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Abstract. Molecular line, millimetre/submillimetre contin-
uum, and mid-IR observations are reported of the opaque fingers
which cross the Eagle Nebula. The fingers are surprisingly warm
when viewed in the COJ= 3–2 lines, with kinetic temperatures
approaching 60 K, although the lines are relatively narrow. Most
of the mass in the fingers is concentrated in cores which lie at the
tips of the fingers, and contain from∼ 10 to 60 M�, represent-
ing 55–80% of the mass of the individual fingers. The integrated
mass contained in the three fingers and the nearby extended ma-
terial is∼ 200 M�. The velocity fields of the gas are complex
and the material is very clumpy. The best evidence for coherent
velocity structure is seen running along the central finger, which
has a velocity gradient∼ 1.7 km s−1 pc−1. The fingers contain
several embedded submm continuum cores, with the most in-
tense located at the tips of the fingers. The continuum spectra of
these cores shows that they are much cooler,Tdust ∼ 20 K, than
Tgas ∼ 60 K of their respective fingers. A simple thermal and
chemical model of a finger was developed to study the physical
environment, which takes into account the external UV illumi-
nation (∼ 1700G0), and the chemical and thermal structure of
a finger.

The model predictions are consistent with all of the avail-
able observations. The fingers appear to have been formed after
primordial dense clumps in the original cloud were irradiated
by the light of its OB stars. These clumps then shielded material
lying behind from the photoevaporative dispersal of the cloud,
and facilitated the formation of the finger structures. The cores
in the tips of the fingers appear to be at a very early stage of
pre-protostellardevelopment: there are no embedded infrared
sources or molecular outflows present. The pressure inside the
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cores is just less than that of the surrounding gas, allowing them
to be compressed by the external pressure. The cores are prob-
ably just starting the final stages of collapse, which will lead
to the formation of a condensed, warm object. It is well known
that such characteristics are expected from the earliest stages of
objects popularly known as ‘protostars’.The cores in the tips of
the Eagle Nebula’s fingers have characteristics similar to those
expected to occur in the earliest stages of protostellar formation.

Key words: infrared: ISM: continuum – ISM: molecules – ISM:
individual objects: Eagle Nebula – ISM: Hii regions – ISM:
general ISM: clouds

1. Introduction

The Eagle Nebula, M16, is a prominent HII region lying 2±
0.1 kpc from the Earth (Hillenbrand et al.1993). Optical im-
ages show it to be crossed by several opaque ‘Elephant Trunks’,
which appear as ‘fingers’, or columns of dense obscuring mate-
rial projected against the diffuse background nebular emission.
The Eagle Nebula lies adjacent to the star cluster NGC6611,
which contains the largest population of intermediate-mass pre-
main-sequence stars known in any young cluster in the Galaxy
(Hillenbrand et al. 1993). It is made up of several hundred op-
tically visible stars whose masses lie in the range 3< M < 8
M�, and ages range from∼ 0.25 to 3 106 years. While most of
the stars in this cluster seem to have formed in a mini-starburst
∼ 2 106 years ago, high-mass star-formation has been occurring
over at least the last 6 106 years (Hillenbrand et al. 1993). A
recent study with the Hubble Space Telescope (HST – Hester et
al. 1996) discovered a population of seventy-three ‘evaporating
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Table 1.JCMT telescope parameters – April 1996

Line Transition Freq Tsys HPBW ηfss ηmb Spectra rms

GHz K ′′ K

HCN 1–0 86.630 310 44 0.70 0.64 4 0.2
HCO+ 1–0 86.754 350 44 0.70 0.64 4 0.2
H13CO+ 1–0 89.188 240 43 0.65 0.64 4 0.2
CS 2–1 97.981 240 43 0.65 0.64 4 0.2
C18O 1–0 109.782 370 35 0.65 0.48 4 0.2
13CO 1–0 110.201 420 34 0.6 0.48 4 0.2
CO 1–0 115.271 1700 33 0.6 0.47 4 0.2
C18O 2–1 219.560 350 22 0.80 0.64 4 0.2
CO 2–1 230.538 330 21 0.80 0.64 4 0.2
C18O 3–2 329.331 500 16 0.75 0.65 563 1.2
13CO 3–2 330.588 500 16 0.75 0.65 120 1.5
CO 3–2 345.796 360 15 0.75 0.65 1410 0.5
HCO+ 4–3 356.734 430 14 0.75 0.65 457 0.6
CI 3P1–3P0 492.161 3000 10 0.7 0.53 504 3.0

gaseous globules’ (EGG’s). About 7% of these have associated
young stars, although it was speculated that a more complete
survey capable of tracing a lower mass embedded population
would find that as many as∼ 20% of the EGG’s might contain
young stars (McCaughrean 1997).

The radiation from several of the nearby O-stars has photoe-
vaporated much of the material in the original molecular cloud,
and the fingers may mark the location of dense clumps which
existed in the primordial molecular cloud from which NGC6611
was formed. These dense clumps would then have shielded the
material lying behind them from the photoevaporative effects of
the UV radiation, leading to the formation of the fingers (similar
to the way that ‘capstones’ can effect the geological erosion of
material on the earth). The surface layers of these fingers are
ionised by the UV radiation emitted by several O5 stars lying
about 2 pc to the NW, which provide a total flux of∼ 2 1050

photons s−1 (Hester et al. 1996). The materialinside the sur-
face layers must therefore be subjected to the pressure of the
surrounding hot ionised gas, although the state of dynamical
equilibrium will also depend on the internal pressure, magnetic
field strengths and the gravitational stability of the cores.

