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Abstract. We present a multiwavelength study from molecular
and continuum observations of the cometary globule CG5 in the
HII region IC1848. CG5 is associated with the luminous IRAS
point source 02252+6120 (L= 1100 L�) and shows evidence
for an energetic outflow and ongoing star formation (a cluster
of low-mass stars has formed inside the cloud). CG5 is presently
undergoing a second episode of photo-ionisation from a cluster
of O stars in the nebula, characterised by a shock at the surface
of the cloud; the shock was detected in several millimeter lines
(CO, CS) and in the thermal continuum dust emission. Photo-
ionisation conditions at the surface of the globule were estimated
from measurements of the VLA free-free continuum emission.
A virial analysis suggests that CG5 is probably permeated by
a static magnetic field of strength ≈ 125 µG and is subject to
an outer pressure 4 times as large as its inner pressure. It is in a
globally magnetically subcritical state whereas its core is close
to virial equilibrium. Photo-ionisation is found to play a key role
in the evolution of CG5 because a) it confines the molecular gas
and contains the gas dispersal favored by the energy injection
from the outflow while evaporating the superficial layers at the
same time , b) the overpressure of the compressed gas ahead of
the ionisation front is sufficient to trigger the collapse of initially
(sub)critical condensations inside the cloud and initiate star for-
mation. We find that the outflow contains enough momentum
to have contributed to this star-formation process. In addition,
the energy of the outflow is sufficient to sustain turbulence in
the cloud and maintain it in a magnetically subcritical state, i.e.
it tends to stabilize the cloud against collapse and regulate star
formation.
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1. Introduction

Cometary Globules (CGs) are bright-rimmed dark clouds found
in the environment of O-B stars in HII regions. They early at-
tracted attention because they were found to be potential sites of
star formation (Reipurth,1983). There has been some evidence
that indeed stars can form in these objects, either single (Duvert
et al. 1990, Cernicharo et al 1993) or multiple systems (Sugitani
et al. 1995; Deharveng et al. 1996). Sugitani et al. (1991,1994)
compiled the properties of a large sample of cometary and
bright-rimmed globules associated with IRAS point sources.
The authors suggested that CGs would contribute efficiently to
the IMF in forming low- and intermediate-mass stars. However,
no systematic work benefitting from high-angular resolution
molecular line studies has been undertaken so far, nor has been
the peculiar birth and evolution mechanism of CGs further in-
vestigated in the process of star formation.

Previous work has shown that radiatively-driven implo-
sion (RDI) plays a key role in the formation and evolution of
cometary globules (Bertoldi 1989, 1990; Lefloch and Lazareff,
1994, 1995 – hereafter LL94 and LL95). LL94 described a dy-
namical model for the formation and evolution of cometary
globules. Initially, the UV photons of the O stars of the neb-
ula sweep away the low-density material, leaving the densest
clumps exposed to the ionising flux. For typical ionising condi-
tions, an ionisation front develops at the surface of the cloud. The
overpressure of the ionised gas with respect to the cloud causes
the ionised gas to expand freely in the interstellar medium, so
that the cloud is surrounded by an ionised boundary layer (IBL),
and drives a shock front in the neutral gas. This shock converges
on the axis of the cloud and leads to the formation of a dense core.
This short-lived collapse phase (of the order of 104 yr) is fol-
lowed by a transient phase of re-expansion – compression before
reaching a stationary quasi-stationary equilibrium, in which the
cloud has developed a ”head-tail” (so-called cometary) struc-
ture. This study concluded that CGs are gravitationally stable at
small and large scales. LL95 reported millimeter lines observa-
tions of molecular gas structure and dynamics in the cometary
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globule CG7S, and presented evidence that it is in the tran-
sient phase of dynamical compression – expansion. Because
this phase is short-lived, it may be difficult to find other objects
in a similar state of evolution.

In an effort to better understand the star-forming conditions
in CGs, still a puzzle in the framework of RDI, and estimate
the possible influence of photo-ionisation in this process, we
have started a study of a wider sample of CGs, generally in
the more quiescent quasi-equilibrium phase of their evolution,
both in the northern and southern hemispheres. We have sup-
plemented the molecular line observations with bolometer ob-
servations of thermal dust emission –a direct probe of the mass
condensation surrounding protostellar objects– and VLA 5GHz
observations of the free-free emission of the bright rim, or ion-
ized boundary layer (IBL), –allowing a direct measurement of
the boundary pressure. Our sample of objects includes: CG4,
CG5, CG11B, CG13, CG34, CG37, CG43, CG51, CG87 of the
list of Sugitani et al. (1991, 1994) and two globules referred
as GN 00.49.9, GN 07.30.9 in the nomenclature of Neckel and
Vehrenberg (1985). Here, we report on our observations of CG5,
which deserves particular attention because it contains a very
luminous buried IR source and a young bipolar outflow. We took
the nominal coordinates of the IR source as reference position
for our observations, i.e.:
α = 02h25m14.5s δ = 61 o20′10′′ (1950).
We will report on the observations of the other CGs in a forth-
coming paper (Lefloch et al., 1997).

2. Morphology and location in Sharpless 190

CG5 is located on the West rim of the HII region IC1848, point-
ing inwards to a group of O stars located in the central part
of the HII region: BD+60 o497-499- 501-502-504-507. Follow-
ing Sugitani et al, we adopt for IC1848 a distance of 1.9 kpc.
The coordinates and Lyman-continuum luminosities of the ex-
citing stars are listed in Table 1. Their combined Ly-c flux at
the projected distance to CG5 amounts to 6.0 109 cm−2 s−1,
neglecting any intervening absorption. Table 1 shows that the
main contribution to the ionising flux comes from stars at a dec-
lination (61 o15′) very close to the declination of CG5, and is
almost planar at the distance of CG5 (see Fig. 1). Sugitani et al
(1991) classify CG5 as morphological type B, i.e. of medium
elongation (see Fig.1). However, the different curvatures of the
north and south edges of CG5 make it asymmetric, unlike some
other globules of the nebula (CG7, CG7S for instance). We also
note that the main axis of CG5 does not point right towards
the O star cluster, as shown by the arrow on Fig. 1. These facts
suggest that CG5 has already experienced in the past the photo-
ionisation process described in LL94, the Ly-c flux being sup-
plied by now-extinct stars located due east. Such a situation can
be expected to arise naturally in a complex evolved HII region
comprising a number of O stars.

The IRAS point source 02252+6120 is located in the head
of CG5. The semi-major axis of the uncertainty ellipse makes
a position angle of +61 o with respect to North; it is 27” long
while the semi-minor axis is only 4” long. The IRAS fluxes

of the source are 9.81, 55.98, 239.51 and 638.83 at 12, 25, 60
and 100 µm respectively. Adopting the procedure described by
Myers et al. (1987), we estimate a total IR luminosity LIR =
1100 L�. Assuming an opacity law κν ∝ ν in the FIR range,
we derived dust temperatures of 135, 68 and 32 K from the
S25/S12, S60/S25, S100/S60 ratios respectively.

