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Abstract. We report mm-wave multiline and continuum observations of IC 1396N, a conspicuous bright, rimmed
globule excited by the O6.5 star HD 206267 in the Cep OB2 association. Single-dish high resolution observations
in CO and CS lines reveal the cometary structure of the globule with unprecedented detail. The globule head
contains a dense core of 0.2 pc, whereas the tail, pointing away from the exciting star, has a total length of
0.8 pc. Two high velocity bipolar outflows have been identified in the CO maps: the first one is located around the
position of a strong IRAS source in the head of the globule, and the second one, which was previously unknown, is
located in the northern region. The outflows emerge from high density clumps which exhibit strong line emission
of CS, HCO™, and DCO™. Within these clumps, the sources driving the outflows have been identified thanks
to mm-wave continuum observations. The globule head harbors two YSOs separated by about 10* AU. SiO line
observations of the central outflow unveals a highly collimated structure with four clumps of sizes <0.1 pc, which
are located along the outflow axis and suggest episodic events in the mass loss process from the central star.
Kinetic temperatures of ~50—100 K and hydrogen densities of fews 10° cm ™ have been estimated in the shocked
regions traced by the strong SiO emission. The jet is also exposed to view by the means of interferometric HCO™
observations that confirms that it is very narrow (<0.02 pc wide). The detection of blue- and redshifted CO
emission along the globule rim suggests that IC 1396N is in a transient phase, undergoing one of the expansions
or compressions predicted by theoretical models describing the evolution of cometary globules. Moreover, the CO
data, together with near IR observations reported elsewhere, indicate that the star forming process is occurring
also in the northern part of IC 1396N, at 0.5 pc from the central CS peak. The present observations provide
evidence that several star-forming sites can develop even in a moderately massive globule like IC 1396N.
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1. Introduction

IC 1396 is a well-known extended H1 region (S131,
Sharpless 1959) located near the Cep OB2 association,
at a distance of about 750 pc from the Sun (Matthews
1979). The region is ionized by the 06.5 star HD 206267,
the brightest member of the young cluster Trumpler 37,
which contains in addition about 20 B stars. The over-
all IC 1396 region has been extensively studied in the
past (e.g. Weikard et al. 1996, and references therein), and
several dusty globules were identified through Ha images
(Osterbrock 1957), some of which have bright rims facing
the central exciting star. At a projected distance of ~11 pc
from HD 206267, near the border of the HII region (see
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Fig. 2 of Weikard et al. 1996), IC 1396N is one of the most
conspicuous of such bright rimmed globules. It presents a
striking cometary structure, and contains the very red ob-
ject TRAS 2139145802, some strong HoO maser sources
(Tofani et al. 1995; Slysh et al. 1999), and an extended
bipolar molecular outflow (Sugitani et al. 1989). Thus the
IC 1396N globule is an active site of star formation.

The indication that stars can form in cometary glob-
ules has been already found for a limited number of tar-
gets (e.g. Sugitani et al. 1995; White et al. 1997; Lefloch
et al. 1997, and references therein). However, the inter-
est about IC 1396N has very much increased recently due
to observations at far-infrared (FIR) wavelengths with the
Infrared Space Observatory (ISO). Such observations have
unvealed a rich spectrum, with many lines of CO, OH
and H5O, indicating the presence within the globule of
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dense shocked regions excited at a temperature in excess
of 1500 K (Saraceno et al. 1996, 2001). It is worth not-
ing that, compared to e.g. Orion A, which is illuminated
by clusters of O-B stars and associated with more massive
molecular clouds, the structure of the IC 1396 region is less
complex. Thus, IC 1396N become one of the best laborato-
ries in which investigate the mechanisms of star formation
induced by the propagation of an ionization shock front,
the so-called radiation driven implosion (RDI) mechanism
(Reipurth 1983).

We have investigated the bright rimmed globule
IC 1396N through a multiline survey at mm-wavelengths
which allow to probe a wide range of physical conditions.
Moreover, in order to study the IC 1396N young stellar
content, we have carried out interferometric continuum
observations at three different frequencies (88, 92, and
110 GHz). The main aims of this work are: (i) to carefully
investigate the structure of the globule and of the bipolar
outflow with high spatial and spectral resolution (through
CO and HCO™ observations), (ii) to trace the high density
structures at velocities close to the ambient one (through
CS and DCO™) and the highest excitation conditions of
the molecular outflow (through SiO), (iii) to study how
the presence of massive stars can affect the structure of
the dense molecular clouds in the surroundings triggering,
at the same time, the process of star formation. In addi-
tion, the present survey allows to compare high resolution
data with theoretical models and, in particular with the
numerical simulations of a photo-ionized globule presented
by Lefloch & Lazareff (1994, 1995).

2. Observations
2.1. Single-dish observations

Observations with the TRAM 30-m telescope at Pico
Veleta (near Granada, Spain) were carried out during sev-
eral runs in November 1998 and January and May 1999.
Table 1 summarizes the observed molecular species, the
transitions, their rest frequencies and some observing pa-
rameters, such as the HPBW, the typical system temper-
ature (Tgys), the integration time (tin; ON+OFF source)
and the spectral resolution (dv). The main beam efficiency
varies from 0.75 (at 90 GHz) to 0.37 (at 230 GHz) ac-
cording with the values reported by Wild (1995). The ob-
servations were made by position switching. Pointing was
checked every hour by observing nearby planets or contin-
uum sources and it was found to be accurate to within 3”.
As spectrometers, an autocorrelator (AK) split into three
parts was used to allow simultaneous observations of three
different transitions. Moreover, also a 1 MHz filter bank,
split into three parts of 2 x 256 and 512 channels, was
used to allow simultaneous observations. The velocity res-
olutions provided by both backends, AK and 1 MHz, are
shown in Table 1. The spectra were calibrated with the
standard chopper wheel method and are reported here in
units of main-beam brightness temperature (Tvg).
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2.2. Interferometric observations

The observations with the Owens Valley Radio
Observatory (OVRO) mm-array located near Big Pine
(CA, USA) have been performed during June 1997.
The six 10.4-m dishes were employed in the low resolu-
tion configuration providing baselines between 15 and
115 m. IC 1396N was observed in the continuum at
88, 92, and 110 GHz and in the HCO*J = 1-0 line
at 89188.523 MHz. The phase center corresponds to
the coordinates of the strongest HoO maser source as
detected by Tofani et al. (1995), which are slightly offset
(—4”, +2") with respect to the IRAS position (see
Sect. 3). For the line observations we configured the
flexible digital correlator to observe the line within two
bands simultaneously with spectral resolutions of 1.7
and 0.4 km s~ and bandwidths of 105 and 25 km s~ 1,
respectively. The continuum observations used an analog
correlator with 1 GHz wide bands (placed in the upper
and/or lower sidebands). Frequent observations of BL
Lac (2.3-3.0 Jy), with an integration time of 8 min
each ~20 min, were used to perform phase and gain
calibration. The passband calibration was carried out
observing either 3C 273 (25-33 Jy) or 3C 454.3 (4.3—
5.3 Jy) and BL Lac. The flux density scale was derived
by observations of Neptune and Uranus, the calibration
uncertainty is expected to be ~20%. All the calibration
has been performed using the MMA software (Scoville
et al. 1993). The calibrated data have been loaded into
the NRAO AIPS package and imaged and cleaned using
the IMAGR task. Continuum maps and line data cubes
were produced using both natural and robust weighting
of the (u, v) data. The typical synthesised beams and
noise level achieved are reported in Table 2. Continuum
subtraction have been performed on the image cubes by
using the continuum maps, due to the wide band used in
the continuum observations this method yields a much
better signal-to-noise than using the line free channels of
the line observations.

