 05 13

3..................................... 034385+32034 03 43 51.1 32 03 23 81

4..................................... 034373+32028 03 43 44.0 32 02 50 26

5..................................... 034402+32019 03 44 01.2 32 01 56 16

6..................................... 034405+32024 03 44 02.9 32 02 26 18

7..................................... 034473+32015 03 44 43.9 32 01 32 14

8..................................... 034397+32040 03 43 57.9 32 04 02 17

9..................................... 034410+32022 03 44 06.2 32 02 11 22

10................................... 034364+32031 03 43 38.3 32 03 04 23

11................................... 034461+31588 03 44 36.9 31 58 47 19

12................................... 034481+32005 03 44 48.9 32 00 29 25

13................................... 034439+32100 03 44 23.2 32 10 02 . . .

14................................... 034435+31594 03 44 21.3 31 59 23 . . .
15................................... 034424+31579 03 44 14.5 31 57 53 . . .

16................................... 034441+32103 03 44 24.6 32 10 17 . . .

17................................... 034422+32016 03 44 13.0 32 01 35 . . .

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes,
and arcseconds.

TABLE 2

Properties of SCUBA Clumps in the IC 348 Region

850 �m 450 �m

Name (SMM)

Peak Fluxa

(Jy)

Total Flux

(Jy beam�1)

Peak Fluxb

(Jy)

Total Flux

(Jy beam�1)

Radius

(arcsec)

Mass
c

(M�) Conc.
d

Protostar?

1........................................ 1.41 6.88 4.0 37.5 45 4.61 0.81 Y

2........................................ 1.09 4.57 2.6 19.9 39 3.59 0.78 Y

3........................................ 0.39 3.35 1.1 19.6 43 3.23 0.65 Y

4........................................ 0.18 3.18 0.6 25.2 47 1.40 0.38

5........................................ 0.32 2.13 0.9 11.4 33 1.85 0.52 ?

6........................................ 0.26 2.04 0.6 10.6 32 1.04 0.40

7........................................ 0.51 1.63 3.1 18.3 28 1.99 0.69 Y

8........................................ 0.24 1.59 0.5 5.3 31 1.43 0.48

9........................................ 0.22 1.58 0.6 7.3 31 1.14 0.43

10...................................... 0.19 1.15 0.6 11.0 31 1.37 0.50

11...................................... 0.21 1.05 0.8 13.4 29 1.46 0.55

12...................................... 0.17 0.88 0.5 6.2 27 0.91 0.44

13...................................... 0.11 0.81 0.6 10.4 28 0.49 0.29

14...................................... 0.11 0.67 0.4 3.3 26 0.44 0.32 Y

15...................................... 0.11 0.45 0.2 0.6 22 0.34 0.34

16...................................... 0.10 0.30 0.6 4.4 17 0.25 0.20

17...................................... 0.11 0.05 0.2 0.2 7 0.07 0.25 Y

a Peak flux within a beam of 17B6.
b Peak flux within a beam of 10B6.
c Mass derived from the total flux at 850 �m assuming Td ¼ 15 K and �850 ¼ 0:02 cm2 g�1.
d Concentration measure (see text).

10 We have only assigned MH numbers to H 2 shocks that were not cataloged
by Eislöffel et al. (2003), are clearly not part of a shock complex cataloged by
Eislöffel et al. (2003), and do not have HH catalog counterparts.
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of the FGN; however, four of the new knots are embedded in the
FGN. We have also inspected the IRAC 4.5 �m images obtained
by the Cores to Disks Legacy Program on Spitzer. Several of the
near-IR shocks (MH 5, MH 7, MH 10, MH 11, HH 211, and
Eislöffel et al. [2003] regions 1, 3, and 4) show counterparts in
the Spitzer 4.5 �m images (see Table 3).