The optical appearance of the fingers therefore suggests that
the dense, opaque material near the tips of the fingers may have
shielded the material lying behind from the effects of the radi-
ation, and that this shielding may have contributed to the for-
mation of the fingers. This paper will examine a) the structure
and properties of the gas and dust in the fingers, b) the thermal
and pressure equilibrium of the cores and fingers, and c) the
prospects for future star formation and the subsequent evolu-
tion of the fingers. For brevity, we adopt a naming convention
designating the three fingers, running from north to south as
Π1, Π2, andΠ3, respectively.

2. The observations

Spectral line and continuum observations of an area covering
the three main fingers at millimetre and sub-millimetre wave-

lengths, were made with the 15 metre James Clerk Maxwell
Telescope (JCMT) in Hawaii during April and September 1997.
These were supplemented by millimetre wavelength spectro-
scopic observations using the Onsala Space Observatory (OSO)
20 metre telescope during March 1998. The telescope efficien-
cies and beamsizes at the various frequencies are summarised
in Table 1 (observations below 116 GHz were made at OSO,
those above 200 GHz at the JCMT):

The spectral data were collected during periods of good at-
mospheric transparency, when both the JCMT and OSO’s point-
ing and tracking accuracy were better than 2′′. The JCMT spec-
tra were collected and processed using standard JCMT receivers
with a digital autocorrelation spectrometer backend. The re-
ceivers had single sideband system noise temperatures ranging
from 300 K in the COJ= 2-1 and 3–2 transitions, 400 K for
HCO+ J= 4–3 to 3000 K for the CI measurements, and the data
were taken with velocity resolutions of∼ 0.2 km s−1. The OSO
spectra were observed using a frequency switching with an SIS
receiver which was operated in a single-sideband mode. This
was used with a digital autocorrelation receiver, which provided
a spectral resolution∼ 0.06 km s−1. The data were calibrated in
units of main beam brightness temperatureTmb (= Ta*/ηmb)
using a standard chopper wheel calibration technique with an
additional correction for the relative sideband gains, and anηmb

value measured from observations of the planets. TheTmb scale
describes the brightness of a source which completely fills the
main beam, but is not seen by the side-lobes. The maps pre-
sented later indicate that this is generally the case in theJ= 3–2
observations.

Several ‘Standard’ calibration line sources were observed
over a range of elevations at both OSO and the JCMT, and their
intensities found to be in good agreement with historical values.
In particular the Eagle Nebula was observed at low elevations
from Onsala (maximum elevation 18 degrees). Frequent ob-
servations of compact standard calibration sources observed at
low elevations agreed to within 10 percent of values obtained
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Table 2.Photometry at the submm peaks (all fluxes in Janskys per beam, position offsets are in′′).

µm (-20,+30) (-45,-28) (-45,-75) (20,-30) (95, -205)

2000 0.276± 0.023 0.140± 0.013 0.088± 0.013 0.097± 0.016 0.149± 0.016
1350 0.475± 0.032 0.294± 0.026 0.143± 0.015 0.168± 0.018 0.288± 0.026
850 1.24± 0.01 0.785± 0.019 0.34± 0.02 0.434±0.023 0.884± 0.033
750 1.46± 0.03 1.19± 0.07 0.464± 0.062 0.584±0.051 1.19± 0.09
450 6.0± 0.22 3.77± 0.25 1.49± 0.23 2.20± 0.15 3.63± 0.28
350 11.4± 0.23 8.08± 0.20 2.26± 0.18 2.98± 0.3 5.01± 0.17

at higher elevations. At the JCMT, each of the map grids were
sampled every 6′′ - except the CI map, which was sampled every
4′′. All of the JCMT spectral line data were position switched
against a clean off-position 0.8 degrees NW. At the distance of
M16, 10′′ corresponds to a linear size of 0.1 pc. All observations
reported in this paper are labelled using 1950 coordinates, or,
where appropriate, using relative offsets.

The submm continuum data were obtained with the JCMT’s
SCUBA array. This is a submillimetre bolometric camera con-
taining two detector arrays cooled to 0.1 K. These simultane-
ously view the same patch of sky, about 2.3′ in diameter, via a
beam-splitter. The long-wavelength (LW) array has 37 elements
optimised for operation at 850µm, and the short-wavelength
(SW) array has 91 elements for use at 450µm. The individual
bolometer beams are spaced about one beamwidth apart. Three
longer wavelength bolometers surround the 850µm array, offset
on the sky from each other by about 2′, which are used for point-
source photometry. The 450µm array can also be used at 350
µm, and the 850µm array at 750µm and 600µm, with some-
what reduced sensitivity. The data were obtained in the ‘Jiggle
Map’ mode, where the chopping secondary mirror is moved so
as to steer each detector beam over a pattern on the sky. This
allows fully-sampled maps to be made with points spaced 3.1′′

and 6.2′′ apart for the SW and LW arrays respectively, after
on-line re-gridding to an RA / Dec frame. For the observations
reported in this paper, the restored half-power beam-widths at
2000, 1300, 850, 750, 450 and 350µm were 28′′, 18′′, 13′′, 11′′,
7′′ and 7′′ respectively.

Radio observations at 8.69 GHz were obtained using the
NRAO Very Large Array (VLA) in the D-configuration, which
provided a synthesised beam of∼ 5′′ HPBW over an area de-
fined by the primary beam of∼ 5 ′. Two short integration (‘snap-
shot’) images separated by about 2 hours in time were taken
with integration times of∼ 5 minutes across a bandwidth of
100 MHz. The data were edited and calibrated using the AIPS
software package and mapped onto a 256 x 256 grid with a pixel
size of 2′′. The final images were produced using the routine
MX, a version of the CLEAN algorithm, and contained∼ 1000
CLEAN components with a loop gain of 0.1. The maps were
then restored with a circular gaussian beam of 8′′ FWHM, giv-
ing 4 pixels across the synthesised beam. Further details of the
observing set-up are described in Balser et al. (1995).