3. The globule and the outflows

Figure 1 shows the maps of the integrated CO J =
2—1 and CS J = 3—2 emissions, centred at asggg =
21040™4233, G9000 = +58°16/10”, i.e. the coordinates
of TRAS 21391+5802. These new maps, which are in
agreement with previous lower resolution CO data (e.g.
Weikard et al. 1996) and less complete CS data (Serabyn
et al. 1993), reveal the structure of the globule with
unprecedented detail. The CO map brings to light the
cometary nature of the globule, with a remarkable head-
tail structure. The CS observations show that the high
density region of IC 1396N is about 120" (~0.4 pc) wide
and ~220" (0.8 pc) long. The axis of the elongated struc-
ture points towards HD 206267, whose direction is indi-
cated in Fig. 1 by the arrows.

Figure 2 reports examples of molecular line profiles ob-
served towards different positions in the IC 1396N region.
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Table 1. List of molecular species, transitions and observing parameters (IRAM 30-m antenna).

Molecules | Transition | Rest frequency | HPBW | Tys | tine | dv(AK) | dv(1 MHz)
(MHz) M) |l ® | © | cms™ | &ms™)

SiO J=2-1 86846.998 29 150 | 320 0.13 3.45

CO J=1- 115271.195 21 280 | 75 0.10 2.60

SiO J =32 130268.702 18 220 | 320 0.17 2.30

DCO* J=2-1 144077.328 16 370 | 150 0.21 —

CS J =32 146969.047 16 280 | 75 0.32 2.04

SiO J =54 217104.935 11 270 | 320 0.11 1.38

CcO J=2-1 230537.984 10 290 | 75 0.10 1.30

Table 2. Instrumental parameters of the OVRO array observations.

Parameters 86-89 GHz 92 GHz 110 GHz
Sideband tuning Double Single (Lower) Single (Lower)
Local Osc. Freq. (GHz) 88.01776 93.72964 111.59109
Primary beam FWHP 72" 66" 54"
Synthesised HPBW Natural weight.: 677 x 478 (—66°)

Robust weight.: 672 x 374 (—68°) | 574 x 470 (—56°) | 572 x 370 (—50°)
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Fig. 1. Contour maps of the integrated CO (J = 2—1) and CS (J = 3—2) emission towards IC 1396N with superimposed the
optical image reproduced from the POSS red plates. The velocity integration intervals are —60, +60 km s~! for CO and —9,
+9 km s~! for CS. The empty circles show the IRAM beam (HPBW), the small crosses mark the observed positions, while the
arrows point the direction where, at a projected distance of 11 pc, HD 206267 is located. The three squares point out the three
continuum sources detected using the OVRO interferometer (A and B, Sect. 4.2.1) and the IRAM antenna (C, Sect. 3.1). The
CO contours range from 10.0 (~10c, where o is the rms of the map) to 465.0 K km s™' by step of 30.0 K km s~'. The CS

contours range from 2.5 (50) to 45.0 K km s™! by step of 2.5

The CO spectra clearly show high velocity wings, confirm-
ing the occurrence of molecular outflows in the IC 1396N
interior: the emission velocity interval extends up to —35
and about +55 km s~!, in agreement with the CO J =
3—2 results of Serabyn et al. (1993) and extending the ve-
locity range detected by Sugitani et al. (1989). Figure 3
reports the channel map of the CO J = 2—1 emission,
allowing to study the gas kinematics. The ambient LSR

K km st

velocity emission (see Sect. 4.1) is centred around the —1.5
and +1.5 km s~! panels (underlined by thicker boxes): the
strong self-absorption in the CO spectra (see Fig. 2) does
not allow one to define the cloud structure at these veloci-
ties. From Fig. 3, it is possible to see that: (i) high velocity
blue- and redshifted emission is coming from a bipolar jet-
like structure symmetrically located with respect to the
TRAS 2139145802 coordinates, (ii) there is a significant
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spatial overlap between the blue and the red emissions,
(iii) other two high velocity elongated components located
along a direction similar to that of the structure indi-
viduated around the IRAS counterpart are detected at
about Dec. Offset = +140”. We conclude that IC 1396N
is associated with at least two molecular outflows: that lo-
cated around the (0", 0”) position, hereafter called central
outflow, and that located around the (—30", +140") off-
set, hereafter called northern outflow. The length of the
central and the northern CO outflows is about 0.7 and
0.3 pc, while the collimation factor (ratio between length
and width) is ~4.5 and 3, respectively.

In the region of the globule between the central and the
northern outflows, roughly around the (—30", +90") posi-
tion, red- and blueshifted extended structures are clearly
detected at velocities relatively close (<£10 km s™1) to
the ambient one. In addition, a red clump at (0", +30")
and a blue one at (—40”, 420") are observed. This emis-
sion could indicate the occurrence of other outflows, as
supported also by the detection at near IR wavelengths
of faint Hy knots (Nisini et al. 2001). However, contribu-
tion to the low velocity red- and blueshifted emission can
also come from gas that could be photo-evaporating from
the external surface of the globule. This possibility, which
is discussed in Sect. 5, is supported by the low velocity
panels (both red- and blueshifted) of Fig. 3 which clearly
trace the rim-shape of IC 1396N, as expected if a signif-
icant amount of gas were leaving the globule surface at
moderate velocities.

3.1. The northern outflow

Although the central outflow was previously known, the
present data provide the first clear evidence for the exis-
tence of a bipolar molecular outflow in the northern region
of IC 1396N. It is worth noting that recent 2.12 pym IR ob-
servations of IC 1396N (Nisini et al. 2001, see their Fig. 4)
reveal several Hy emission knots in this region of the glob-
ule; in particular, two chains of Hy knots are coincident
with the two lobes of the northern outflow. The channel
maps of Fig. 3 provide some information on the structure
of the northern outflow. It shows a blueshifted lobe, NW,
at (—60”, +130") which emits up to ~—25 km s~!, and a
redshifted component, NE, at (0”7, +150") with velocities
up to about +15 km s~!. Taking into account the def-
inite spatial separation between blue and red emissions,
we estimate that the inclination angle of the outflow to
the plane of the sky is about 10° (see Table 3).

In order to search the driving source of this outflow,
we performed continuum mm-wave observations with the
IRAM 30-m radiotelescope equipped with the 19 channel
MPIfR bolometer (for more details about the 30-m con-
tinuum observations see e.g. Tafalla et al. 1999). We ex-
plored a region of about 100” x 100” in the northern part
of IC 1396N. An unresolved source of 40 mJy was detected
with a S/N = 4 at the (—30", +140") offset, i.e. exactly
at the coordinates predicted from the CO J = 2—1 map
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of the outflow. This source is designated in the maps as
IC 1396N-C. Since the C continuum source has been ob-
served only at 1.25 mm, we cannot derive an the integrated
luminosity from its spectral energy distribution. However,
following the procedure described in Sect. 4.2.1, the mass
of the dust condensation can be derived: 2 M. Using this
value, a rough estimation of the bolometric luminosity,
~10 L, can be then obtained by means of the relation-
ships given e.g. by Bontemps et al. (1996) and Bachiller
& Tafalla (1999).