SMM 3: SMM 3 (SMM J034385+32034) lies near HH 795
(Fig. 3), a faint wisp of [S ii] emission oriented roughly east-west
and about 1000 long. SeveralH2 shocks seen byEislöffel et al. (2003)
(and designated region 2 in their discussion) also lie nearby. The
H2 shocks appear to trace two flow axes. The first contains two
knots labeled by Eislöffel et al. (2003); however, our H2 images
reveal only one knot. The broadbandK images, however, reveal
a faint reflection nebula coincident with SMM 3 that also shows
up brightly in the Spitzer images (Fig. 4). In the Spitzer images

the reflection nebula is elongated roughly along P:A: � 155
�
.

The H2 knot lies at the base of the reflection nebula.
The other flow axis lies about 1000 south of SMM 3 and is

oriented roughly east-west, terminating in HH 795 in the west.
The flow appears to have an S-shaped bend in the H2 images
(Fig. 4) and originates at a star visible in the near-IR and Spitzer
images. Thus, the region immediately surrounding SMM3 appears
to contain two protostars, one coincident with the submillimeter
peak that also illuminates a near-IR reflection nebula and another
less extincted source, just south of the SMM 3 peak.

SMM 1/HH 211-mm: This clump drives the well-known HH
211 outflowfirst detected byMcCaughrean et al. (1994) bymeans
of its shock-excited H2 emission. Our visible wavelength images
(Figs. 3 and 5 and in Walawender et al. 2005b) represent the first
visible wavelength detection of this outflow. The eastern and
western ends of the flow are brighter in [S ii] than in H� and
closely resemble the H2 and [Fe ii] images (Fig. 5).

SMM 2/IC 348 MMS: This bright clump drives the large
(100 long) north-south outflow (Fig. 6) of McCaughrean et al.
(1994) and Eislöffel et al. (2003). The flow axis passes through the
bright SMM 2 source, indicating that it is the likely source. Sub-
millimeterArray observations ofCOemission byM.A.Reid et al.
(2005, private communication) show redshifted and blueshifted
emission on opposite sides of SMM 2, indicating that it is the
source of the outflow.

We detect two new H2 shocks (MH 1 and 2) where the axis of
the flow passes near the FGN. Our near-IR images reveal no new
H2 shocks in a field approximately 4.5 arcmin2 located just north
of the northernmost shock cataloged by Eislöffel et al. (2003).
We detect two HH objects (HH 797A and HH 797B; Fig. 3) that
coincide with H2 shocks that define the flow axis of the north-
south outflow. HH 797A consists of a pair of faint [S ii] knots,
separated by 600, and is located about 50 north of HH 211W. HH
797B consists of a faint [S ii] and H� knot, possibly a bow shock
facing toward position angle P:A: � 330�, consistent with the
P.A. of the north-south H2 flow.

In addition, we detect HH 840 approximately 6A7 to the south.
HH 840 is a faint [S ii] bow that faces southeast. A faint knot of
[S ii] emission is located 1500 downstream. HH 840 is also coin-
cident with several H2 knots seen by Eislöffel et al. (2003) and

TABLE 3

New H
2
Knots with No Optical Counterparts

Number � (J2000.0) � (J2000.0) 4.6 �m Counterpart? Associated Source Comments

MH 1....... 03 43 58.6 32 02 02 SMM 2

MH 2....... 03 43 58.6 32 01 50 SMM 2

MH 3....... 03 43 59.4 32 01 36 IC 348 IR

MH 4....... 03 43 59.5 32 01 44 IC 348 IR Compact knot embedded in the FGN

MH 5....... 03 44 00.9 32 01 02 Y J034405.7+320028 Bright knot with filament stretching to the southeast

MH 6....... 03 44 06.9 32 01 52 J034406.9+320155

MH 7....... 03 44 08.7 31 59 18 Y SMM 17

MH 8....... 03 44 09.0 32 02 46 LRL 276 Faint knot northwest of source

MH 9....... 03 44 09.7 32 02 28 LRL 276 H2 filament to south of source

MH 10..... 03 44 09.8 32 00 06 Y SMM 17

MH 11..... 03 44 12.4 32 00 05 Y SMM 17

MH 12..... 03 44 14.0 32 02 04 SMM 17 Small knot with filament stretching back to SMM 17

MH 13..... 03 44 18.5 32 04 14 SMM 17 Bright H2 knot with faint filament stretching nearly 10 to the southwest