3. Ionising conditions at the boundary of CG5

3.1. Free-free emission of a photo-ionised globule

As recalled above, the photo-ionised cloud is surrounded by
a shell of ionised gas and electrons. Its effective thickness is
η Rcloud with η ∼ 0.2 (Bertoldi, 1989). For typical ionising
conditions most of the UV photons are consumed through re-
combinations in the shell and the ionising fluc Φ can be related
to the effective shell thickness ηR and the electronic density ne
using Eq. 10 of LL94: one can write:

Φ9 =

(
Φ

109 cm−2 s−1

)
(1)

= 8.316 10−4
( ne

1 cm−3

)2
(
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1 pc

)
(2)

so that the free-free emission measure EM of the ionised gas is:

EM '
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0
n2
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In the optically thin regime, the flux density Sν can be written
as Sν = Bν(Te)τνΩs (Ωs = source solid angle). For a gaussian
intensity distribution of width θ (HPFW) the source solid angle
Ωs is 2.66 10−9 (θ/10′′)2. Using the expression of the opacity
τν for free-free emission from Mezger and Henderson (1967):
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one derives the following relations for the Rayleigh-Jeans
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TB
1 K

)
= 3.942

(
Te

104 K

)−0.35 ( ν

1 GHz

)−2.1
Φ9 (4)

(5)(
Sν

1 mJy

)
= 0.321 Φ9

(
Te

104 K

)−0.35 ( ν

1 GHz

)−0.1

×
(

θ

10′′

)2

(6)

3.2. Observations

The observations of the free-free emission in the bright rim of
CG5 were carried out with the VLA of NRAO1 in May 1995.

1 The National Radio Astronomy Observatory is operated by Associ-
ated Universities, Inc., under cooperative agreement with the National
Science Foundation.
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Table 1. Coordinates, Spectral type, Ly-c Luminosity and Ly-c Flux of the ionising stars neighbouring CG5.

BD R.A. DEC Sp log(Li/1 s−1) Fi ( cm−2 s−1)
+60 o493 02h27m04.4s 60o57′22′′ B0.5Ia 47.60 1.57 107

+60 o497 02h28m08.4s 61o23′29′′ O7 48.62 2.54 108

+60 o501 02h28m47.8s 61o15′12′′ O6.5 48.82 2.64 108

+60 o499 02h28m28.1s 61o19′57′′ O9.5V 47.84 3.49 107

+60 o502 02h28m53.9s 61o14′09′′ O5e 49.62 1.55 109

+60 o504 02h29m01.1s 61o09′30′′ O4 49.93 2.71 109

+60 o507 02h29m31.5s 61o18′07′′ O5e 49.62 1.19 109

Fig. 1. Contour map of the free-free emission measured at 6cm over-
laid on a red POSS image of CG5. First level and contour interval are
1.5 mJy/beam. The white box delineates the region observed in molec-
ular tracers. The arrrow shows the direction of the mean flux of Ly-c
photons from the stars listed in Table 1, assumed to lie in the plane of
the sky.

We used the quasars 0134 + 329 as primary and 2145 + 068 and
0224 + 671 as secondary calibrators. The array was in D con-
figuration; at the observing frequency of 5 GHz we obtained a
synthesized beam of 14”. The data were reduced using the stan-
dard VLA data reduction package. An rms of≈ 0.5 mJy/beam
was achieved throughout the map.

Fig. 1 shows a good coincidence between the optical mor-
phology and the shape traced by the high-level contours (≥
1.5 mJy/beam). The maximum emission (≈ 6.5 mJy/beam)
lies on the south eastern boundary of the cloud at (+4”,-30”)
with respect to the IRAS source, in agreement with the di-
rection of the incoming flux (see Sect. 2). Low-level emission
covers the whole surface of the cloud. It is however more ex-
tended on the southern side, following the optical boundary until
α ' 02h25m45s.

3.3. Quantitative analysis

In the following we adopt Te = 104 K. From Eq. 2 – 6, we ex-
press the effective ionising flux and the mean electronic density
at the surface of the cloud:

Φ9 = 3.66

(
Sν

1 mJy

)(
θ

10′′

)−2

(7)
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We integrated the flux over the region of molecular gas fully
covered by the free-free emission (i.e. the main body of CG5),
leaving aside the SW wing. The size of the region covered is
103”; the critical electronic density nc above which an ionised
shell develops around the cloud is nc = 25 cm−3 (see Eq. 10
of LL94). After deconvolving from the beam (14”), we get a
total integrated flux Sν = 139 mJy. Thus, we infer the ionising
flux at the surface of CG5 from Eq. 7 and the electronic surface
density from Eq. 8

Φ = 4.8 109 cm−2 s−1

ne = 720 cm−3

The electronic density ne is much larger than nc, fully consis-
tent with the initial hypothesis. The effective ionising flux Φ
derived at the surface of CG5 agrees quite well with our esti-
mate in Sect. 2 although it is slightly weaker. This suggests that:
a) geometrical effects are negligible (the projected distances of
the illuminating sources are close to the ”true” -unprojected-
ones); b) the absorption of UV photons between the stars and
the globule is very low; this is indirectly confirmed by the R
POSS print of the HII region (see Fig 1) which exhibits only
low-brightness gas between the O stars cluster and CG5.

For these ionisation conditions, a D-critical ionisation front
(IF) preceded by a shock –assumed to be isothermal, see LL94–
propagates from the surface into the molecular gas. The balance
of dynamical pressure between ionised and neutral gas enables
to derive an estimate of the density ns in the shock. In the
frame of the IF, the ionised gas leaves the surface at the sonic
velocity ci, while the velocity of the molecular gas is subsonic
(= c2

n/(2ci) � cn). Using ”obvious” notations, the pressure
balance reduces to

Pext = 2ρic
2
i = ρcc

2
n = nskBTn = 4.2 10−9 erg cm−3 (9)
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where the temperature Tn of the surface molecular gas is close
to 40 K (see Sect. 4.1). We obtain a typical density ns ≈
8 105 cm−3 in the compressed layer.

4. Structure of molecular gas

The observations were performed with the IRAM 30m telescope
on Pico Veleta (Spain) in November 1994. We used three SIS
receivers simultaneously in the 3mm, 2mm, and 1.3mm bands,
together with filterbanks and autocorrelator backends. The spec-
tral resolution (20kHz at 3mm and 2mm and 40kHz at 1.3mm)
was afterwards degraded to obtain the same kinematic resolu-
tion of about 0.1 km s−1 for all lines. The receivers were tuned
to reject the image sideband, between 10dB (1.3mm and 2mm)
and 30dB (3mm). The co-alignment was checked against plan-
ets and found to lie within 2”. Typical beamsizes are 22” and
11” for the CO, 13CO and C18O lines at 3mm and 1.3mm re-
spectively, 24” for CS(2-1) and C34S(2-1), 16” for CS(3-2) and
C34S(3-2), 10” for CS(5-4). The calibration scale was checked
against standard astronomical line sources (Mauersberger et al
1989), and the observed spectra were converted to the Tmb scale,
using standard main beam efficiencies (IRAM Newsletter no
19, Nov. 1995). Typical system temperatures were found to be
250− 300 K, 350− 500 K and 350− 700 K at 3mm, 2mm and
1.3mm respectively. Pointing was checked approximately ev-
ery two hours on W3OH; offsets corrections were always less
than 3”.