3.2. Structure of the central outflow

The main bipolar outflow in IC 1396N was previously
studied by Sugitani (1989). However, the data reported
here provide new interesting information on its structure.
The CO channel map reveals different clumps along the
outflow axis. The eastern lobe clearly shows two knots,
one at (490”7, +30"), designated as SE1, detected up to
~ —40 km s™!, and one at (+10”, 0”), SE2, which emits
at lower velocities, up to about —26 km s~!. Also the
western lobe has two knots, one at (—40”, +10"), SW1,
detectable up to about +20 km s~!, and one at (0", 0”),
SW2, up to ~+40 km s~!. In summary, we detect four
clumps (pointed out in the channel maps) in the cen-
tral outflow: SE1 (490", +30”), SE2 (+10”, 0”), SW2
(0”7, 0”) and SW1 (—40”, +10”). This clumpy structure
suggests that episodic events of the mass loss process have
occurred. The outflow morphology suggests that the driv-
ing source has to be located very close to the (0", 0”)
offset, i.e. around the IRAS coordinates (see Sect. 4.2).

The jet-like structure of the outflow is clearly under-
lined at velocities higher than about £10 km s~! (see
Fig. 3). However, the panels corresponding to low veloci-
ties (£3 km s™1) with respect to the ambient one already
allow us to identify the main structures of the outflow, sug-
gesting that a considerable fraction of the outflow mass is
due to low velocity swept-up material. It is worth noting
that while the eastern lobe is 130" length and is located
along the northeast-southwest direction, the western coun-
terpart is less extended and bends towards north at the
lobe end. This configuration can be explained by the in-
teraction of the outflow with the ambient medium, which,
as the mass lost travels towards the high density western
part of the globule (see the CS map in Fig. 1), slows down
and changes the direction of motion of the flowing gas.

3.3. Physical parameters obtained from the CO data

In order to estimate opacities and excitation tempera-
tures (Tex), the spectra of the two CO transitions have
been compared, after convolving the J = 2—1 spectra
to the spatial resolution of the J = 1—0 observations
(HPBW = 21"). Several positions corresponding to the
different lobes of the outflows have been considered. The
convolved spectra show that in general the peak main-
beam brightness temperature is lower, indicating that the
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Fig. 2. Examples of molecular line profiles observed towards three positions in the IC 1396N central outflow (see text) with the
30-m IRAM antenna. Molecular species, transition and angular offset are indicated.

bulk of the high velocity emission is due to compact struc-
tures, smaller than the beam (see Fig. 3). An exception
comes from the western lobes of the two outflows, where
the peak Ty roughly holds the same values: this could be
due to the more extended CO structures detected in Fig. 3
in the western part of IC 1396N at velocities < 10 km s~!
which fill the J = 1—0 beam. Moreover, the temperature
of the self-absorption feature (see Fig. 2) remains the same
after the convolution, indicating that the cool gas (<10 K)
responsible of the absorption is located in a quite extended
region.

For the central outflow, the ratio R between the ob-
served brightness temperatures of the CO J 2—1
and J = 1-0 transitions is about 0.9 for the optically
thick emission at low velocities, suggesting (see Fig. 12 of
Levreault 1988) an excitation temperature around 20 K.
Given the uncertainties in the data calibration and the de-
pendence of R on Tey in the thick case, the value R = 0.9
does not allow to derive a reliable excitation temperature.
However, taking into account also the Ty values shown
by the CO spectra of Fig. 2, it is reasonable to assume
Tex = 20 K. Moving towards higher velocities along the
CO spectra, R monotonically reaches higher values, up
to 2.2. This trend has already been found for well-known

molecular outflows and can be due either to a variation
of the excitation temperature or, more probably, to the
decreasing opacity at higher velocities, where a smaller
amount of flowing gas is usually observed. The highest R
values for the central outflow can be explained by a Tey
of 1520 K and a J = 2—1 optical depth 7 < 0.2. For
the northern outflow, we have R ~ 1 for the low velocity
emission, which can be obtained with an excitation tem-
perature of about 10-20 K and an optical depth of ~2—6.
At the highest velocities R ~ 2: if we assume Ty, = 20 K,
we infer 7 ~ 0.4, whereas To, = 15 K leads to lower optical
depths.

The kinematical parameters of the two detected out-
flows in IC 1396N, reported in Table 3, have been calcu-
lated following the standard procedure reported e.g. by
Lada (1985) and assuming an excitation temperature of
20 K and 10 K for the central and the northern outflow,
respectively. A relative CO abundance of 10™* has been
used. Following the above reported results, we have as-
sumed for both outflows thick emission for the intermedi-
ate velocities (7 = 10 and = 2 for the central and northern
outflows, respectively) and thin emission (7 equals to 0.02
and 0.2) for the high velocities (above 20 km s~ with
respect to the ambient one).
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Fig. 3. Channel map of the CO J = 2—1 emission towards IC 1396N. Each panel shows the emission integrated over a velocity
interval of 3 km s™! centred at the value given in the left corner. The thick boxes point out the ambient velocity emission (see
Sect. 4.1). Symbols are drawn as in Fig. 1, while the labels underline different components of the molecular outflow (see Sect. 3).
The contours range from 3.00 (~50) to 87.00 K km s™* by step of 12.00 K km s™*.

Table 3. Dynamical parameters of the IC 1396N outflows.

0 M P Flin t F M L
(°) | (Mo) | (Mg kms™!) | (10" erg) | (10" yr) | (Mo kms ' yr™") | (Mo yr™Y) | (Lo)
Northern O. | — | 0.01 0.1 0.1 9.4 9.2 x 1077 1.1x1077 | 1x1073
10 | 0.01 0.4 2.4 1.7 3.0 x 107° 6.2 x 1077 0.19
Central O. - | 0.10 0.7 0.6 8.5 8.6 x 107° 12x107% | 6 x 1073
10 | 0.10 3.8 19.5 1.5 2.8 x107* 6.6 x 107° 1.17
20 | 0.10 1.9 5.0 3.1 6.9 x 1075 3.2 x107°¢ 0.15

The central outflow has a total mass of 0.1 Mg equally
distributed between the red and the blue lobes. In order
to derive the kinematical outflow parameters, the angle
0 of inclination to the plane of the sky has to be as-
sumed. Unfortunately, because of the complexity of the

region, the present observations do not allow a good 6
estimation. However, taking a compromise between the
quite elongated structure of the outflow and the over-
lap between the two lobes (see the velocity channel maps
in Fig. 3), it is reasonable to assume a low 6 value,
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probably in the 10°—20° range. For orientation, we give in
Table 3 the kinematical parameters for such 6 values to-
gether with those calculated without any correction due to
geometry assumptions. Thus, the estimate of the momen-
tum and the kinetic energy gives P = 1.9—3.8 My km s~}
and Fy, = (5—20) x 10** erg, respectively. A kinematical
timescale of ~2—3 x 10* yr has been derived, allowing one
to deduce the force required to drive the mass loss pro-
cess, ' = 6.9 x 107°-2.8 x 107* Mg km s~ ! yr~!, the
mass loss rate, M = (3.2—6.6) x 1076 Mg yr~!, and the
mechanical power, Ly, = 0.15—1.17 Lg. It is worth noting
that the uncorrected parameters listed in Table 3 slightly
differentiate from those calculated without any geometry
correction by Sugitani et al. (1989), presenting a more en-
ergetic outflow. This discrepancy can be understood by
taking into account that the present observations have
detected CO emission at higher velocities, up to about
50 km s~—! with respect to the ambient one. Given the ex-
pected correlation between the outflow dynamical param-
eters and the source bolometric luminosity (e.g. Cabrit &
Bertout 1992 and references therein) we infer for the driv-
ing source Lpo ~ 3 Lg, in case of § = 20°, ~100 Lg),
if 6 = 10°. These values will be compared in Sect. 4.2.1
with other Ly, estimates derived through observations
at different wavelengths. Finally, it is worth noting that
the derived mechanical power, 0.15-1.17 L), is in agree-
ment with that calculated using emission detected by ISO
and due to high excitation CO transitions by Nisini et al.
(1998). The authors obtained 0.63 L assuming a definite
correlation between Ly, and the luminosity radiated away
by the shock traced by ISO CO lines.