MH 14..... 03 44 21.5 31 59 41 SMM 14

MH 15..... 03 44 42.9 32 01 35 SMM 7 Intermediate knot between HH 841 and source

MH 16..... 03 44 43.1 32 01 56 SMM 7 Knot in jet north of source

MH 17..... 03 44 43.2 32 02 09 SMM 7 Knot in jet north of source

MH 18..... 03 44 43.4 32 02 31 SMM 7 Knot in jet north of source

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

Fig. 3.—H� + [S ii] image of the FGN region. HH objects are marked with
squares and labeled. Submillimeter clumps are marked with circles and labeled.
Likely outflow orientations, including the north-south flow of McCaughrean
et al. (1994), are marked with dashed lines.
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designated region 5. Eislöffel et al. (2003) also find a group of H2

knots (designated region 4) between the SMM2clumpandHH840;
we detect no visible wavelength counterpart to these H2 shocks.

IC 348 IR/The FGN: The southeastern rim of the FGN is
sharp in our visible wavelength images but fades gradually toward
the northwest (Fig. 3). A shadow bisects the nebula. The shadow
appears to be due to a nearly edge-on disk (Boulard et al. 1995),
which is embedded in the eastern rim of the nebula and is seen

in silhouette against reflected light. The disk axis is oriented
toward P:A: � 20�. IC 348 IR is visible as a faint star, centered
in the disk shadow in the i 0 image. This star is brighter in H�
than in [S ii]. There are no SMM clumps coincident with IC 348
IR, indicating that there is less than�0.05M� of dust in the disk.
Lada et al. (2006) classify this star as an M0.5 behind 19 mag of
extinction. The spectral energy distribution (SED) of this source
shown in Lada et al. (2006, Fig. 10) shows a substantial disk excess.

Fig. 5.—H� (top left), [S ii] (top right), H2 (bottom left), and [Fe ii] (bottom right) images of HH 211.

Fig. 4.—H2 (top left), IRAC 4.5 �m (top right), KS (bottom left), and H� + [S ii] (bottom right) images of the SMM 3 region.
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A knot of H� and [S ii] emission (HH 798; Fig. 3) is located
1400 north of the star, and a line drawn between the star and the
knot is oriented about 10� west of the disk axis. This feature is
brighter than the brightest parts of HH 211 in H� and comparable
to HH 211 in [S ii]. The knot is elongated north-south by several
arcseconds and is brightest at its northern tip. HH 798 was also
detected by Eislöffel et al. (2003) in the near-IR and shows up
brightly in our H2 images.

We see two H2 shocks (MH 3 and 4) south of IC 348 IR that
are candidate counterflow shocks. The MH 4 shock is roughly
equally spaced from the opposite side of the FGN asHH 798 is to
the north. It is possible that either MH 3 orMH 4 is an element of
the SMM 2 flow, as that flow axis passes near this region; how-

ever, they lie somewhat north of the SMM 2 flow axis when it is
extrapolated through this region, so the association of these shocks
with the IC 348 IR source seems more likely.

SMM5: SMM5 (SMM J034402+32019) is the brightest clump
in a filament also containing SMM 6 (SMM J034405+32024).
SMM 5 is about 2000 east of the IC 348 IR source, which Strom
et al. (1974) conclude is illuminating the FGN. About 1000–1500

northeast of SMM5 is a complex of H2 knots designated region 3
by Eislöffel et al. (2003). Region 3 contains five knots detected
by Eislöffel et al. (2003); however, in our images it appears that
two of those knots are primarily continuum flux, appearing as
embedded stars in the Spitzer IRAC 4.5 �m image, and only three
comprise strong H2 emission (Fig. 6). We suggest that these

Fig. 6.—H2 (left) and IRAC channel 2 (4.5 �m) (right) images of the McCaughrean et al. (1994) north-south flow. The MH 1–4 shocks are circled, and the Eislöffel
et al. (2003) regions 3 and 4 are marked. The bright source slightly left and below center in the IRAC image is IC 348 IR.
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shocks are driven by SMM 5. However, the association is not as
solid as the others described here; other sources may potentially
be associated with these shocks, including SMM 6, IC 348 IR,
and two embedded stars visible in the Spitzer images.