ISOCAM observations were taken from measurements of
the original dataset reported by Pilbratt et al. (1998). Two broad
bands were observed; a 4′ x 4′ region at a central wavelength

of 6.7 µm (LW2), with 1.5′′ pixels and an effective resolution
of 2.8′′, and a 4.8′ x 4.8′ region at a central wavelength of
14.3 µm (LW3), with 3.0′′ pixels and an effective resolution
of 6.0′′. Based on current accumulated ISOCAM experience,
the calibration is believed to be accurate to within 10%.

3. Observational results

3.1. SCUBA submillimetre continuum observations

Four field centres were mosaiced together at 850 and 450µm,
and one field centre which covered the three main fingers was
observed at 750 and 350µm. The final images are shown in
Fig. 1.

The fluxes obtained with SCUBA at the main peaks, and
their photometric errors (in units of Janskys) are listed in Table 2.

The errors quoted in the table are 1σ photometric uncer-
tainties, which are useful for assessing the signal to noise ratio.
However, a more conservative estimate of the flux uncertainties
based on observations of the planets and secondary calibrators,
plus experience of making observations at these wavelengths is
typically 2σ ∼ 5–7% at 850µm, 10% at 750µm, less than 5%
at 1350 and 2000µm, and 25% at 450 and 350µm.

The 450µm map, with an effective resolution of 7′′ FWHM,
is shown in Fig. 2, overlaid onto the HST image of Hester et
al. (1996), and the JCMT COJ = 3–2 (discussed in Sect. 3.2),
ISOCAM and VLA (discussed in Sect. 3.5) images of the area
which are reported in this paper. The stellar positions measured
by Tucholke et al. (1986) and Hillenbrand et al. (1993) were used
to solve for the HST and ISO astrometric reference frames.

The Hα and CO overlays in Fig. 2 show that the 450µm
peaks in several of the fingers are displaced back (∼ 10′′) from
the ionised rims of the cloud (Fig. 2a), and that they lie be-
tween the molecular hot spots and the photoionised cloud edges
(Fig. 2b). However, the ISOCAM overlay (Fig. 2c) shows a more
complex situation, where the submm peak inΠ1 is co-incident
with the brightest 6.7µm emission, but inΠ2 the peak lies
about 10′′ further into the finger, away from the bright rim. The
VLA overlay (Fig. 2d) is also difficult to interpret: at the head
of Π1, the submm peak lies back into the finger relative to the
radio free-free emission, whilst inΠ2, the submm peak coin-
cides with a bright spot on an apparently limb-brightened finger.
The VLA emission is more extended that the ionised gas traced
in the Hα image, probably because the radio emission is less
affected by the extinction seen in the optical image. Thus the
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a

b

Fig. 1. aComparison of the SCUBA images at 850 and 450µm, convolved to an effective resolution of 9′′, with the HST Hα image from Hester
et al. (1996) and the integrated COJ = 3–2 map (Sect. 3.2 of this paper),b greyscale images of the raw images at the four scuba wavebands.
This greyscale representation is shown to emphasise the strong cores relative to the weaker material in the fingers

VLA data should trace the front and rear surfaces of the finger
providing a complete census of the ionised gas.

In order to measure the mm and submillimetre spectral re-
gions accessible to the JCMT, measurements were made us-
ing the photometric pixels of SCUBA, at the positions of the
strongest submillimetre continuum peaks. The resultant spectra
are shown in Fig. 3, along with greybody spectra fitted using the
relationship:

Sν =
4πκυ

d2

Rext
∫

0

Bυ [Tdust(r)] ρ(r) r
2

dr (1)

whereTdust is the dust temperature,κυ is dust opacity per unit
mass column density,Bυ is the Planck function,ρ is the volume
mass density – assumed in this case to be constant,Rext is
the radius of the emitting region,d is the distance to the Eagle

Nebula (Andŕe& Montmerle 1994). Photometric measurements
were also added from the ISOCAM data, and several points at
60 and 100µm were estimated from the High Resolution IRAS
Galaxy Atlas (IGA–IPAC 1997). These IRAS points should be
treated with caution, since the region is confused at the∼ 1′

resolution of the image processed IGA maps; hence the IGA
data are only useful to set upper limits to constrain the model
fits.

To make these fits, the core masses were constrained to those
estimated from the C18O observations (see Sect. 3.2), leaving
the emissivity,β, and temperature as free parameters. Initial
attempts to fit both the absolute values of the fluxes and the
spectral energy distribution were made by assuming that the
value ofβ = 1.5. However, this was found to underestimate the
flux from the cores in the fingertips at the longest wavelengths
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Fig. 2a–d.The SCUBA 450µm map shown as contours, overlaid ontoa the HST Hα image of Hester et al. (1996),b the COJ= 3–2 integrated
emission,c the ISOCAM 6.7µm image, andd the 8.7 GHz image. The contour levels on the 450µm map are 5, 10, 20, 30, 40, 50, 60, 70 and
80 mJy per beam. The lower part of the SCUBA map is omitted from panelsa andb, but included in thelower panels. M16 E31 is a bright IR
source seen in the ISOCAM images of Pilbratt et al. (1998), and M16 HH1 is an Herbig-Haro object.