With a mass of only ~0.01 Mg, the northern out-
flow is found to be an order of magnitude less mas-
sive than the central one. The outflow momentum is
P = 0.4 Mg km s7!, its kinetic energy 2.4 x 10** erg,
while the estimate of the kinematical timescale leads
to ~1.7 x 10* yr. The force of the northern outflow is
3x107°% My kms~! yr—!, its mass loss ~6x 1077 My yr—!
and its mechanical power 0.19 L. These parameters sug-
gest that the bolometric luminosity of the driving source
is ~4 Lg, a value in reasonable agreement with the esti-
mation obtained using the mass of the dust condensation
associated with the C continuum source (~10 Lg).

Figure 4 shows the distribution of the outflow wing
intensity with velocity (not corrected for the inclination
angles) for both outflows. If the emission is optically thin,
the brightness distribution is proportional to that of the
flow mass. In the case of a constant optical depth along
the wings, thicker emission would affect the distribution
only moving down the points in the vertical axis by a same
quantity, thus leaving unchanged the plot shape. Recently,
it has pointed out that the outflow brightness distribu-
tions can be described by a power law Typ o |v — v|7:
the slope is about —1.5 for low velocities, while at higher
speeds it becomes steeper, reaching values of the order of
—4 (Lada & Fich 1996; Bachiller & Tafalla 1999 and ref-
erences therein). The occurrence of a break-point could
be due to high velocity gas which slows down because
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plots have been drawn: filled squares (thin line) for the blue
lobe and empty squares (thick line) for the red one.

the interaction with the surrounding medium, producing
a deflection in the power-law slope. It is reasonable to as-
sume that the younger outflows are associated with faster
gas with respect to the more evolved ones. Therefore, the
relative fraction of slow material with respect to the fast
gas should increase with time, shifting the position of the
break-point in the distribution.

Figure 4 shows that also the IC 1396N brightness dis-
tributions can be described by a power-law. For the central
outflow we have v = —1.4 at low velocities (<6-8 km s~ 1),
while at higher velocities v is about —2.8. This distribu-
tion is not easy to interpret since the break-point at low
velocities resembles those of quite evolved outflows (see
Fig. 10 of Bachiller & Tafalla 1999), whereas at the same
time it presents a remarkable emission at quite high ve-
locities. The possible presence of other outflows along the
line of sight of the central one (including perhaps photo-
evaporating gas from the globule surface) could provide an
explanation for the plot shown in the lower panel of Fig. 4.
On the other hand, the two lobes of the northern outflow
have different plots, which have been drawn through filled
(blue lobe) and empty (red lobe) squares. Blue emission
is represented by a power-law with v = —1.9, while red
emission can be fitted with —1.9 till about 10 km s~!
and then the distribution becomes steeper with v = —3.3.
These brightness distributions seem to indicate that the
northern outflow is younger than the central one. The dif-
ference between the break point velocities of the northern
(6-8 km s71) and the central (10 km s~!) outflows could
be smoothed away if the central outflow was closer to the
plane of the sky with respect to the northern one by a
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factor of 1.4, but this seems in contrast with the scenario
drawn above following the CO channel maps. The differ-
ence between the plots of the blue- and redshifted emission
could reflect a difference of the physical conditions of the
surrounding medium found by the two bipolar outflow mo-
tions. If the ambient medium met by the gas associated
with the eastern lobe was denser than that of the gas to
the west direction, then the red lobe could be more ef-
ficiently slowed down, leading to the observed brightness
distributions. This scenario is supported by the present
CS observations: while towards the position of the west-
ern blue lobe a relatively weak (~2.3 K km s~!) narrow
(~1 km s~!) emission has been observed, in correspon-
dence of the eastern red lobe CS shows a broad emission
spread over a velocity range of about 6 km s~!, suggest-
ing a close interaction of the outflow with the ambient
medium.

3.4. SiO emission from the central outflow

In order to clarify the structure of the high velocity gas
components of the IC 1396N central outflow, a standard
tracer such as SiO has been used. Figure 5 reports the
contour maps of the integrated SiO J = 2—1, J = 3-2
and J = 5—4 emission. Silicon monoxide is present only
along the main axis detected through carbon monoxide,
confirming its well-known enhancement in molecular out-
flows (e.g. Martin-Pintado et al. 1992; Codella et al. 1999).
In particular, Fig. 5 shows the occurrence of a SiO struc-
ture which is located slightly to the west with respect to
the central position (one step of the map sampling) and
which grows its importance with excitation.

In order to investigate the outflow kinematics, the ve-
locity channel maps of the J = 5—4 emission, e.g. that ob-
served with the best spectral and spatial resolution, have
been reported in Fig. 6. It is possible to clearly observe the
elongated structure of the outflow, with the four clumps
detected in CO. While the SE1 clump is spatially unre-
solved (<0.04 pc), the size of the other clumps is about
0.1 pc, while the collimation factor is about 6, i.e. a value
somewhat larger than that derived using CO (~4—5), con-
firming that SiO, with respect carbon monoxide, can trace
the inner part of the outflow.

The SiO emission presents different linewidths in
different map positions (see Fig. 2): broad emission
(FWHM ~25-30 km s~! for the J = 2—1 transition) has
been detected towards the SE1, SE2 and SW2 clumps,
whereas at the (—40”, 0”") position, where the SW1 clump
is located, the linewidth is quite narrow (~5 km s—1). The
narrow SiO emission can be explained, following Lefloch
et al. (1998) and Codella et al. (1999), as a signature of
the evolution of the shocked gas: the SiO component, pro-
duced in high velocity shock-compressed regions, is slowed
down because of the interaction with the ambient gas host-
ing the star forming process. Therefore, in the specific case
of the IC 1396N central outflow, the narrow SiO emission
at the ambient LSR velocity towards the SW1 clump can
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be interpreted as a result of the interaction between the
outflow motion and the high density medium located in
the western direction.

Moreover, the SiO spectra of the IC 1396N central
outflow reveal the signature of intense emission at about
—10 km s~! towards the central positions. As an example,
the SiO line profiles of the (0”, 0”) offset reported in Fig. 2
clearly reveal the presence of a emission peak which shows
increasing importance as the line excitation gets higher,
suggesting the occurrence of a SiO clump tracing high
excitation conditions and moving away from the driving
source position.

Using the three observed SiO lines, it is possible to es-
timate the total column density (Ngijo) as well as the ki-
netic temperatures (7x) and the hydrogen densities (ny,)
by means of statistical-equilibrium calculations. We have
used the Large Velocity Gradient (LVG) code we already
taken into account for the SiO survey reported in Codella
et al. (1999) and the collision rates given by Turner et al.
(1992). The intensities of the spectra expressed in the
mean-beam brightness temperature scale have been used,
without correction due to the beam filling factor. As al-
ready discussed by Codella et al. (1999), if the SiO source
sizes were definitely smaller than the three beamwidths,
the LVG code would lead to an overestimate of the ex-
citation conditions. In this case, the T, ny, and Nsio
values could be reduced by factors of 1.2, 2 and 9, respec-
tively. On the other hand, if the SiO sources were definitely
larger that the beamwidths, it would be better to use the
spectra expressed in antenna temperature (corrected for
atmospheric losses). In this case, the hydrogen densities
would be reduced by a factor of up to 1.3 and the column
densities by a factor of 2.