As appears below, the different tracers reveal a core-
envelope density structure for the globule, whose physical prop-
erties were derived from a LVG analysis. To do so, the resolution
of the upper line was first degraded to the lower transition in or-
der to get the same spatial resolution. At each studied position,
we adopted a mean linewidth close or equal of the linewidth of
the main gas component. The physical properties of CG5 are
summarised in Table 5.

4.1. The 12CO(2-1) data

Fig. 2 shows the contours of integrated line intensity of
12CO(2-1) overlaid on the optical image (POSS red image). Not
surprisingly, this optically thick line traces the overall extent of
the globule, in agreement with the optical image. The width of
the 12CO(2-1) at half-intensity is 65”, corresponding to 0.6pc
at the adopted distance of IC1848. The peak line temperature
varies little over the whole body of the globule, between 30 K
and 40 K, with the higher values on the southern side of the
main axis presumably because of enhanced heating of dust in
the outer layers of the globule, as suggested by the good overlap
between the regions of maximum Tmb and of maximum free-
free emission, also observed in the C18O(2-1) and 13CO(2-1)
lines (see Fig. 4).

Fig. 5 shows a velocity-channel map of the 12CO(2-1) emis-
sion. The molecular gas emission is comprised mainly be-
tween -53 and -50 km s−1, with a mean velocity centered at
−51 km s−1. The velocity in the extreme head varies between

Fig. 2. Contour map of the 12CO(2-1) integrated area on a red POSS
image of CG5. First level and contour interval are 20 K km s−1. The
mapped area is delineated by the white box.

-53 and −52 km s−1, shifted with respect to the velocity of the
main body gas.

Prominent red and/or blue wings are apparent in the vicin-
ity of the IRAS point source. These wings are distributed as
two well separated lobes, characteristic of a bipolar outflow,
which will be discussed separately. Besides this double-lobe
structure, the red wing shows an elongated extension to the
south-west, along the south edge of CG5. The morphology of
the region of redshifted gas looks very similar to the free-free
continuum emission map (compare Fig. 1 and the 12CO(2-1)
emission at v = −49 km s−1 on Fig. 5). This extension corre-
lates well with the local enhancement of brightness observed
in the optically thick 12CO(2-1) line as well as its isotopomers
13CO(2-1) and C18O(2-1) (see Fig. 4) and probably traces the
compression of the surface gas of the southern edge, illuminated
and photoionised by the O star cluster. This is one of the very
few evidences of compression induced by photo-evaporation
observed until now.

4.2. The 13CO data

The 13CO emission extends over more than 100” along the major
axis and 60” along the minor axis of CG5. We define the 13CO
clump from the contour level at 30% in the integrated area map
of the optically thin (1-0) transition (see Fig. 3): this contour
covers approximately the whole molecular condensation while
leaving aside the diffuse outer layers. The clump makes a P.A.
of +60 o (it is therefore aligned along the major axis of CG5). It
has a flattened shape of dimensions 0.90 × 0.52 pc (major and
minor axis respectively). It appears to peak slightly ahead of the
IRAS source.

We took a mean kinetic temperature Tk = 30 K, ex-
cept around the (0,0) position where we adopted Tk = 40 K,
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Fig. 3. Integrated area emission maps
in the 13CO(2-1), 13CO(1-0), C18O(2-1),
C18O(1-0), CS(3-2)and CS(2-1) lines. Con-
tours levels are 30, 40, 50, ..., 90 % of the
integrated area peak. Thick contours trace
the levels at 30% and 50%.

Fig. 4. Main-Beam brightness tempera-
ture maps in the 13CO(2-1), 13CO(1-0),
C18O(2-1), C18O(1-0), CS(3-2),
and CS(2-1)lines. Contours levels are 30, 40,
50, ..., 90 % of the brightness peak. Thick
contours trace the levels at 30% and 50%.
Maximum brightness temperatures for each
transition are marked at the upper left corner
of the maps.

in agreement with the C18O observations (see Sect. 4.3) and
a mean linewidth ∆v = 2.1 km s−1. The column density
is relatively uniform over the cloud, with an average value
N (H2) = 3.0 1022 cm−2 assuming an abundance χ(13CO) =
[13CO]/[H2] = 1.6 10−6. Because the (2-1) and (1-0) transi-
tions are close to thermal equilibrium, density determinations
from excitation calculations suffer large uncertainties; instead,
densities were derived from column density under the assump-
tion of cylindrical geometry. We found a mean H2 density
n(H2) = 3.9 104 cm−3. The 13CO(2-1) line is moderately op-
tically thick (< τ 21 >= 1.6) whereas the 13CO(1-0) is optically
thin (< τ 10 >= 0.49). We infer a mass of 135M� .

4.3. The C18O data

The C18O (2-1) and (1-0) lines were observed on a square grid of
size 42” with a 6” spacing (Nyquist–sampling at the C18O(2-1)
frequency) centered on the head of CG5. The C18O emission

shows a clump approximately circular of 20” diameter centered
at (0,-3) prolonged by a SW extension. The dimensions of this
condensation are 0.48 pc× 0.18 pc (emission at FWHP). In the
following, we concentrate on the central core. The brightness
temperature is relatively uniform over the cloud in the (1-0)
transition while the (2-1) transition appears brighter in the SW
extension of the clump. However, as will be discussed later, the
south-western tail is very likely to be associated with surface
gas (see Sect. 7.1).

We derived the mean C18O excitation temperatures across
the cloud under the assumption that the C18O lines are optically
thin and that both lines have the same excitation temperature.
This hypothesis was verified a posteriori (see below). A map of
the temperatures derived at all the observed positions is shown
on Fig. 6.

The excitation temperatures appear to vary between 11 K
and 52 K. The average value is: T = 30 K, which we adopted
as kinetic temperature for the main body gas in the rest of the
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Fig. 5. Velocity channel map of the 12CO(2-1) emission. Velocity step
is 0.3 km s−1; first contours and contour interval are 1.5, 3, 5 K and
5 K respectively.

article. Fig. 6 shows a local increase of the kinetic temperature
near the IRAS source, with a maximum located at its nom-
inal position. Moreover, the temperature of the gas close to
IRAS 02252+6120 is noticeably higher (around 50 K) than the
dust temperature deduced from the S100/S60 ratio. This strongly
suggests that the molecular gas surrounding IRAS 02252+6120
is heated by the central source.