by factors of 2–3. It did not appear possible to account for this
discrepancy by either calibration errors or beamwidth variations
(the data were convolved to the same resolution). We have also
considered the possibility that line contamination could influ-
ence the estimated dust emissivity. However, as will be seen in
Table 3 later, the lines that are detected are all relatively weak,
and their integrated emission is insignificant compared to that of

the dust continuum. The possibility of multiple dust populations
with different grain temperatures remains, although there is no
a priori reason to assume this in the low temperature material.
Finally, it is unlikely that free-free emission is responsible for
the long-wavelength excess, as will be discussed in Sect. 3.5.
Choosingβ = 1.1–1.2 resulted in significantly better fits to the
data than values of 1.5–2.0, which are often adopted for mod-
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Fig. 3. Submillimetre wavelength spectra of five peaks in the Eagle Nebula from the 450µm map shown in Fig. 2. The error bars represent
the conservative 2σ flux uncertainty. The fitted greybody curves were constrained by adopting the molecular masses (Sect. 3.2), and fitting the
temperature and emissivity as free parameters, as described in the text. The IRAS points in the centre right frame are conservative estimates
taken from the IRAS IGA survey. Since they involve assumptions about the sizes of the emitting region (which we assume to be the same those
estimated from the SCUBA data), and are taken with a large beam (∼ 1′ FWHM) in a confused region, they are used only to constrain the fluxes.

elling the properties of clouds (White& Sandell 1995). The
most likely conclusion is that to model the submm spectra from
the finger tip cores, a relatively low value for the dust emissivity,
β needs to be adopted. Such low values ofβ are possible for
coagulated grains or for larger than average grains with thin icy
mantles (Mathis& Whiffen 1989, Chandler et al. 1995). Low
values ofβ have also been reported towards a few other proto-
stellar cores (Ward-Thompson et al. 1995, Chandler et al. 1995,
and Eiroa et al. 1998), and in circumstellar discs (Beckwith&
Sargent 1991). The key result of this modelling is that the sub-

millimetre peaks in the tips of the fingers are constrained to have
relatively low dust temperatures∼ 10–20 K. The temperatures
of the cores in the fingertips therefore appear to be cooler than
both the surrounding warm gas layer (' 60 K) (discussed in
Sects. 3 and 4), and the outer shell of hot (250–320 K) material
reported from the ISOCAM observations (Pilbratt et al. 1998).
These low core temperatures are consistent with our thermal
and chemical modelling of a finger, which will be developed
in Sect. 4 of this paper. It will be shown that coupled with the
higher external temperatures and pressures at the edges of the
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Fig. 4.Richardson-Lucy deconvolution of the 350µm map. The inten-
sity scale is arbitrary, but linear. The beam profile was estimated by
deconvolving maps of the beam which were obtained by scanning the
planetary discs of Mars and Uranus, which had diameters of 4.1 and
1.9′′ respectively. The adopted beam profile was then used to decon-
volve the Eagle Nebula map. The key feature is that these deconvolved
images model the sizes of the cores at the tips of the fingers, and show
that the two uppermost fingers are marginally elongated along the fin-
gers. Simulations of data with a similar s/n ratio as the real data suggest
that the effective resolution of the deconvolved beam for the cores is
∼ 5′′ to first order, although it is in fact dependent on the intensity at a
given point in the raw data.

fingers, the consequence will be that the cores in the tips of
the fingers will shortly, or have just started to enter a phase of
pressure-driven collapse.

The highest resolution SCUBA image at 350µm was decon-
volved from the beam (measured from observations of Mars and
Uranus) using the standard Richardson-Lucy technique. The re-
sultant image presented in Fig. 4 shows that several of the cores
appear to be elongated along the fingers, with their major axes
pointing towards the tops of the fingers. Elongated cores of this
kind have previously been reported in the cores of cometary
globules (White et al. 1997).

The cores of the submillimetre peak at the tips ofΠ1 andΠ2

can be modelled as 14′′ x 20′′ FWHM gaussian shaped cores,
whose major axes are elongated along the parent fingers. This
is equivalent to a linear size of 4.2× 6.0 1017 cm.

The submm data can also be used to estimate the column
and volume densities of the material in the cores. Concentrating
on Π2, because it appears to be a simpler structure thanΠ1,
the gaussian core has a size∼ 14′′ x 20′′ (determined from the
maps, and confirmed by the Richardson-Lucy deconvolution).
From the modelling above, the submm spectra of the cores are

calculated by assuming a mass of 31 M� (this is consistent
with the mass derived from the molecular emission, as will be
discussed in Sect. 3.2). Assuming that the density is constant in
the core leads to a first order estimate for the volume density
of n(H2) ∼ 2.0 105 cm−3, based on the submm size. This is
very close to the value that has been independently reported by
Pound (1998).

As a check, the dust mass, and by assuming a dust to gas
ratio, the totalH2 mass, can be estimated using the standard
relationship:

Mg =
FνD2

κm(υ)Bν(Td)

(

τν

1 − e−τ

) (

Mg

Md

)

(2)

whereD is the distance to the source,Td is the dust temperature
estimated from the previous fits,κm(υ) is the dust opacity (mass
absorption coefficient per gram of dust), andMg/Md is the gas-
to-dust mass ratio. Assuming optically thin emission at 850µm,
we adoptκm(υ) = 1.7 cm2 g −1and β = 1.1 for coagulated
dust grains with thin ice mantles for reasons discussed earlier.
Assuming a standard dust-to-gas ratio of 150 (Launhardt et al.
1997), and the temperatures estimated from the greybody fits,
the lower limits to the mass and particle density in the compact
core ofΠ2 are∼ 19 M� andn(H2)∼1.5 105 cm−3 respectively.
The agreement of these estimates points to a relatively cold,
compact, massive core, whose parameters based on the submm
continuum data agree to within a factor of 2 with values inferred
from observations of the molecular emission (see Sect. 3.2).

3.2. CO mapping observations

The peak and integrated intensity maps in the COJ= 3–2 line
are shown in Fig. 5.