The LVG results based on the (0”7, 0”) spectra lead
either to a kinetic temperature of ~50 K and a hydro-
gen density of about 3.0 x 106 cm™ or to T} ~ 100 K
and nyg, ~ 1.5 x 10 cm~3. Using the spectra of the SE1
clump, we have T}, ~ 40 K (80 K), np, ~ 4 x 10 cm~3
(2 x 105 em™3). On the other hand, the data collected to-
wards the SW1 position (where the SiO lines are definitely
smaller) lead to T} =~ 20 K (40 K) and ny, ~ 3 x 10% cm =3
(1.5 x 10% em~2). The SiO column densities are 2 x 10'3
(central map positions), 2 x 102 em~2 (SE1 clump) and
4 x 1012 cm™2 (SW1). These results confirm the associ-
ation of the SiO molecule with high density gas at high
temperatures.

4. Dense cores and YSOs

4.1. High density cores identified in CS
and DCO™ maps

The CS molecule is a well known tracer of high density
material hosting Young Stellar Objects (YSOs) and has
been already used to investigate the physical conditions in
IC 1396N by Serabyn et al. (1993), who performed a de-
tailed multiline study. The present CS observations, based
on a single transition, do not allow us to add information
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about the physical conditions associated with the CS emis-
sion with respect to that derived by Serabyn et al. (1993).
However, here we present a high resolution J = 3—2 map
obtained with a better sampling and which explores for
the first time the northern part of the globule, where
the northern outflow has been discovered. The aim of the
present CS observations is to have a plot of the distribu-
tion of the gas at velocities close to the ambient one and
to try to indirectly detect the YSOs driving the bipolar
outflows.

Figure 7 reports the CS J = 3—2 channel map focusing
the attention on the region around the (0", 0”) position.
It is possible to see that a CS clump with a FWHM size
of about 50” (0.18 pc) is located at the central position
and at velocities around 0 km s7!, i.e. at the velocity and
at the coordinates where the driving source is expected.

centred at the value given in the left corner. Symbols are drawn as in Fig. 3. The contours range from 0.3

The CS profiles peak at an ambient LSR velocity between
—0.5 and +1.2 km s~!. However, Fig. 7 and the spectra
reported in Fig. 2 show that the CS emission coming from
the central region of IC 1396N is not confined at the am-
bient velocity, but it is also able to trace higher velocities,
up to ~%10 km s~!, detecting the slower component of
the outflow motion. Therefore, in order to definitely de-
termine the ambient velocity, a map of 40” x 40" centred
at the (0”7, 0”) coordinates in the DCOT J = 2—1 line
has been obtained with a 0.21 km s~! spectral resolution
(Fig. 8). Actually, Bachiller & Peréz Gutiérrez (1997) has
shown that DCO emission is one of the best tools to trace
the gas condensations around protostars since its emission
is not contaminated from outflow motions.

The DCO™ spectra (see e.g. Fig. 2) show narrow lines
(FWHM =~ 0.6—2.4 km s~1!), confirming that they can
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be used as a tracer of the high density ambient gas. The
DCOT channel map allows to detect three clumps with
different velocities: at (—10”, +15”) and —1 km s7!,
at (—10”, =5”) and 0 km s~! and at (0", +15"”) and
+1 km s~!'. Moreover, the maps partially detect a fourth
clump with a velocity of about +2 km s~! and located in
the southern direction with respect to the central coordi-
nates. The clumps are not resolved by the 16" beamwidth
and then their size is smaller than 0.07 pc. The present
DCO™ data are in agreement with the interferometric
C'O map reported by Schwartz et al. (1991), where at
least three compact structures are detected.

The DCO™ observations clearly support the possibil-
ity that the IC 1396N region hosts an aggregate of em-
bedded YSOs, calling for a further analysis through con-
tinuum emission (see Sect. 4.2.1). Taking into account the
geometry of the CO central outflow (see Fig. 3), the (0",
+15") DCO™ structure seems the best candidate to be
the clump with the driving source of the central outflow
in its interior.

The situation seems simpler in the northern region of
IC 1396N. Figure 9 shows the CS J = 3—2 channel map
around the position of the northern outflow. We observe a
clumpy structure, elongated along a roughly north-south
direction, and ~45" (0.16 pc) wide. A well defined CS
clump is centred on the (—30", +140”) position, i.e. at the
coordinates where the driving source has been detected
(see Sect. 3.1).

The CS and DCOT total column densities have been
calculated considering the temperature estimates derived
form the CO data and using the spectroscopic constants
given in the literature, e.g. by Bogey et al. (1981), Blake
et al. (1987), Botschwina (1989), Swade (1989) and Lovas
(1992). The CS observations of the central outflow, as-
suming a kinetic temperature of 20 K, lead to Ncg
~2 x 10 cm~2 for the clump hosting the driving source,
and to ~3—5 x 10" cm ™2 for the positions along the out-
flow axis. On the other hand, the estimate of N¢g for the
northern outflow, using a temperature of 10 K, gives val-
ues between 8 x 10'2 and 2 x 10'3 cm~2. Finally, assuming
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a kinetic temperature of 20 K, total DCO™ column den-
sities of about 3 x 10'? ¢cm™2 have been derived for the
clumps near the (0", 0”) position.

4.2. The region around IRAS 2139145802
4.2.1. Stellar content

The possibility that the central region of IC 1396N hosts
an aggregate of YSOs, as suggested in Sect. 4.1 by the
DCO™ observations, can be verified using Fig. 10, which
shows the continuum interferometric maps at 88 (left
panel), 92 (middle panel) and 110 GHz (right panel). Two
continuum unresolved sources have been detected at the
three frequencies: we labelled A the most intense, which is
located close to the IRAS coordinates, and B the fainter
one, detected in the south-east direction. In Table 4 posi-
tions (given with an uncertainty of about (/5) and inte-
grated fluxes are reported. The source A had been already
detected at 110 GHz by Wilking et al. (1993) using the
OVRO interferometer, whereas the component B is a new
detection, thanks to the improved sensitivity of the ar-
ray. The two millimeter components correspond, within
the positional uncertainties, to the positions of two HyO
maser sources as determined by Tofani et al. (1995) using
the VLA accuracy of ~0”1. Thus, the outcoming scenario
is that in the central region of IC 1396N the star forming
process occurs at least in two different places, separated
by 14”5, corresponding to about 10* AU.

In Fig. 11 we show the spectral energy distribution
(SED) of IC 1396N from 6 cm to 12 pm, as obtained from
our data (considering both A and B components) and from
the literature (IRAS, Wilking et al. 1989a; Tofani et al.
1995; Saraceno et al. 1996). The portion of the SED from
60 um to 3.4 mm can be well fitted by a modifyed black-
body (Walker et al. 1990) with a temperature of 27 K and
a power law dependence of the opacity coefficient with
exponent 3 = 1.7, hence the millimeter emission is well
explained in terms of dust emission with little or no contri-
bution from free-free emission from ionised gas, consistent
with the non detections at centimeter wavelengths. It is

worth noting that the temperature derived from the con-
tinuum emission is compatible with the gas temperature
of 20-23 K derived by Serabyn et al. (1993) using the NHj
molecule. One should bear in mind that the various obser-
vations at different wavelengths have been collected using
different angular resolutions. In particular, the radio con-
tinuum observations at 6, 3.6, 2 and 1.3 cm (Wilking et al.
1989a; Tofani et al. 1995) have been made at the VLA,
with synthesised beams always smaller than the separa-
tion between sources A and B; hence the upper limits are
valid for both sources separately. On the other hand, the
JCMT 1.3—0.35 mm observations (Saraceno et al. 1996)
were made with 16”—19” beams centered on the nominal
TIRAS position and then they are mainly sensitive to the
emission of component A, even if a contamination due to
emission arising from the source B cannot be excluded (see
the dotted circle in Fig. 10). Due to the large beams, the
fluxes from IRAS observations contain the contributions
from both sources. The excess emission at short wave-
lengths (IRAS 12 and 25 pm) is due to a warmer dust com-
ponent or the integrated emission from embedded sources
detected in the near IR (Nisini et al. 2001). Finally, it is
worth noting that since the present 3 mm fluxes are con-
sistent with the SED fit, which is essentially a fit of single
dish data, indirectly we can say that the OVRO observa-
tions do not miss a considerable fraction of the continuum
emission.