In the following we adopt 40 K as kinetic temperature for
the C18O condensation. We first estimated the H2 column den-
sity by means of LVG calculations. Typical linewidths are
∆v = 1.0 − 1.5 km s−1. We get an average column density
N (H2) = 2.8 1022 cm−2, very close to the value inferred in the
optically thin regime, assuming the levels populated at LTE:
N (H2) = 3.1 1022 cm−2. Hence the mass of the C18O core:
M = 21M�. Under the assumption of spherical geometry the
mean core density is < n(H2) > = 6.7 104 cm−3. We derive
mean opacities< τ 21 > = 0.17 and< τ 10 > = 0.04, consistent
with the initial hypothesis. We could check that the excitation
temperature of the lines is very close to the kinetic temperature:
T 10
ex ∼ 40 K and T 21

ex ∼ 36 − 38 K. The results of our analysis
at a few typical positions in the clump are shown in Table 2.

4.4. The CS and C34S data

CG5 was mapped in the CS(2-1), CS(3-2) lines, and in CS(5-4)
on a smaller grid centered on the (0,0) position. Both CS(2-1)
and CS(3-2) trace an elongated clump of dimensions 80′′×40′′

(0.74 × 0.37 pc) which peaks east of the IRAS source, there-

Fig. 6. Kinetic temperatures calculated from the ratio of the optically
thin lines C18O(2-1)/C18O(1-0) in the inner part of CG5 head, Tk in-
creases near the position of the protostellar object IRAS 02252+6120.

fore resolved in all three transitions. The CS clump is made of a
round condensation centered at (6,0), prolonged by a bright SW
tail (see Fig. 4) of lower brightness and integrated area. We de-
fine the core of the CS(3-2) clump by taking the contour at half
power (6 K km s−1) of the (3-2) integrated area emission: the
dimensions of the core are 0.16×0.28 pc (see Fig. 3).The emis-
sion of the dense gas in the core, as traced by CS, is displaced
6–12” ahead of the C18O emission.

The physical properties of the core were derived from the
CS(3-2) and the CS(2-1) lines assuming a kinetic temperature of
40 K. The results are summarised in Table 3. The densities and
the column densities appear relatively unifom over the core, with
typical values: n(H2) = 1.5 105 cm−3, N (H2) = 5 1021 cm−2,
assuming a standard abundance χ(CS) = 5.0 10−9. These re-
sults agree well with the analysis of from the C34S(3-2) and (2-
1) lines, from which H2 densities≈ 2−4 105 cm−3. The core is
moderately optically thin:< τ 32 >= 0.7, and τ 21 >= 0.35. The
density slightly increases around the (0,0) position, an effect
more apparent at higher angular resolution. From the analy-
sis of (5-4) and (3-2) at a few positions, we find the density
to be strongly peaked at the (0,0) and (0,-6) offset positions:
n(H2) = 1.5 106 cm−3. From the mean H2 density, we estimate
the mass of the core: M = 18M�.

The presence of a star cluster associated with the IRAS
source (see below) indicates a clumpy structure in the densest
parts of the globule. However, the core was resolved not only in
the CS lines but also in the optically thin C34S(3-2) line. The ra-
tio of CS to C34S in the (2-1) and (3-2) transitions is≈ 10 in the
core, not very different from the values expected in the absence
of clumpiness (14–20) assuming a relative abundance CS/C34S
of 20. Therefore, strong clumping of the core can be excluded
and it is unlikely that “exotic” radiative transfer effects, such
as e.g. radiative scattering, play an important role in the core
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Table 2. Physical properties of the C18O clump at a few observed positions, as derived from the LVG analysis. Densities are calculated from
column densities assuming spherical symmetry.

offsets T 10
MB ∆v10 T 21

MB ∆v21 N (C18O) n(H2) τ 10 τ 21

( K) ( km s−1) ( K) ( km s−1) ( cm−2) ( cm−3)
(-12,-12) 2.0 1.5 6.0 1.3 6.0 1015 7.9 104 0.06 0.21
(-6,-6) 2.2 1.5 5.9 1.5 5.4 1015 7.7 104 0.05 0.17
(-6,6) 1.5 1.5 3.6 1.6 3.1 1015 4.1 104 0.03 0.10
(0,-6) 2.0 1.5 6.3 1.6 7.2 1015 9.5 104 0.06 0.20
(0,6) 1.5 1.6 4.7 1.5 7.1 1015 9.3 104 0.06 0.20
(6,-6) 2.0 1.6 5.7 1.3 6.0 1015 7.9 104 0.06 0.21
(6,6) 1.8 1.4 4.9 1.6 4.4 1015 5.7 104 0.04 0.14
(12,0) 1.5 1.4 4.3 1.3 4.2 1015 5.5 104 0.04 0.15

Table 3. LVG analysis of the CS core from the CS(3-2) and (2-1) lines.

offsets T 21
MB T 32

MB < ∆v > n(H2) N(CS) τ 21 τ 32

(K) (K) ( km s−1) ( cm−3) ( cm−2)
(-12,-24) 3.0 2.3 1.3 1.0 105 2.4 1013 0.50 0.83
(-12,0) 2.8 2.6 1.8 1.7 105 1.9 1013 0.27 0.56
(-12,12) 1.8 1.5 2.0 1.2 105 1.3 1013 0.25 0.45
(-6,-6) 3.8 3.6 1.7 1.8 105 2.4 1013 0.33 0.73
(-6,6) 3.1 2.8 1.8 1.6 105 2.2 1013 0.31 0.65
(0,-24) 2.1 1.7 1.6 1.1 105 1.5 1013 0.31 0.53
(0,-12) 3.7 3.5 1.6 1.7 105 2.8 1013 0.34 0.75
(0,0) 4.0 4.1 1.6 2.2 105 3.0 1013 0.28 0.70
(0,12) 2.5 2.5 1.6 2.1 105 1.7 1013 0.18 0.45
(6,-6) 3.9 4.0 1.6 2.1 105 3.0 1013 0.30 0.71
(6,6) 3.6 3.7 1.7 2.1 105 2.6 1013 0.26 0.64
(12,-24) 1.3 0.9 1.9 9.3 104 8.9 1012 0.22 0.34
(12,0) 2.9 3.6 1.7 3.8 105 2.0 1013 0.11 0.36

of CG5. The quantities derived here represent reasonably good
estimates of the physical conditions inside the core.

The CS clump is rather quiescent, unlike the gas of the en-
velope traced by 13CO and 12CO: the velocity channel map
(see Fig. 7) shows little variation in the kinematics of the gas.
The velocity of the main body gas varies between −50.5 and
−52.5 km s−1, and peaks around −51.3 km s−1. Ambient gas
draws a clump of ≈ 30′′ diameter, with a redshifted SW ex-
tension ranging from -51.6 to−50 km s−1. At higher velocities
can be seen the blue and red wings.

5. Bipolar outflow

5.1. The CO outflow

5.1.1. Morphology

We have searched for high velocity wings around
IRAS 02252+6120 and have detected a small outflow. Fig. 8
shows the 12CO(2-1) emission of the outflow, observed at
3 different positions. The wings extend from −66 km s−1 to
−41 km s−1 (above 3σ = 0.6 K, see Fig. 9).

Fig. 7. CS(3-2) velocity channel map. Velocity interval is 0.2 km s−1,
first contour and contour step are 0.2 K.

The mean velocity of the ambient gas (vlsr) is −51 km s−1

so that the terminal velocity of the blue and the red wings are
15 km s−1 and 10 km s−1 respectively.