J034405.7+320028: This star is invisible in our broadband J
exposure (an approximate upper limit to the Jmagnitude is about
18.6) but is bright in the KS image. The H and KS magnitudes
were determined to be 17:7 � 0:2 and 13:9 � 0:2, respectively,11

indicating that the star is heavily reddened. The star drives an

outflow containing MH 5 1A16 to the west and MH 10 and 11
(0A94 and 1A45 to the east, respectively). MH 5 is a bright com-
pact knot with H2 filaments stretching 3000 back toward J034405.7+
320028. The counterflow components are visible as two H2 shocks
(MH10 and 11) on the east side of the source.MH 11 is bright with
the morphology of a small bow shock. MH 10 is a faint, elon-
gated shock that may trace the wall of the outflow cavity.
J034406.9+320155: This star (J ¼ 15:8 � 0:2, H ¼ 16:1 �

0:2, and KS ¼ 15:9 � 0:2), cataloged by Preibisch et al. (2003),
shows indications of a KS reflection nebula stretching 800 to the
south. The reflection nebula has a fan-shaped morphology to the
south. Although the northern extent of the reflection nebula is
fainter, the overall morphology appears to be that of a roughly-
edge on disk shadow.

Fig. 7.—H2 image of the region containing SMM 17, LRL 276, and HH 799. The inset shows a continuum-subtracted H2 image that reveals the bent jet emerging
from LRL 276 and the neighboring HH 799 flow.

11 Rough magnitude estimates for J034405.7+320028 and J034406.9+320155
were measured from our J, H, and KS images. The photometric zero point was
determined by the average of three unsaturated 2MASS point source catalog
stars in the same field and is the primary source of error.
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The morphology of HH 799 and its H2 counterpart (Figs. 3
and 7) indicates that J034406.9+320155 is the most likely
source. HH 799 is a bright north-facing bow shock at the tip of a
column of H�-bright gas that can be traced for over an arcminute
to the south. The H� column points back toward this star. In
addition, a remarkable outflow cavity outlined by H2 emission
(Fig. 7) can be traced south from the tip of HH 799 to within 2000

of the star that is centered between the two walls of the cavity.
There is also a faint filament of H2 emission (MH 6) that can be
traced for about 500 south of the star, possibly indicating a counter-
flow. No shocks are seen farther south of the source, indicating
that the southern lobe is likely redshifted and burrowing into the
cloud and thus heavily extincted.

LRL 276: Initially cataloged as a candidate young star by
Luhman et al. (1998), this star lies near HH 799 but does not lie
on the apparent flow axis. Preibisch & Zinnecker (2001, 2002)
detected this star in X-rays and estimated its visual extinction
based on 2MASS colors to be 8.72 mag. Luhman et al. (2003)
determined its spectral type to be M0 and noted emission lines
in its spectrum. Lada et al. (2006) classify it as an M0 star behind
6 mag of extinction. The SED shown in Lada et al. (2006, Fig. 10)
indicates a substantial disk excess. Although it shows no sub-
millimeter emission, a small optical and near-IR reflection nebula
is visible in our broadband (J,H, andKS) images. In addition, faint
H2 shocks (MH 7 and 8) are visible emanating from the object
(Fig. 7), roughly equally spaced about 1000 from the source along a
P.A. of �30

�
.

Continuum-subtracted H2 images reveal that the faint H2 emis-
sion surrounding this source appears to have C-shaped symmetry.

Such symmetries in outflows indicate that the source and the
surrounding medium are in relative motion (Bally & Reipurth
2001; Masciadri & Raga 2001). C-shaped flows seen in Orion
(e.g., Bally et al. 2006) are likely due to large-scale nebular mo-
tions as gas is expelled away from the cluster center due to heating
byUVradiation. Since there is no nearbyH ii region along the axis
defined by this bent jet, we conclude that the bending, in this case,
is due to motion of the source. Similar bent jets have been seen
elsewhere in Perseus, in NGC 1333 (Bally & Reipurth 2001) and
in Barnard 5 (Bally et al. 1996). In the absence of large-scale neb-
ular motions such as those that exist in Orion, the likely scenario is
that the source star has been ejected from a dense cluster and
thus is moving rapidly relative to the ambient cloud.