By integrating the continuum spectrum, we obtain
an integrated luminosity of 233 Lg, which is in good
agreement with previous determinations (e.g. Wilking
et al. 1989b; Saraceno et al. 1996 and references therein).
However, we stress that this value of 233 L includes the
whole region around the TRAS coordinates. In particu-
lar, an important contribution to the uncertainty asso-
ciated with the estimation of the bolometric luminosity
comes from the 60 and 100 ym IRAS measurements, which
are particularly sensitive to diffuse emission, and conse-
quently, in the IC 1396N case, to the emission due to the
region of the globule heated by the external exciting star.
Thus, the value of 233 L can be considered as a sort of
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Table 4. Parameters of the continuum millimeter sources in the IC 1396N central region.

Source Position Flux (mJy)
«(2000) 4(2000) 88 GHz 92 GHz 110 GHz

A 21h40™41571 | +58°16'1278 | 42+5 42+ 6 79+15

B 21"40™42583 | +58°16'0174 8+2 11+£3 29+5
upper limit of the luminosities of the central continuum A "“*'-‘.*‘ T
sources. On the other hand, the bolometric luminosity of 2 o° ]
the source driving the central molecular outflow (e.g. the ~ F D * 8
A component, see Sect. 4.2.2) can be inferred also using E oL .' - Lo, -
the outflow dynamical parameters and the relationship e r 1
given by Cabrit & Bertout (1992). As already reported e i ot ]
in Sect. 3.3, by assuming an inclination angle of 20°, we éﬂ -2 R Yirag : N
have about 3 L, which can be used as a lower limit, since i . A o OVRo A i
the obtained value is strongly dependent on the outflow s TS * VA Upper limits © ]
geometry: values around 100 Lg can be derived taking 10° PRI S I SETA RIS B S
as inclination angle. 1 2 3 4

Using the temperature and the power law dependence
of the opacity coefficient calculated above it is possible to
derive the mass of the dust condensations assuming op-
tically thin thermal emission. We adopted a gas to dust
ratio of 100 (by mass) and used the dust mass emissivity
coefficient of kazogu, = 0.005 cm? g~! as measured by
Kramer et al. (1998) and scaled to the observed frequen-
cies through k, = k230 cn.(/230)”. The masses derived
at 88 GHz for the A and B sources are ~20 and 4 Mg,
respectively. The uncertainties, mainly due to the assump-
tion of the kospqu, value, affect the values by a factor
of ~2.

4.2.2. Interferometric images of the outflow

Figure 12 shows the HCO™ J = 1-0 spectra of the
IC 1396N central region. In the attempt to recover as much
of the extended emission as possible without degrading the

Log,,(v[GHz])

Fig. 11. Spectral energy distribution of IC 1396N: see text for
references.

resolution too much, we produced a data cube applying a
20 kA FWHM tapering Gaussian to the (u, v) data. The
resulting synthesised beam is approximately 9” x 7”. In
Fig. 12 we show the low (1.7 km s~1) and high (0.4 km s~!)
spectral resolution spectra obtained from the data cubes
by integrating each plane over the whole area of HCO™
emission. Several kinematic features have been marked
by detecting high velocity wings and the component at
velocities close to the ambient ones resulting from the
30-m observations (see Sect. 4.1). The broad red and blue
wings have been separated into two velocity regimes: the
low velocity (from —11.5 to —4.5 km s™! and from +5.3
to +12.2 km s!, for the blue- and redshifted gas, re-
spectively) and the high velocity (—48.0 to —11.5 km s~1
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30-m IRAM spectrum is reported in gray (Cesaroni et al. 1999).
The velocity features discussed in the text (see Sect. 4.2.2) are
reported: the dotted lines bound the velocity range of the blue
and red wings.

and from +12.2 to +49.0 km s~!). The hereafter called
bulk emission, defined in the low resolution spectrum as
the emission from —4.5 to +5.3 km s™!, is shown in the
high resolution spectrum. It is possible to detect a double-
peak profile in agreement with the single-dish (IRAM
30-m) HCO"TJ = 1-0 spectrum reported by Cesaroni
et al. (1999) and drawn in gray in Fig. 12 (upper panel).
The comparison between the OVRO and the 30-m HCO™T
spectra allows us to check how much flux is lost by the in-
terferometric observations because of extended emission.
Figure 12 clearly shows that the two spectra are in a per-
fect agreement for the low and high velocity wings. This
ensures us that we are missing no component (located in-
side the 30-m beam) of the HCO™ outflow, whose anal-
ysis represents the aim of the OVRO line observations.
On the other hand, Fig. 12 shows that at ambient veloc-
ities the 30-m observations detect emission which is lost
by the OVRO interferometer, suggesting the occurrence
of an extended envelope.

Figure 13 reports the HCO™ integrated low (upper
panel) and high (lower panel) velocity wings emission to-
wards IC 1396N, with superimposed the H(1-0)S(1) im-
age obtained by Testi & Felli (private communication)
with the ARNICA camera mounted on the TIRGO 1.5 m
telescope. Both the low and high velocity wings show a
bipolar structure centered on the continuum source A,
clearly indicating that such object is the driving source
of the central CO outflow. The low velocity gas shows a
substantial superposition of the blue- (gray contours) and
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Fig. 13. Contour map of the HCO™ .J = 1—0 outflow towards
IC 1396N with superimposed the Hz(1-0)S(1) image obtained
by Testi & Felli (private communication). Black and gray con-
tours are for the red and blue emission, respectively. The top
panel reports the low velocity outflow (—11.5 to —4.5 km st
and 45.3 to +12.2 km s™'), while the bottom panel shows the
high velocity component (—48.0 to —11.5 km s™* and +12.2 to
+49 km s™'). The filled ellipse shows the synthetised FWHM
beam. The solid lines mark the low velocity biconical struc-
ture, the dot-dashed lines shows the approximate direction of
the high velocity gas (see Sect. 4.2.2), while the squares mark
the A and B continuum components. Contour levels for the low
velocity (blue and red) outflow are —0.6, 0.6 to 3.6 Jy km s~!
beam ™. Contour levels for the high velocity outflow are —1.6,
1.6 to 4.1 Jy km s~! beam™! for the blue lobe and —1.2, 1.2
t0 3.2 Jy km s~ beam™! for the red emission. First contours

correspond to ~2¢, while the steps are 0.5 Jy km s ™! beam™!.

redshifted (black) components, confirming the present CO
and SiO results (Sect. 3). A biconical structure, pointed
out by the solid lines in Fig. 13, is tentatively detected.
It is also possible to see that the western red component
bends towards the north in agreement with the single-dish
CO observations.