The major axis of the outflow lies at a P.A. of −30 o (see
Fig. 12): it is therefore oriented perpendicular to the major axis
of the (flattened) core of CG5. The emission of the high-velocity
gas extends over ≈ 50′′ (i.e. ≈ the whole width of the globule)
and is relatively poorly collimated (collimation ratio= 1.8). The
blue wing extends over≈ 30” while the red one is only 20” long.
Note however that some confusion exist between the emissions
of the outflow red wing and of the compressed surface gas and
that the contours of the red wing area closely follow the border
of the cloud (see Fig. 5 and Fig. 10). Interestingly, the highest-
velocity gas emission is concentrated around the IRAS source,
and appears surrounded by lower-velocity gas emission. This
agrees with the idea that CO actually traces molecular gas en-
trained by a faster (highly collimated) jet (Bachiller et al., 1992)
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Fig. 8. Emission of the outflow in the 12CO(2-1) line observed at three
position; the offsets for each spectrum are in arcsec, relative to the nom-
inal position of IRAS 02252+6120. The high-velocity wings, spatially
well separated, extend up to 15 km s−1 with respect to the ambient gas
velocity.

The weak overlap between both components suggest that
the angle of sight is close to the opening angle of the flow,
with a typical value probably closer to 90 o than to 0 o for the
latter. From this overlap, we estimate the approximate center
of the outflow to be at the offset position (0,-2), very close
to the nominal position of IRAS 02252+6120, and coinciding
with the CS density peak (see Sect. 4.4) confirming the former
to be the powering source of the outflow. We computed the
(emission-weighted) position of the velocity centroid for each
wing and found the following positions: (-3,5.5) and (4,-9) for
the blue and the red wings respectively. Both are very close to
the center of the flow, which, despite the unknown inclination
angle of the outflow, suggests a young kinematical age. We
determined the radius of each lobe as the distance of the velocity
centroid to the apparent outflow center. We found a mean radius
of ≈ 8′′ = 0.074 pc over the sky.

5.2. Physical parameters of the outflow

In the following, we derive estimates of mass, momentum, en-
ergy and mechanical power for the high-velocity gas. We did not
attempt to correct for projection effects which can severely af-
fect these values (Cabrit and Bertout, 1990). Another source of
error concerns the estimates of mass: the extended emission of
the redshifted compressed gas cannot be readily separated from
the emission of the outflow. However, since most of the latter
lies below 30 K km s−1 (see Fig. 10), we chose this contour to
delineate the extent of the red wing. In this respect, the values

Fig. 9. Velocity-position cut of the 12CO(2-1) emission made along the
main axis of the outflow. First contour is 0.6K (3σ) and contour interval
is 2.5K

derived for the mass, momentum, etc... should be regarded as
lower estimates.

The mass of gas contained in each wing was estimated under
the assumption that the 12CO levels are populated in LTE at the
excitation temperature Tex = Tk = 30 K. The masses were
calculated in the optically thin limit before correcting for the
opacity of the wings. From the 12CO(2-1)/13CO(2-1) ratio, we
inferred an opacity (averaged over the wing width) of τB = 3.2
and τR = 5.7 for the blue and the red wing respectively. In
Table 4 are summarised the mass of each wing and the other
parameters of the outflow.

We derive the other dynamical parameters by first calculat-
ing the mean velocity of each wing. We found V = −56 and−
46 km s−1, which means that both wings have the same mean ve-
locity with respect to the gas rest velocity (vlsr = −51 km s−1).
We estimated the dynamical timescale from the ratio of the
lobe size to the wing terminal velocity. We infer dynamical
timescales of the order of 1.5 104 yr. The mass loss rate was
calculated assuming the outflow to be momentum conserving.

5.3. The CS emission

Blue and red wings were detected in the CS(2-1), CS(3-2) and
CS(5-4) lines. These wings are more compact than in CO lines
(see Fig. 11), and they overlap strongly (which may be caused
by the finite resolution). The centroid and position angle of
the CS wings agree well with those found for CO. A lower
limit for the H2 density in the wings can be deduced from the
value of R = Tmb(CS(3 − 2))/Tmb(CS(2 − 1). We find that,
at the (0,0) position, R ≥ 1.3 at all velocities. This means that
n(H2) ≥ 3 105 cm−3 assumingTk = 40 K (and a higher limit for
lower temperatures). The properties of the gas traced by the CS
wings – compactness, high density, position and orientation-
strongly suggest that it is primary or entrained gas near the
source of the outflow.
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Fig. 10. Contours of integrated area for the blue (solid) and red (dashed)
CO high-velocity wings. Level spacing is 10 K km s−1, first contour is
20 K km s−1. The dotted line delineats the CS clump; the solid contour
delineates the central core.

Table 4. Physical parameters of the blue and the red wings of the out-
flow: mass, mean velocity, momentum, mechanical energy, dynamical
timescale, mass-loss rate and mechanical power (in brackets are given
the values in the optically thin limit).

Red Blue Total
Size ( pc) 0.14 0.28
Mean opacity 5.7 3.2
Mass (M�) 1.04 (.18) .94 (.28) 2.0 (.46)
V ( km s−1) -46 -56
P (M� km s−1) 5.3 (.92) 4.6 (1.38)
E (1044 erg) 2.6 (.45) 2.4 (.72) 5.0 (1.2)
Td ( yr) 1.2 104 1.8 104

Ṁ (10−5 M� yr−1) 4.4 (.77) 1.7 (.51) 6.1 (1.3)
L (L�) .18 (.032) .11 (.033) .29 (.065)

6. Thermal dust emission

The observations at λ = 1.25mm were carried out at the IRAM-
30m telescope with the MPIfR 19-channel bolometer in March
1995. Weather conditions were rather poor but stable: the mean
sky opacity τ was ∼ 0.3 over the session. The channels of the
array are located at the center and on the sides of two concen-
tric hexagons, two adjacent channels being separated by 20”.
The 19 channels have similar sensitivities apart from channel
6, whose data were discarded. Their beamwidth is 11” wide
(HPFW) and therefore very close to the synthesized beam of
the VLA observations. The source was scanned in the azimuth
direction by moving the telescope at a speed of 4′′/sec; subse-
quent azimuth scans were spaced by 4” in elevation. Two maps
of CG5 were made: skydips were performed before and after
each map. Calibration was checked on Mars and W3(OH). The

Fig. 11. Contours of integrated area emission in the CS(3-2)
high-velocity wings. Solid and dashed contours are used for the blue
and the red wing respectively. First contour and contour interval is
0.5 K km s−1.

data were reduced and analysed with the NIC software devel-
opped by IRAM. Combining the two maps yielded an rms of
≈ 5 mJy/beam in the resulting final map.

The continuum emission appears extended, with a general
orientation similar to the molecular gas distribution, and traces
an ellipsoidal condensation of dimensions 21′′ × 18′′ at half
power (100 mJy), or 18′′× 14′′ (0.16× 0.13 pc) after deconvo-
lution from the beam, very similar to the C18O core (see Fig. 12).
This clump is therefore resolved at 1.25mm. The emission peaks
at (0,−3): Fpeak = 200 mJy/beam. Like the C18O emission
map, this core is prolonged by a SW low-emission extension
(≤ 60 mJy/b).