It is possible that theC-shaped symmetry of this source is not due
to motion. The KS reflection nebula surrounding the star is also
curved along the same axis, and while our continuum-subtracted
images show that the H2 emission clearly has a bent morphology,
this may be due to the structure of the envelope surrounding the
source.

Assuming that the C-shaped symmetry of the flow is due to
motion of the source, we can estimate the orientation of the ve-
locity vector from the morphology of the jet. This indicates that
the source is moving along P:A: � 70

�
. Tracing that vector back

to the southwest, it passes through the FGN and very near to IC
348 IR and other nearby sources.

SMM 17: This source is roughly coincident with IRAS
03410+3152. In addition, the visible wavelength images show a
star at this location (Fig. 3) that is noticeably elongated along
P:A: � 45�. The near-IR images of this region reveal a small

Fig. 8.—H2 (top left), KS (top right), IRAC 4.5 �m (bottom left), and H� + [S ii] (bottom right) images of HH 841 and its associated reflection nebula.
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reflection nebula surrounding the star. Lada et al. (2006) are
unable to classify this star; however, they do conclude that it lies
behind 19.1 mag of extinction. The SED shown in Lada et al.
(2006, Fig. 10) indicates a substantial disk excess.

Several H2 shocks (Fig. 7) lie on either side of this star. To the
northeast lie two shocks. About 2A9 northeast of SMM 17 lies
MH 13, a compact shock with a faint filament stretching about
4000 to the southwest. About 2500 from SMM 17 lies MH 12, a
faint compact knot. To the southwest are three shocks (MH 7,
10, and 11). We find the MH 7 shock to be the likely counter-
flow to the MH 12 and 13 shocks. It lies about 2A5 southwest of
SMM 17. The other two shocks (MH 10 and 11) we associate
with a crossing flow (see discussion of the J034405.7+320028
source above).

SMM 14: This source is roughly coincident with a moder-
ately bright star in the near-IR and Spitzer IRAC images (the
star is invisible in the visible wavelength images). A bright,
compact knot is found�1000 north of the star. Our H2 images do
not extend south of the star, so it was not possible to search for a
counterflow.

SMM7: This clump lies�90 east of the FGN and is coincident
with a cone-shaped reflection nebula opening toward the south-
west (Fig. 8). No star is visible in the optical images; however,
both the near-IR and Spitzer images show a bright star coincident
with the apex of the reflection nebula. The reflection nebula is
about 1500 in extent and contains HH 841, a small [S ii] and H�
knot that is also visible as a bright H2 knot. There is a second H2

knot (MH 15; see Fig. 8) between HH 841 and the source star.
This clump also appears to drive a flow to the north (Fig. 8).

Faint H2 emission (MH 16–18) appears to trace a filament
stretching northward from the source. The filament is visible for
about 10 and then is lost at the edge of our H2 image. No pointing
north of SMM 7 was completed, so the northern extent of this
flow is uncertain. Optical images, however, do show that HH 842
lies about 90 north on roughly the same P.A. as the filament. It is
possible that HH 842 is also part of this flow; however, no in-
termediate optical shocks are found in between SMM 7 and HH
842, so deeper follow-up observations in the optical and near-
IR are needed to confirm this association.

3.3. Unassociated Shocks and Other Objects

There are several shocks in this region that we were unable to
confidently associate with a particular protostar or outflow.

HH 796: This faint knot of H� and [S ii] emission (Fig. 3) is
located 10 northwest of the FGN and 1000 southeast of a star at
P:A: � 250� with respect to the star. Diffuse H� emission and a
faint reflection nebula extend toward the northwest. This shock
also shows up faintly in the near-IR H2 and [Fe ii] images. Due
to the proximity of many nearby submillimeter clumps, we can-
not positively associate this shock with a source protostar.