On the other hand, the high velocity gas appears to be
well collimated into two wiggling unresolved (<0.02 pc)
plumes emerging from the central object roughly within
the conical structure defined by the low velocity gas, and
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Fig. 14. Contour map of the HCO' J = 1-0 bulk (from —4.5
to +5.3 km s™') emission (see Sect. 4.2.2) towards IC 1396N
with superimposed the 88 GHz continuum image. Symbols
are drawn as in Fig. 10. The contour levels are —1.5, 1.5 to
21.0 Jy km s~ beam ™', with a step of 1.5 Jy km s~! beam™!
and corresponds to about 2c0.

along the direction marked in Fig. 13 by the dot-dashed
line. The two high velocity lobes are better separated with
respect to the lower velocity components. Figure 13 shows
that the redshifted gas emerges to the east, whereas the
blue component extends to the west, even if a red clump
is also clearly detected in such direction. It is worth not-
ing that the eastern redshifted high velocity component
detected with the OVRO interferometer seems to be in
contradiction with the high velocity jet-like structure de-
tected to the east with the 30-m antenna at a definitely
larger distance from the continuum source A (SEI clump,
see Fig. 3). However, this apparent disagreement, together
with the overlap of the red- and blueshifted lobes, can be
explained by the small inclination to the plane of sky, as
deduced also by the 30-m results, and by the interaction
of the outflow with the ambient medium. Another solu-
tion could be found by assuming that the outflow axis
has changed its direction from the period in which the
driving source produced the SE1 and SW1 CO clumps
to the most recent ejection events, traced by the HCOT
emission close to the source A. The change of the direc-
tion of the axis could be due to precession as well as to a
deflection caused by the surrounding medium, but, unfor-
tunately, the present data do not allow us to discuss these
possibilities.

Finally, Fig. 13 shows that, in agreement with the CO
and SiO observation, the western lobe of the high velocity
HCO™ outflow is less extended, as explained by the oc-
currence of high density material along such direction. In
particular (see also Nisini et al. 2001), no Hy emission is
observed, probably due to high extinction.

Figure 14 reports the contour maps of the integrated
bulk HCOt J = 1—0 emission towards IC 1396N. A quite
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elongated clump is detected: its size is ~40" (0.15 pc)
and coincides with the CS clump detected at the 30-m
antenna. The HCO™T clump seems to be fragmented in
several substructures, the most intense of them peaking
close to the continuum source A.

5. Evolution of the cometary globule

The impinging of external radiation on a molecular glob-
ule, due to a high mass star located in its neighbourhood,
has been shown to cause the globule implosion. This is
known as the Radiative Driven Implosion (RDI) mech-
anism (Reipurth 1983). Bertoldi (1989) and Bertoldi &
McKee (1990) developed a model in which this process
occurs in two phases: first the globule is compressed by
the ionizing radiation and then it assumes the head-tail
morphology. Later on, Lefloch & Lazareff (1994, 1995)
produced a dynamical model which has been successfully
applied to several cometary globules observed to date and
which foresees a collapse and transient phase, tending to
a quasi-stationary equilibrium, followed by the classical
cometary phase, in which the globule continues to be ac-
celerated and photo-evaporated.

The collapse and transient phase lasts ~10° yr and it
is spectroscopically characterized by blue and red wings
which follow the expansions and the re-compressions of
the globule. The cometary regime, whose lifetime is typ-
ically 10° yr, is characterized only by a weak overall ve-
locity gradient. The occurrence of several molecular out-
flows does not allow to study in details the kinematics
of the globule hosting the star forming process and, in
particular, does not allow to do a clear association be-
tween the spectroscopic signatures and the evolutionary
stage of IC 1396N. For instance, as already reported in
Sect. 3.3, there is a close interaction of the outflow mo-
tion with the ambient medium and the outflow structure
can already be identified at low velocities. However, the
IC 1396N CO channel maps reported in Fig. 3 show that
the low velocity panels (~+6 km s™!) clearly trace the
rim-shape structure of the southern part of the globule.
In addition, there is no clear indication of velocity gra-
dient along the major axis of the cloud. The detection
of blue- and redshifted emission suggests that IC 1396N
is in the collapse and transient phase, undergoing one of
the expansions or compressions described in the model
of Lefloch & Lazareff (1994). This indication is also sup-
ported by the short kinematical timescales derived for the
CO outflows (<3 x 10* yr), which confirm the youth of
the stellar objects inside the globule.

Following Lefloch & Lazareff (1994) and Lefloch et al.
(1997), the mass loss rate of the cloud induced by photo-
ionization of the external layers is:

. o 2 ;1 po\3/2 )
M=29 <107 cm 2 sl> <1 pc) Me Myr (1)

where ® = Ny /4nd? is the ionizing flux, Ny, is the total
flux of Ly-c photons (>13.6 eV) in photons s, d is the
distance of the ionizing star from the globule and R is
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Fig.15. CO J = 1-0 spectra of the IC 1396N west region. The horizontal and vertical scales correspond to RA and Dec Offset
in arcseconds, respectively. The velocity range is from —20 to 420 km sfl7 while the T scale lies between —5 and +33 K and
has been chosen accordingly to the strongest peak, associated with the (—80", +30") offset.

the size of the cloud. By applying the model to IC 1396N,
we have Ni, = 6.6 x 10*® photons s=! (06.5 type star),
d=11pc, ® =4.7x 108 s em™2 and R ~ 0.7 pc (see
Fig. 1) for a mass loss rate of about 120 Mg Myr~1.
Another result provided by the CO observations is the
detection of an intense and narrow component around the
(—80”, +30") offset. This effect is visible in Fig. 3, where,
in the +1.5 km s~! panel, it is possible to see an elongated
structure not detected at other velocities. The CO J =
2—1 component peaks at about 45 K and +1.6 km s~!,
with a linewidth (FWHM) between 0.7 and 0.9 km s~L.
Figure 15 reports the CO J = 1—0 spectra which refer
to such part of IC 1396N. The main line is located at the
same velocity of the J = 2—1 one, its linewidth lies be-
tween 0.8 and 1.0 km s~! and the T\p peaks at about
33 K. This effect, occurring in one of the part of the glob-
ule facing the HD 206267 star, can be due to an enhanced
heating of gas. The present result has been compared with
theoretical calculations by Hollenbach et al. (1991), who
presented models of photodissociation regions (PDRs),
i.e. the predominantly neutral outer layers of molecular
clouds exposed to an external far-ultraviolet (FUV) radi-
ation field ranging from 6 and 13.6 eV. The incident FUV
flux (Gp) measured in units of the equivalent average local
interstellar flux (1.6 x 103 ergs cm™2 s~!; Habing 1968)
can be calculated through (Sternberg & Dalgarno 1989):

L [ d\? 1
= 170— [ — ) 4 — 2
Go 70L® (1 pC> T) el44/Ts — 1 @

where L and Ty are the star luminosity and temperature,
in units of 10* K, respectively. In the case of HD 206267,
we have L = 102 Ly and Ty = 4 (Panagia 1973),
leading to Gy ~ 24. In case of a spherical HII region,

produced by an O star, in equilibrium with the surround-
ing neutral gas, the density and the FUV incident flux
are related by Go ~ 102 (npu,/10% cm=3)133 (Tielens &
Hollenbach 1985). This provides an estimate of the den-
sity: ~340 cm™3. With these Gy and ny, estimations and
taking the Typ peaks of the CO component as a rough es-
timate of the local gas temperature, it is possible to infer
from the model of Hollenbach et al. (1991) a visual extinc-
tion of about A, < 3. If so, the IC 1396N region traced by
the CO component at +1.6 km s~! should trace the cool
(T ~ 50 K) part of a dense PDR, at A, ~ 2—5, where
the gas is partially dissociated and warmed up also by the
grain photoelectric heating, and where one of the main gas
cooling terms in the energy balance is the CO emission.