Three narrow fingers of molecular emission extend diago-
nally across the map, and coincide with the dark regions seen
in the HST images of Hester et al. (1996). The COJ= 3–2 lines
are extremely bright in these fingers, reachingTmb values of
∼ 60 K in Π1 andΠ2. Although this is a relatively hot CO line
source, there is as yet no evidence, e.g. from near-infrared ob-
servations, that high-mass star-formation has currently started
inside the fingers. There is one bright near-infrared source lo-
cated∼ 20′′ E of Walker 367 – the bright star visible on Fig. 5a
betweenΠ1 andΠ2 – which lies near a minimum in the CO
map (also labelled as M16E31 on Fig. 2c).

In each of the three main fingers, the integrated CO emis-
sion (Fig. 5b) appears clumpy and fragmented, although the
gross structure is resolved by the JCMT beam. Although the
integrated map has similarities to the peak temperature map
(Fig. 5a), close inspection shows that the integrated CO peaks
at the tips ofΠ1 andΠ2 both lie closer to the optical rims than
to the positions where the temperature peaks. The lines are all
relatively narrow; no compelling evidence was seen anywhere
in the mapped region for a discrete molecular outflow source (to
thermsnoise level ofTmb ∼ 0.5 K). Thus despite a plethora of
evidence suggesting there are a number of regions which have
recently undergone star-formation in the vicinity, there is no
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Fig. 5. aCOJ= 3–2 peak intensity map overlaid on the HST composite
image of Hester et al. (1996). The lowest contour is atTmb = 6 K, and the
contour intervals are at 6 K intervals,b COJ= 3–2 integrated intensity
map integrated from 18–30 km s−1. The lowest contour is atTmb =
17 K km s−1, and the contour intervals are at 23 K km s−1 intervals.
The ionising stars that illuminate the fingers lie about 2 pc (∼ 3.5′) to
the NW.

obvious sign of a prominent high-velocity molecular outflow
source within the area covered by the CO map.

Spectra of the COJ= 3–2 line are shown in Fig. 6.
The linewidths across the COJ= 3–2 map are typically in

the range 3–5 km s−1, and are mostly single peaked. Towards
the base ofΠ1, the lineshapes are often asymmetrical; probably
as a consequence of blending of the emission fromΠ2 andΠ1.
The fingers appear to overlap each other on optical images, with
Π2 in the foreground (based on the apparently higher optical
extinction to the nebular emission than shown byΠ1). The
velocity structure can be more clearly seen in the COJ= 3–
2 channel maps integrated over 1 km s−1 intervals, which are
displayed in Fig. 7.

Viewed in these channel maps, the fingers are made up of a
series of clumps which overlap in velocity space. Emission from
the gas associated withΠ1 extends over the velocity range 23–
27 km s−1, whilst Π2 andΠ3 are more prominent in the 20–
24 km s−1 maps. The other molecular material seen towards
the western edge of the map from∼28–30 km s−1 is not clearly
associated with the fingers, and may be physically unrelated gas
lying along the line of sight. This range of velocities is similar
to that shown in the CO, HI and HII observations reported by
Mufson et al. (1981).

Each of the three main fingers was examined for evidence of
any systematic velocity gradient, by making position-velocity
maps along them, as shown in Fig. 8.

There is evidence for a systematic large-scale velocity gradi-
ent of∼ 1.7 km s−1pc−1 along the whole length ofΠ2, although
such a trend is not clearly discernible along the other fingers.
Similar velocity gradients have been reported from cometary
globules, where the morphology is strongly influenced by the
external radiation field (Schneps et al. 1980, White et al. 1997).

The optical appearance ofΠ1 suggests that it is overlapped
at its base byΠ2. This may lead to the complex velocity struc-
ture seen in the CO data, where the peak velocity varies from 21–
25 km s−1 over a small distance. Consequently, any systematic
trends inΠ1 over small distances may therefore be masked by
the clumpy nature of this particular finger. The velocity shifts of
up to∼21 km s−1 pc−1 claimed by Pound (1998) to trace mate-
rial flowing along the front and back of the fingers are confirmed
by our data. However, because of the difficulty of unambigu-
ously showing that these velocity shifts are due to acoherent
velocity field, that they trace such large gradients as have been
claimed must remain a subject of speculation.

Observations were taken in the C18O J= 2–1 and 3–2 lines
which should allow column densities to be estimated, and hence
the mass of molecular material to be inferred. The C18O J= 3–2
map is shown in Fig. 9.

The C18O map is very clumpy and shows several condensed
structures, particularly close to the tips of the fingers. This sug-
gests that most of the column density (and mass) resides in small
clumps or cores close to the fingertips. The peak C18O J= 3–2
main beam brightness temperatures reach∼ 12 K at the tip of
Π1, and range from∼ 2–8 K over the rest of the Finger struc-
tures. The linewidths are typically∼ 2 km s−1 over most of the
map, i.e. about half that seen in CO. One striking difference
between the CO and C18O distributions is the intense CO peak
at offset (+5, +35). This is one of the most intense peaks in the
CO map, yet is virtually absent in the C18O map, suggesting
that the gas at this point is relativelyhot, but with a low column
density.

Spectra in several CO lines and transitions taken at the tip
of Π1 are shown in Fig. 10, along with spectra of several other
lines:

The intensities (in main beam brightness temperature units
– uncorrected for the source brightness distribution) and
linewidths of several other lines detected towards the cores at
the tips ofΠ1 andΠ2 are listed in Table 3 (with the exception
of the CO lines which are complex):
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Fig. 6. Overlay of COJ= 3–2 spectra on the HST Hα image of Hester et al. (1996). The velocity range of the spectra extends from 20 to
35 km s−1, and the temperature units range inTmb units from -6 to 70 K.