HH 842: This is a bright northeast-facing bow shock visible
only in [S ii] (seeWalawender et al. 2005b, Fig. 34). We postulate
in x 3.2 that this may be driven by a flow emerging from SMM 7;
however, the connection is tenuous at best. If not driven by SMM7,
the source may be lost in the glare of the IC 348 cluster in the
optical images.

HH843: This nearly 20 long chain of H� knots (seeWalawender
et al. 2005b, Fig. 37) is located about 100 southwest of IC 348.
The brightest knot is located at the western end of the chain and
is faintly visible in [S ii]. A star at R:A: ¼ 3h45m20:s4, decl: ¼
32

�
0603500 (J2000.0) is located several arcminutes east of this

chain and has a faint east-facing reflection nebula. It may be that
HH 843 is a jet emerging from this star. However, another star
located at R:A: ¼ 3h45m16:s3, decl: ¼ 32�0601000 (J2000.0) co-

incides with the eastern end of the chain. A filament of H� emis-
sion can be seen protruding from the southeast side of this star. If
this second star is the source of the flow, then HH 843 either is
deflected toward the south or has suffered a major orientation
change.

4. DISCUSSION AND CONCLUSIONS

Other than the 100 (0.93 pc at an assumed distance of 320 pc)
long north-south outflow emerging from SMM 2, none of the
shocks in and around the FGN appears to bemore than 5A4 (0.50 pc
at an assumed distance of 320 pc) from its source. Assuming a
jet velocity of 100 km s�1, the SMM 2 flow has a dynamic age
of �5 ; 103 yr, while the other flows in the region have smaller
dynamic ages. We suggest that the FGN region is a region of
recent star formation triggered by the influence of the nearby IC
348 cluster, possibly due to heating and compression of the gas
by soft-UV-radiation-induced photoablation flows (e.g., Gorti
& Hollenbach 2002). This is supported by the observation by
Muench et al. (2003) that the sources in IC 348 with a near-IR
excess (indicating the likely presence of a disk, a tracer of youth)
tend to lie outside of the core of the IC 348 cluster and that the
surface density of those sources appears to increase toward the
south. Thus, the stars in the southern portion of IC 348 are younger
than those in the core, possibly indicating that star formation has
propagated outward from the IC 348 core along themolecular ridge
to the south and west. The orientation of dust filaments in Figure 2
is consistent with the triggered star formation scenario. In ad-
dition, young stellar objects tend to be located on the sides of
filaments facing IC 348.
Of the 17 SCUBA clumps identified by Clumpfind, we have

tentatively identified seven as containing at least one protostar.
Other protostars (IC 348 IR, LRL 276, J034406.9+320155, and
J034405.7+320028) have no submillimeter counterparts. Of our
candidate protostars, nine (counting two within SMM 3) lie within
about 30 of the FGN. This is a number density of protostars of about
100 stars pc�3 in a region 0.56 pc across centered on the FGN.
All 4 of the 17 clumps that have a concentration value larger

than 0.6 contain protostars. Of the remaining 13 clumps with
concentrations less than 0.6, two contain a protostar, and a third
(SMM 5) is a strong candidate. The concentration we measure
for submillimeter clumps is approximate since SCUBA’s beam
size is a significant fraction of the clump size; however, there
appears to be a good correlation between the concentration of
a submillimeter clump and whether it contains a protostar. Our
results are consistent with the results of Walawender et al. (2005a)
in Barnard 1 that the concentration is a measure of stability; i.e.,
clumps with high concentrations are likely to be unstable to
collapse.
The MH 8 and 9 bent jet is remarkable in that if it is due to

source ejection, then this is one of only a handful of bent jets
known to be due to source motion rather than nebular motions
(as in Orion). In addition, it comes from a relatively sparse stel-
lar cluster with of order a dozen currently active protostars. In con-
trast, three of the other such sources are in NGC 1333, which is a
much more populous cluster than the FGN, where dynamical
encounters are much more likely due to the higher stellar den-
sities. Because it comes from such a sparse cluster, this may be an
example of a disintegrating multiple star system (Reipurth 2000)
rather than a chance dynamical encounter.
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