Eq. 6 shows that the free-free emission flux from the ionised
shell surrounding cometary globules depends very weakly on
the frequency. Hence, at the same angular resolution, the free-
free radiation contributes negligibly to the millimeter continuum
emission compared with the thermal dust emission. We assumed
a solar metallicity and dust absorption cross sections typical of
moderately dense molecular gas: σHλ = 1.4 10−20(λ/(1µ))−2

(see Mezger et al. 1990). After deconvolving the source from the
beam (taken to be gaussian and 11” wide at FWHP), we get a to-
tal integrated flux of 316 mJy, using Eq. A9b–10b from Mezger
et al. (1990). Adopting Tk = 40 K, we derive a hydrogen col-
umn density N (H2) = 2.9 1022 cm−2 and a mass Mc = 20M�.
These results agree very well with the C18O analysis.

We can note that the H2 surface densities derived from 13CO,
C18O, and dust agree closely, while the length and mass scales
are significantly different. This suggests, at least in the range
0.1–0.2 pc, a ρ ∝ r−1 mass distribution.
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Table 5. Physical properties of CG5

Distance 1.9 kpc
Proj. radius 0.3 pc
Proj. size (13CO) 0.9 pc

Ionising flux 4.8 109 cm−2 s−1

Electronic surface density 720 cm−3

Globule lifetime against
photo-evaporation 106 yr

IRAS source position (1950) α = 02h25m14.5s

δ = 61 o20′10′′ (1950)
IRAS fluxes S(12,25,60,100 µm)=

9.81, 55.98, 239.51, 638.83 Jy
FIR luminosity 1100L�
Dust temperature (12 µm/25 µm) 135 K
Dust temperature (25 µm/60 µm) 68 K
Dust temperature (60 µm/100 µm) 32 K

Core gas temperature 40 K
Core density (peak) 1.5 106 cm−3

Core density (average) 2 105 cm−3

Core radius 0.08 pc
Core mass (C18O, dust) 21M�

Envelope gas temperature 30 K
Envelope density (13CO) 4 104 cm−3

Envelope radius 0.3 pc
Envelope mass (13CO) 135M�

Density structure ρ ∝ r−1

in the range 0.1− 0.2 pc.

Velocity structure RDI motion on the
southern side of the globule
Bipolar Ouflow centered
on the IRAS source

7. Discussion

7.1. Dynamical interaction of CG5 with the UV flux

The outer contour of CG5 shown by the optical image, is a
blunt cone, pointing at PA≈ 80o, the radius of the head being
≈ 0.3 pc.

All the tracers of molecular gas, including high-density trac-
ers such as CS(3-2) or CS(2-1) show the presence of an ex-
tended component of warmer gas along the southern border of
CG5 (compare the 13CO(2-1) maps of integrated emission and
peak brightness in, respectively, Figs. 2 and 3). This layer is
redshifted with respect to the main body gas. Inspection of the
VLA map (see Fig. 1) shows that the morphology of the molec-
ular layer is very similar to the region of maximum free-free
emission (see Sect. 4.1).

Fig. 12. Continuum emission map of CG5 at 1.25mm. First contour
and contour step are 15 mJybeam−1. The peak flux is 200 mJy/beam.

The most plausible explanation is that we actually observe
the dense shocked gas ahead of the ionisation front at the surface
of CG5. A simple calculation of the typical density ns in this
compressed layer (see Sect. 3.2) shows that it is comparable to
the CS critical density.

As already mentioned in Sect. 2, the present distribution of
ionized gas along the rim of CG5 does not follow the general
symmetry of the globule and it seems likely that it acquired its
shape in a previous photoevaporation episode. We propose that
we are now observing a recompression of the south side of CG5
caused by the stars listed in Table 1 (essentially the last three).

Photo-ionisation of the superficial layers induces a mass loss
of the cloud at a rate ( LL94):

Ṁ = 29 (
Φ

107 cm−2 s−1 )1/2(
R

1 pc
)3/2 M� My−1

= 105 M� My−1

The lifetime of the molecular condensation τc is then τc ≈ 1 My.

7.2. Pressures and magnetic field

The molecular density averaged over the cloud is: nc =
1.1 104 cm−3. Taking as mean linewidth ∆v = 2.1 km s−1 and
temperature T = 30 K, we derive the thermal and turbulent
pressure of the molecular gas:

Pth = 4.6 10−11 erg cm−3 (10)

Pturb = 4.0 10−10 erg cm−3 (11)

Pext = 4.2 10−9 erg cm−3 (12)

The dynamical pressure of the cloud therefore appears ten
times as low as the external pressure. This is qualitatively cor-
rect since we actually have evidence of shock compression.

There is little doubt that the suprathermal linewidths ob-
served are of magnetic origin (Alfven, magnetosonic waves).
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The energy contained in the magnetic field supporting these
MHD waves provides support against collape motions. As-
suming that the Alfvenic Mach number MA can be at most
unity, because of the rapid rise of dissipation for higher val-
ues, we can write σ2

turb ≤ V 2
A/3 = B2/(12πρ), where σ2

turb =
1/(8 ln 2)∆V 2 − kBT/m is the (1-d) non-thermal component
of linewidths. Adopting the 13CO estimates for σturb and ρ, we
derive a lower limit for the magnetic field and its associated
pressure:

B ≥ 125 µG (13)

An upper limit is obtained by assuming that a static mag-
netic field balances the outside pressure of the ionised gas:
B ≤ 310 µG. Because compression caused by Pext is observed
on the south rim, B must be significantly below the 310µG
upper limit and is propably closer to the 125µG lower limit
derived above. We therefore estimate the total magnetic (static
plus MHD turbulent) pressure as: PB ≈ 10−9 erg cm−3.

Given the mean density of molecular gas in CG5, the
strength of the magnetic field is compatible with the empirical
Heiles’ law, observed over a large range of scales in molecu-
lar clouds and HII regions B/(1 µG) = A(n/1 cm−3)1/2 where
A ∼ 1.5 with a fair amount of scatter (Heiles, 1993). The ratio
of the inner (static magnetic plus MHD) pressure to the external
pressure is PB/Pext = 0.25. Therefore, the magnetic energy
present in the field and the MHD waves can support efficiently
the cloud against the external pressure, and strongly slow down
the implosion. From Mestel (1986), we estimate the maximum
mass which can be supported against collapse by the magnetic
flux Φ ≈ πBR2: Mc = 1/(3π2G)1/2Φ = 120M�. CG5 is
therefore in a marginally supercritical state with respect to the
static magnetic field, and globally magnetically subcritical. We
return to this point in the following section.