The idea that in IC 1396N star formation could be
due to the occurrence of the RDI process has been sug-
gested by Sugitani et al. (1989), with the first detection
of the central molecular outflow inside the globule. Later
on, in their study of the high density material located in
IC 1396N, Serabyn et al. (1993) claimed that the ioniza-
tion front has only compressed the outermost layers of the
cloud. The fact that the CS peak lies close to the IRAS co-
ordinates and not along the bright rim induced the authors
to believe that the globule had already evolved towards
collapse on its own. Moreover, they estimated that the
shock running into the cloud is relatively weak, with ve-
locity of about 0.6 km s~!, which cannot be very effective
in compressing the gas. On the other hand, Sugitani et al.
(1995) through a near IR survey of bright rimmed clouds
found that in a number of cases the bluer and older stars
embedded in the clouds are located closer to the external
exciting star than the redder and younger embedded ones,
suggesting sequential star formation. Another example of
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cometary globule where star formation could be triggered
by photo-ionization is IC 1848, according to Lefloch et al.
(1997).

The present observations do not allow to clarify if
the star forming processes in IC 1396N are triggered by
the advance of the shock caused by the UV radiation
from the exciting star. However, they draw a new sce-
nario regarding the stellar content of the globule pointing
out that the star formation activity occurs also in the
northern part of IC 1396N, at 0.5 pc from the central
CS peak. In summary, the present results show that at
least two star forming sites are located in the central re-
gion of the globule, around the IRAS coordinates. Two
mm-wavelength sources have been detected: one is the
driving source of the central outflow, with a dynamical
age of 2—3 x 10* yr, whereas the other source is appai-
ently associated with no strong outflow process. Moreover,
in the northern part of the globule another YSO has
been detected, driving an outflow which has been found
about 2 x 10* yr old. Between the central and the north-
ern outflows, blue- and redshifted CO wings gas as well
as Hy jet-like structures (Nisini et al. 2001) could indi-
cate the presence of additional stellar objects, although
in this case we cannot rule out the possibility that the
wing emission arises from photo-evaporating gas at the
surface of the globule. Taking into account the structure
of the CS map (Fig. 1), the present data suggest that
the star formation activity mainly occurs throughout the
high density structures roughly located along the south-
north direction, which is similar to that determined by the
IRAS 21391+5802-HD 206267 coordinates.

6. Conclusions

The bright rimmed globule IC 1396N, excited by the
06.5 star HD 206267 located in the Cep OB2 association,
has been investigated through a multiline survey at mm-
wavelengths using the 30-m IRAM antenna and the
OVRO interferometer. Emission due to CO, CS, HCO™,
DCO™ and SiO has been observed, allowing to trace differ-
ent physical conditions inside the globule. Moreover, con-
tinuum emission at 88, 92 and 110 GHz has been studied
through interferometric observations, in order to investi-
gate the stellar content of IC 1396N. The main results are
the following:

1. The high resolution CO and CS observations confirm
the cometary nature of the globule revealing its head-
tail structure with a high density elongated CS compo-
nent (0.8 pc long) pointing towards the exciting star.
IC 1396N is associated with at least two molecular
outflows, both with a quite small inclination on the
plane of the sky (in the 10°-20° range): one located
around the IRAS coordinates (called central outflow)
and another one, detected for the first time, located
in the northern part of the globule (northern outflow).
The driving sources have been individuated through
the observation of continuum emission. Moreover, the
detection of blue- and redshifted gas throughout the

2.
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CS structure suggest the occurrence of other outflows
which have not been clearly individuated because the
complexity of the region.

The central outflow is associated with an excitation
temperature of 10-20 K and a total mass of 0.1 Mg
equally distributed between the red and blue lobes.
The estimation of the kinematical parameters such
as the momentum, the kinetic energy and the me-
chanical luminosity is strongly affected by the uncer-
tainty associated with the assumption of the angle of
inclination on the plane of the sky. We have about
2—4 Mg kms™!, 5x10*—2x10% ergand 0.2—1.2 L,
respectively. Since the central outflow main structure
is already detectable at low velocities (&3 km s~1),
there is indication that a considerable fraction of the
CO emission is due to material interacting with the
mass loss process. On the other hand, the northern
outflow is less massive, 0.01 M), while the kinetic en-
ergy is about 2 x 10* erg and the luminosity 0.19 L.
The bolometric luminosities of the two sources driving
the two outflows, as inferred from the CO data, are
~4 Lg (northern) and 3—100 L (central).

The CS observations allow to detect the high den-
sity molecular clumps hosting the driving sources of
the two molecular outflows. In the central region of
IC 1396N the clump size is about 0.18 pc, while in the
direction of the northern outflow, the clump is located
inside a quite elongated structure ~0.16 pc wide. The
CS column density is ~2 x 10'* and 10'® cm ™2 for the
central and the northern clump, respectively. The dis-
tribution of the ambient material of the central region
has been investigated also using DCO™ emission. The
emerging scenario is quite complex: at least three un-
resolved (<0.07 pc) clumps have been detected at dif-
ferent velocities in the same region traced by CS. The
typical DCO™ column density is about 3 x 10'? cm~2.
By using SiO as a tracer of the high velocity central
outflow components, a jet-like structure located along
the main axis has been detected. The existence of four
clumps, observed also thanks to the CO emission, re-
veal that episodic increases of the mass loss process
have occurred. The size of the clumps is <0.1 pc, while
the collimation factor is about 6. The SiO emission
presents different linewidths in different map positions,
ranging from broad profiles (25-30 km s~! for the
J = 2—1 component) to quite narrow lines (5 km s~1).
The narrow emission can be interpreted as a result
of the interaction between the outflow and the neigh-
bouring high density medium: the shocked gas, pro-
duced at high velocities slows down loosing momen-
tum. By means of statistical-equilibrium calculations,
using a LVG code, we have estimated kinetic temper-
atures of ~50—100 K and hydrogen densities of fews
105 ecm™3. The SiO column densities lie between 102
and 10'3 cm—2.

. Interferometric continuum observations at 88, 92 and

110 GHz of the central region of IC 1396N show two
continuum unresolved sources. The source labelled A
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is the most intense one and lies close to the IRAS
coordinates, while the fainter one, called B, is located
at about 10* AU in the south-east direction. The two
millimeter components correspond to the positions of
two HoO maser sources and indicate that the star form-
ing process occurs at least in two different places in the
area around the IRAS coordinates. The masses derived
at 88 GHz for the A and B sources are about 20 and
4 Mg, respectively.

6. The HCOT OVRO observations reveal several kine-
matic features in the central region. On the one hand,
high velocity wings trace a bipolar highly collimated
molecular outflow centered on the continuum source A,
clearly indicating that such object is the driving source
of the mass loss process detected with the 30-m an-
tenna and associated with the central outflow. No out-
flow has been detected towards the source B. On the
other hand, the emission close to the ambient LSR ve-
locity traces an elongated clump, with a size of about
0.15 pc, which coincides with the CS clump observed
with the 30-m antenna.

7. The CO channel maps show that the rim-shape struc-
ture of the globule is clearly traced at low veloci-
ties, <£6 km s~!. The detection of such blue- and
redshifted emission suggests that IC 1396N is in the
collapse and transient phase, undergoing one of the
expansions or compressions foreseen by the model of
Lefloch & Lazareff (1994) for the earliest evolutionary
stages of a cometary globule. Moreover, the present
observations indicate that the star forming process is
occurring also in the northern part of IC 1396N, at
0.5 pc from the central CS peak.
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