The CO and C18O J= 3–2 data were used to estimate the
temperatures and column densities, and to infer the masses of the
fingers following the techniques discussed in White& Sandell
(1995). For this estimate, the abundance [C18O]/[H2] was as-
sumed to be 1.6 10−7. The totalH2 mass contained within the

area covering the C18O map is∼ 200 M�, of which 95, 56
and 14 M� are contained inΠ1, Π2 andΠ3 respectively. The
remaining mass (∼ 35 M�) is associated with the ridge in the
southeast corner of the map. Most of the mass ofΠ1, Π2 and
Π3 is located in their tips, which contain∼ 60, 30 and 10 M�
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Fig. 7. CO J= 3–2 channel maps in 1 km s−1 intervals. The lowest contour is atTmb = 6 K km s−1, and the contour intervals are at 6 K km s−1

intervals.

Table 3.Gaussian fit line parameters forΠ1andΠ2

Line Transition Tmb dv ∆v v
∫

Tmb dv Tmb ∆v v
∫

Tmb dv

K km s−1 km s−1 km s−1 K km s−1 K kms−1 km s−1 K km s−1

HCN 1–0 2.5 2.5 24.8 6.7 1.8 1.2 22.3 2.4
HCO+ 1–0 2.9 2.2 24.8 6.7 3.1 1.9 22.4 6.3
H13CO+ 1–0 0.4 1.0 25.0 0.4 – – – –
CS 2–1 1.3 2.4 24.9 3.5 0.6 1.9 22.4 1.2
C18O 1–0 0.5 1.6 24.7 0.9 0.4 2.2 22.3 1.0
13CO 1–0 6.3 2.0 24.9 13.5 5.3 2.2 22.3 12.4
C18O 2-1 6.4 1.7 24.8 11.2 3.4 1.4 22.4 5.3
C18O 3–2 7.9 1.2 24.9 15.4 6.7 1.7 22.4 12.2
HCO+ 4–3 10.4 2.2 24.9 23.8 6.8 2.1 22.4 14.2

respectively. Thus 63, 54 and 71% of the total masses ofΠ1,
Π2 andΠ3 are concentrated into their tips. It is notable that the
masses derived from the JCMT data are only about half of those
estimated by Pound (1998). To examine this further, spectra and
maps were taken in the CO,13CO and C18O J= 1–0,13CO and
C18O J= 2-1 and the13CO and C18 O J= 3–2 lines using the
OSO 20 m, FCRAO 14 m and JCMT telescopes. An analysis of
the data from these telescopes give very similar results for the

J= 1–0 isotopomeric lines: i.e. that they are considerably weaker
than might have been predicted, based on their more intenseJ=
2–1 and 3–2 counterparts. Despite attempts to model these ratios
using an LVG code, theJ= 1–0 lines are just consistently low
by factors of 2–3. We believe that theJ= 1–0 line and isotopes
may suffer considerably from depletion onto the cold (∼ 20 K)
dusty material in the cores. However, the higher excitation lines
trace somewhat warmer gas, where the depletion is less effec-
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Fig. 8. Position velocity maps in the COJ= 3–2 transition along the
major axis of the three fingers. These plots were made by rotating the
map 42.2 degrees in an anti-clockwise direction, then integrating along
the major axis of the fingers, with a 40′′ slit centred on the axis of the
finger. The tips of the fingers appear on the right hand side of these
plots.

tive. We therefore believe that the estimates of the cloud mass
and the opacity using COJ= 1–0 line and isotope opacities may
be affected by CO fractionation or by depletion onto the cold
(∼ 20 K) grains in the core. These observational results and con-
sequences are similar to the conclusions of Hogerheijde (1998),
and coupled with isotopic fractionation, have major ramifica-
tions for the use of theJ= 1–0 transitions in estimating cloud
masses. We note the problem, and defer further discussion un-
til more quantitative modelling can be performed. We therefore
will concentrate on using theJ = 2–1 and 3–213CO and C18O
lines as the more reliable estimator of column densities.

To summarise, the various maps obtained above are all con-
sistent with the masses we have reported above, and appear to be
factors of 2–3 times less than those estimated by Pound (1998).
Further discussion of the molecular and dust masses of material
in the Eagle Nebula fingers will be deferred to a subsequent
paper (Deane et al. in prep) which will examine the excitation
conditions in more detail than is relevant in this paper.

Fig. 9. C18OJ= 3–2 integrated and peak intensity maps integrated over
the velocity interval 20–28 km s−1. The lowest contour level shown on
the integrated map is at 2.3 K km s−1, and the contour are spaced at
2.3 K km s−1 intervals. On the peak map the first contour has a value
of 2.3 K, and the contours are spaced at 1.15 K intervals.

It is of interest to compare the masses in these tips with their
virial masses. An estimate of the ratio of the clump masses to
the virial masses is given by the relationship:

Mclump

Mvirial

=

G
∑

clump

Tmb dv

5 r

√

∆v2

8 ln 2

(3)

This ratio has values of 0.55, 0.97 and 0.6 respectively in the
three tips of the fingers, so that each of the tip clumps appear to be
close to gravitational stability, given the inherent uncertainties
in this simple estimate. A more realistic estimate of the stability
of the clumps, which considers surface pressure and the support
of internal magnetic fields will be given in Sect. 6. It should be
noted at this stage that there is no compelling evidence for the
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Fig. 10. Spectra towards the core at the tip ofΠ1. For presentation
purposes, the intensities of various lines have been scaled as indicated
on the figure: thus CSJ= 2–1 * 10 means that the line intensity is shown
at 10 times its true value. The velocity component at 29 km s−1 may
be unrelated line of sight material. It is clearly seen that theJ= 1–0
CO and isotopomeric transitions appear weak relative to the other CO
lines (note the factor of two difference in the scaling between theJ=
1–0 lines and the other transitions).

rapid gravitational collapse of the cores in the tips of the fingers.
As will also be discussed later (Sect. 4.3), it is likely that the CO
line emission comes predominantly from a hot sheath of gas
close to the surfaces of the fingers. In this scenario the C18O
lines trace cooler material inside the fingers: the consequences
of this will be an increase of the gravitational potential energy
of the cores.