Can the bipolar outflow be the source of the turbulent en-
ergy ? The timescale for the outflow mechanical power L to
provide the observed turbulent energy can be estimated as:
τsource ≈ 3Pturb < V > /(2L) = 0.1 My, while the dissipa-
tion timescale for near-sonic turbulence is of order of the sound
crossing time: τdiss ≈ `/VA = 0.3 pc/1.5 km s−1 ≈ 0.2 My.
Therefore, the outflow might be the source of the observed tur-
bulent motions.

7.3. Gravitational stability and star formation

We first examine the virial balance of CG5 on large scales before
concentrating on the properties of the molecular core. Leaving
aside the compression region and the relatively small mass in-
volved in the bipolar flow, CG5 appears to be in a quasi-static
state and should obey the virial equation:

2T + IM− 3P0V − |W | = 0 (14)

Our observations do not allow us to evaluate the boundary pres-
sure P0 on the quiescent part of the surface of CG5. We can
estimate the other terms in the virial equation, normalized to
unit mass, in units of (1 km s−1)2: where the 2/3 factor in |W |

Fig. 13. Equilibrium states of a cloud sustained by its internal and
a magnetic pressure against its self-gravity and an external pressure
Pa. The cloud is in an arbitrary initial state (P0, r0). The polytropic
index of gas γ and the ratio of the non-kinetic to kinetic energy Λ
define 3 possible configurations for the cloud (see text), illustrated
here: a) Λ > 0, b) Λ < 0, γ > 4/3, and c) Λ < 0, γ < 4/3.

3σ2 B2/(8πρ) 3P0/ρ (2/3)× 3GM/(5R)
2.3 1.1 ? 0.8

corresponds to a r−1 density distribution (see end of Sect. 6).
The estimate of the first term is directly based on the observed
velocity dispersion; the second term is a lower limit (if super-
sonic turbulence is excluded), and we estimate our mass deter-
mination (from the optically thin, thermalized 13CO(1-0) line)
to be accurate to 25% or better. We therefore conclude that an
external pressure P0 ≈ 6 10−10 erg cm−3 is needed, together
with self-gravity, to confine CG5.

We now discuss the evolution leading to the present state of
CG5. We propose the following scenario, that will be supported
by a more quantitative analysis. The molecular condensation
that became CG5 was, before being exposed to the UV flux
of O stars, in a near-critical stability state. Photo-evaporation
increased the surface pressure beyond a critical value, triggering
the collapse of the central part and ensuing protostar formation.
The present bipolar outflow(s) contribute to sustain turbulence
and return the cloud to a globally subcritical state.

We present a simplified analysis based on the virial equation
and isotropic contraction to determine the impact of an external
pressure on the gravitational stability of a condensation such as
CG5 for various initial conditions. We parametrize the contrac-
tion with x = r/r0, where “0” denotes an arbitrary reference
state, and assume that the gas pressure follows a polytropic
equation of state p = p0(ρ/ρ0)γ . We can then write the virial
equation:

0 = 3P0V0x
3(1−γ) − 3PaV0x

3 + IM0x
−1 − |W0|x−1 (15)

Pa
P0

= x−3γ +
IM0 − |W0|

3P0V0
x−4 (16)

Fig. 13 shows the qualitative behaviour of Pa versus x in three
cases. An equilibrium state can exist for a given value of Pa
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if the Pa(x) curve intersects that ordinate; that equilibrium is
stable is dPa/dx < 0. Three cases arise:
a) (IM0 − |W0|) > 0: the magnetic pressure dominates gravity,
and, irrespective of the gas equation of state, there is a stable
equilibrium for arbitrary ambient pressure. This corresponds to
a cloud for which the M/Φ ratio is subcritical.
b) (IM0 − |W0|) < 0, and γ > 4/3. Although the M/Φ ratio is
supercritical, the stiffness of the equation of state guarantees a
stable equilibrium for any ambient pressure. This includes the
case of a magnetically supercritical collapse halted by adiabatic
(γ = 7/5) pressure.
c) (IM0 − |W0|) < 0, and γ < 4/3. In that case, Pa(x) goes
through a maximum value Pa,crit. No equilibrium exists for
Pa > Pa,crit.
In the special case γ = 4/3, the r.h.s. of Eq. 16 and its derivative
have a sign which is independent of x, and the cloud is either
unconditionally stable or unconditionally unstable (no curves
are drawn on Fig. 13 for that case). The rest of the discussion
depends on the effective γ for the dominant turbulent pressure,
which is poorly known. If an alfvenic condition (MA = 1) is
maintained (possibly by balance between turbulent energy pro-
duction and dissipation), then the effective γ is 4/3. If, how-
ever, γ is less than 4/3, either because of the contribution of the
thermal pressure, or because of the behaviour of the turbulent
pressure, then we are in case c).

All the condensations we observe now at the border or inside
the HII region were (are still) very likely magnetically subcriti-
cal: supercritical condensations collapse in a few free-fall times
τff (=

√
3π/(32Gρ) = 3 105 yr for n ∼ 104 cm−3), and would

have already formed stars before being reached by the Ionisation
Front. Ambipolar diffusion is a well established mechanism to
drain magnetic flux outside molecular clouds and allow them to
collapse (we will return to this point further down). Therefore,
in a star-forming molecular complex, there must be at any time a
number of cores close enough to the stability limit (Pa = Pa,crit)
that the increase in boundary pressure due to photoionization
pushes them over the top of the magnetic barrier.

Besides, using standard expressions (Mouschovias, 1991),
we compute the ion density and ambipolar diffusion timescale
in the central core of CG5 (n(H2) = 106 cm−3):

ni = 3 10−3(
n(H2)
105

)1/2 = 10−2 cm−3 (17)

τAD = 103 1010ni
n(H2)

(
M

MC
)2 ≈ 105 yr (18)

where MC =
(
1/(63G

)1/2 Φ is the critical mass with respect
to the magnetic flux. While the actual value of τAD might be
higher due to ionisation of minor species (Fe, Si), the standard
value is small enough with respect to the estimated lifetime of
CG5 (106 yr) against dispersal by the UV flux that significant
flux loss should also occur during the evolution of the cometary
globule, so that the magnetic barrier could be passed after the
start of the photo-ionisation.

The dynamics of the condensations in CG5 are governed
by the three length scales: a) λA: the minimum Alfven wave-

length which can propagate in the neutral gas, b) λT : the max-
imum length scale which can be supported against self-gravity
by the cloud’s kinetic pressure, c) λM : the maximum length
scale which can be supported against self-gravity by the mag-
netic flux. They can be expressed as:

λA = 0.29

(
B

30 µG

)(
103 cm−3

n

)
= 0.017 pc (19)

λT = 1.53
( σ

1 km s−1

)(103 cm−3

n

)1/2

= 0.10 pc (20)

λM = 0.91

(
B

30 µG

)(
103 cm−3

n

)
= 0.056 pc (21)

where we have adopted the canonical values for the ionised
fraction (Mouschovias, 1991). Numerical values are given for
the parameters of the core of CG5 (∆v = 1.3 km s−1, n(H2) =
6.7 104 cm−3). λT is very close to the core radius (= 0.095 pc),
and larger than λM . This means that the core of CG5 is close to
virial equilibrium and gravitationally bound (note that we have
left aside the contribution to the gravitational potential of the
protostars which might have formed in the core - see below).