Assuming that the clumps at the fingertips are symmetric,
their volume densities,n(H2), are∼ 2.3 105 and 2.0 105cm −3

Fig. 11. HCO+ J= 4–3 integrated and peak and intensity maps over
the range 20–28 km s−1. The lowest contour on the the integrated map
is at 2 K km s−1, and the contour intervals are at 2 K km s−1 intervals,
and on the peak map isTmb = 1.0 K, and the contour intervals are at
0.75 K intervals.

respectively forΠ1 andΠ2, compared with nearby material
in the fingers wheren(H2) ∼ 3–5 104cm−3. It therefore ap-
pears that the clumps at the tips are already relatively centrally
condensed, and should have free-fall times' 105 years.

3.3. HCO+ observations

As discussed earlier, the HST pictures show that material at
the edges of the fingers is strongly photo-ionised. Consequently
observations were made in the molecular ion HCO+ in theJ=
4–3 line, shown in Fig. 11, to compare with the other molecular
data.

The HCO+ map has a very similar shape to that of the C18O
map, suggesting that the two species are well mixed, and trace
the material in the same regions. This contrasts with observa-
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Table 4.Column densities and abundances at the finger tips

Offset Ncol(HCO+) Ncol(C18O) Ncol(CI) X(HCO+) [CI]/[CO]
′′ cm−2 cm−2 cm−2

−60,108 1.2 1013 9.2 1015 7.5 1016 2.1 10−10 0.02
−84,42 6.0 1012 6.4 1015 5.4 1016 1.5 10−10 0.02
−84,0 3.2 1012 1.3 1015 4.5 1016 3.9 10−10 0.07
−24,36 6.1 1012 1.6 1015 3.4 1016 6.1 10−10 0.04

tions of HCO+ towards other sources by Gibb& Little (1998)
and Hogerheijde (1998), who suggest that HCO+ may be a
better tracer of a protostellar envelope than C18O – clearly con-
ditions in the two sources are rather different – in the Eagle
Nebula, both C18O and HCO+ track each other fairly closely,
and there does not appear to be strong evidence for a relative
spatial abundance variation, such as that which might be a result
of strong C18O depletion onto grains. The HCO+ line intensi-
ties are also relatively high, approachingTmb ∼ 10 K at the tip
of Π1, and 7 K and 4 K at the tips ofΠ2 andΠ3. The column
density of HCO+ was calculated from the relationship for the
J= 4–3 transition:

Ntot

(

HCO+
)

=
5.65 1010

(

1 + 0.72
Tex

)

∫

Tmb dv

(

1 − exp
(

− 12.8
Tex

))

exp
(

− 12.8
Tex

)

× τ

1 − exp(−τ)
cm−2 (4)

These column densities were then used with the CO and
C18O data to estimate the various abundances (where theH2

column density is estimated from the C18O data as described
earlier) – the results are summarised, along with those estimated
for CI in the next section, in Table 4:

3.4. CI observations

A map made in the CI 3P1– 3P0 line is shown in Fig. 12.
The line temperatures, linewidths and integrated emission

were measured at each point within the CO, C18O and CI data
cubes, after convolving the CO and CI data to have the same spa-
tial resolution as the C18O data. These data were then used to
estimate the CI and CO column densities over the mapped region
using standard methods for estimating column densities sum-
marised in White& Padman (1991), White& Sandell (1995)
and White et al. (1995). The variation of the CI and CO column
abundances has been used in the past to probe the photodissoci-
ated outer edges of molecular clouds. The CI abundance relative
to CO, [CI] / [CO], is shown in Fig. 13.

There is a clear tendency for the [CI]/[CO] values to in-
crease in regions where the column density is less – with the
ratio increasing from∼ 0.02 in the highest column density ma-
terial, to∼ 0.1 in the lowest. This is similar to the trend noted
towards other molecular clouds (Keene 1987, White& Sandell
1995, White et al. 1995, Minchin et al. 1995) which has been
interpreted as evidence for an increasing [CI/CO] abundance
ratio at their UV exposed edges.

Fig. 12. Top 13CO J=3 – 2 integrated emission over the range 20–
28 km s−1. The lowest contour on the map is Tmb = 10 K km s−1, and
the contour intervals are at 10 K km s−1 intervals. C I3P1 - 3P0 inte-
grated intensity map over the range 20–28 km s−1. The lowest contour
on the map is Tmb = 3.3 K km s−1, and the contour intervals are at
3.3 K km s−1 intervals. Note that the tip ofΠ3 lies just off thebottom
right hand edge of this map.

3.5. Radio continuum observations

During the analysis of the submillimetre continuum data, the
relatively high fluxes at the longer wavelengths (compared to a
single temperature greybody fit) led to speculation as to whether
the longer mm wavelength excess (over blackbody emission)
was due to free-free emission. To check this, data obtained
with the VLA (Balser et al. 1995) were examined, to extend
the spectral coverage into the radio spectrum. Although there is
no information on the radio spectral index of the emission, it is
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Fig. 13. Plot showing the [CI]/[CO] abundance variations in the
mapped area. Note that both axes are logarithmic.