The damping of Alfven waves below the scale defined by
λA results in a lower polytropic index γ for the gas at small-
scales. Small-size condensations can therefore gravitationally
collapse when they undergo the pressure increase Pa of the
shock associated with the ionisation front, whereas the large-
scale structures remain stable. Based on an energetic analysis,
photo-ionisation appears to be a (if not ”the”) natural agent
to trigger star formation in CG5. A more detailed modelling
would be required to define an evolutionary scenario, including
timescales.

What is the impact of the outflow on the core of CG5 ?
In order to trigger the gravitational collapse of a gas conden-
sation of mass m, the outflow momentum has to be greater
than mσ, where σ is the typical linewidth in the conden-
sation (0.55 km/ s−1 for the core of CG5) (Foster & Boss,
1996). The momentum contained in each lobe of the outflow is
< MV >≈ 5M� km s−1. The outflow of CG5 is therefore able
to trigger the gravitational collapse of condensations of mass
≤ 9M�, leading to the formation of low- and intermediate-
mass stars. We speculate that the outflow associated with the
very first protostar might have induced or contributed to a se-
quential star-forming process in the cloud. On a large scale,
the present outflow carries energy in the gas, which contributes
to unbound the cloud. The external pressure exerted by photo-
ionisation plays a key role in that it is the main agent to bind the
cloud and oppose the gas dispersal favored by the energy injec-
tion of the outflow in the cloud (the virial analysis in Sect. 7.3
has shown that an external pressure is actually necessary to
bind CG5). Thereby, star-formation inside CG5 indirectly con-
tributes to slow down the collapse motion and lengthen the
lifetime of the cloud, which in turn increases the number of
protostars which can form. The counterpart is that the energy
density of the molecular gas is higher; λT is increased and the
objects formed are more massive, which in turn implies more



B. Lefloch et al.: Cometary globules. III 261

energy injected in the outflow, so that in the end the SFE is
self-regulated.

7.4. Multiple star formation in CG5

Our observations show that star formation occurred recently
in the molecular core of CG5: a CO molecular outflow asso-
ciated to the central IRAS source has been observed; there is
an almost exact coincidence between the nominal position of
the IR source, the density peak of molecular gas, the peak of
millimeter continuum emission and the apparent center of the
outflow. However, the absence of an ultra-compact HII region
in the core of CG5 and the examination of the equivalent 12µ
IRAS flux at the distance of the Taurus complex S∗12 = 1380 Jy
(= S12.(d/160 pc)2) strongly suggests that it is not a single ob-
ject but a cluster of stars which has formed in CG5. This is con-
firmed by IR observations made in the JHK bands by Skrustkie
et al. (1990). The authors report the presence of a cluster of at
least 20 sources in CG5. The luminosity of the cluster is domi-
nated by a binary system, one of the stars being much younger
(redder) than its companion. Taking as upper limit to the extent
of the cluster the 30% contour of the 13CO(1-0) integrated area,
we derive (lower) estimates of 53 pc−2 for the stellar surface
density and 160 pc−3 for the stellar density. The star forming
efficiency of the globule (fraction of mass converted into stars)
is more difficult to estimate since one has to take into account
the mass of gas photo-evaporated. A rough estimate is obtained
by assuming that half of the cloud mass has already been photo-
evaporated and that all the stars formed have a typical mass of
1M�; we obtain an efficiency of ∼ 10%. We conclude from
these somewhat crude estimates that the star-forming properties
of CG5 in the most conservative case are similar to those en-
countered in the ρ Oph core, where stars essentially form within
clusters (Lada, Strom and Myers 1990).

A detailed analysis of the members of the star cluster (age,
mass) from IR data would enable to precise the mass-spectrum
and the star-forming efficiency of the cloud, especially with
respect to the large star-forming complexes such as Orion or
ρ Ophiuchus. Also, it probably is the best tool to validate our
model of triggered star-formation: the stars formed closer to the
surface of CG5 are expected to be older and should appear less
red.

8. Conclusion

We have observed the cometary globule CG5 in the HII region
IC 1848 at millimeter and centimeter wavelengths. Our study
shows that this cloud is progressively emerging from the dense
neutral gas layer surrounding the nebula. Comparison of the
distribution of ionised gas along the cloud’s rim and the general
symmetry of the cloud suggests that CG5 acquired its shaped in
a previous episode of photo-evaporation by now-extinct stars. It
is presently undergoing recompression of the south side by the O
star cluster located at the center of the HII region. We estimate
the UV flux Φ = 4.8 109 cm−2 s−1 from the VLA free-free
continuum emission at 6cm. The Ly-c photons of the exciting

stars of the nebula evaporate the superficial layers and drive a
shock into the globule while the material at the surface of the
cloud is heated: we estimate the shocked gas pressure to be
≈ 4× as large as the inner pressure of the globule. The shocked
gas in the compressed layer preceding the IF was detected in
dense gas tracers and in the millimeter (thermal) emission of
dust.

CG5 exhibits a strong resemblance with the barnacle models
of LL94: it consists of a dense core (M = 21M�, R = 0.08 pc)
surrounded by a lower-density envelope of mean radius 0.3 pc.
We found a total mass of 135M� for the whole cloud; the
density distribution follows a ρ ∝ r−1 density law at least in
the range 0.1− 0.2 pc. A detailed analysis of pressure balance
strongly supports the idea that the globule is permeated by a
static magnetic field of strength close to 125 µG, which also
represents a lower limit assuming the observed linewidths are
of Alfvenic origin, and less than 300 µG. Consequently CG5
is globally magnetically subcritical. It is not self-gravity but
the external overpressure resulting from photo-ionisation which
confines the cloud, as a consequence of the star formation which
took place inside the globule.

The luminous IRAS point source harboured in CG5 is the
powering engine of a molecular outflow observed in different
lines of the CO isotopomers and CS; this outflow is appar-
ently very young (Td ∼ 1.5 104 yr) and entrains dense gas
(n ≥ 3 105 yr) of relatively high opacity. The source locally
heats its parental core at a temperature ≈ 50 K. Both IRAS
fluxes and IR observations lead to the conclusion that the source
is multiple. Based on conservative estimates, the star-forming
properties (stellar density, star-forming efficiency) seem similar
to what is observed in the large star-forming complexes. At this
point, IR observations combined with our data are needed to
determine the mass spectrum and the star-forming efficiency of
CG5, which might turn out to be even higher than our estimate.

We suggest that CG5 was in a magnetically subcritical state
in the past, with some small-scale condensations close to critical
equilibrium (we find e.g. the cloud core to be in virial equilib-
rium). The overpressure due to the shock driven by the ionisation
front was then sufficient to trigger their gravitational collapse.
The momentum contained in the outflow is also large enough
that it might have contributed to this sequential star-formation
process. In addition, the energy of the outflow is sufficient to
sustain turbulence in the cloud and maintain it in a magneti-
cally subcritical state, i.e. it tends to stabilize the cloud against
collapse. It results that the SFE is self-regulated.
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