Fig. 14.Contour map of the free-free emission measured at 8.69 GHz
with the VLA in the D array configuration (see Fig. 2d) for a greyscale
representation). The contours are at 1, 2, 4, 6. . . 18 mJy / beam.

highly likely that it traces the optically thin free-free emission
from ionised gas at the surfaces of the fingers. The VLA map is
shown as a contour map in Fig. 14 (see Fig. 2 for a grey-scale
representation).

The VLA map showsΠ1 andΠ2 very clearly, as well as an
indication of emission fromΠ3. The most intense radio emis-
sion comes from the tip ofΠ1, where the distribution resembles
the structure seen in the ISOCAM and optical data. The radio
emission fromΠ2 shows evidence for limb-brightening along
both sides of the finger (seen as the two peaks close to the tip
of Π2 in Fig. 14, but more clearly seen on the greyscale rep-
resentation in Fig. 2d)), but any such limb-brightening is less

prominent towardsΠ3. In addition to emission from the fin-
gers, radio emission can also be seen from the ridge several arc
minutes SE of the fingers. This is visible in both the CO and
SCUBA data, and contains the Herbig-Haro object HH 216. In-
tegrating the free-free emission from the fingers we estimate the
integrated and peak fluxes fromΠ1, Π2 andΠ3 as 123, 48 and
6 mJy, and 17, 7 and 5 mJy/beam respectively.

It is widely accepted that the UV radiation and winds from
OB stars can affect the structure, dynamics and evolution of the
edges of molecular clouds on which they impinge. The dominant
processes include interaction with the expanding Strömgren
spheres around the stars, photoevaporation, or disruption by
shocks resulting from an overpressure of the hot ionised outer
parts of clouds, on their lower pressure interiors – leading to a
shock wave driving in towards the core. The structure of these
regions is affected by the clumpy distribution of molecular cloud
material, which can allow UV photons to penetrate deeply into
the edges of clouds.

As UV radiation falls onto the outer layers of clouds, the
low-density gas at the surfaces is photo-evaporated. The ionised
material will flow outwards where the density gradient is largest.
This often leads to the appearance of ‘rays’ or striations ema-
nating from the cloud surface. As this lower density material
becomes photo-evaporated, dense clumps of gas deeper inside
the cloud become exposed. Examples of this can be seen along
the edges of the Eagle’s fingers, many of which have EGG’s
close to their tips. Thus these are primordial clumps inside the
cloud, whose presence is revealed as surrounding low-density
material is removed. The surfaces of these primordial clumps
themselves become photo-ionised, and may themselves be the
sites of future star-formation.

As shown by Oort&Spitzer (1955), and subsequently devel-
oped by Bertoldi& McKee (1990), Lefloch& Lazareff (1994)
and Megeath& Wilson (1997), an equilibrium is rapidly set
up in which photo-ionised material streams off the surface of
an UV irradiated clump. Some fraction of the hydrogen atoms
recombine, self-shielding the neutral gas from the ionising ra-
diation. A small fraction of the ionising photons do however
manage to penetrate through to the neutral gas and to ionise
material at the base of the flow. Megeath& Wilson (1997) show
that the ratio of the total ionising flux to that which penetrates
to a depth where it can ionise the neutral gas,q, is given by the
relationship:

q =

(

0.1
S r α

4π R2 c2
II

)0.5

(5)

whereSis the Lyman photon production rate of the illuminating
stars, which are located at a distanceR away from a spherical
clump of radiusr, whereα is the recombination coefficient
and cII is the sound speed in the ionised gas. Using values
appropriate to the Eagle Nebula,q ∼ 50. Thus, assuming that
the radio emission is produced within the photo-evaporating
flow, the measured recombination rate should provide a good
check on the rate of ionising photons incident on the surfaces
of the fingers.
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Following the work of Bertoldi (1989), Lefloch& Lazareff
(1994) and Lefloch et al. (1997), the flux,Sν , at 8.69 GHz is
related to the total ionising fluxΦ (cm−2 s−1) by the relation-
ship:

(

Sν

mJy

)

= 2.59 10−10 Φ

(

Te

104 K

)−0.35

Ω (6)

whereTe is the electron temperature (which is adopted to be
6000 K (Balser et al. 1995)), andΩ is the solid angle of the
emitting region. Similarly, the electron densityne cm−2, will
be given by:

ne = 4 107

(

S

Ω t

)0.5

(7)

wheret is the thickness of the shell of ionised gas and elec-
trons which surrounds the photo-ionised cloud (we adoptt ∼ 6
1016 cm, based on the discussion by Lefloch et al. (1997)).

Using these relationships we estimateΦ ∼ 5 1010, 2 1010

and 9 109 cm−2 s−1 for Π1, Π2 andΠ3 respectively, and elec-
tron densities of∼ 500, 320 and 100 cm−3 respectively. The
ionising flux estimated from the radio observations can be com-
pared to the photon flux expected from the ionising stars. Hester
et al. (1996) suggest that the ionising flux is dominated by a sin-
gle O3.5 star and three O5.5 stars located 2 pc away, which
together provide a total photon flux∼ 2 1050 s−1. This would
correspond to an ionising flux at the surface of the pillars of∼
1.5 1011 photons s−1 cm−2. The photon rate with energies from
6 and 13.6eV (the spectral range where most of the ionisation
occurs) is then estimated from stellar atmosphere models. Us-
ing a Kurucz model (Kurucz 1979), the fraction of UV photons
with energies in the appropriate range (6–13.6eV) is ∼ 35% of
the total photon flux, which then leads to a value ofG ∼ 1700
G0 [G0 is the ‘standard FUV interstellar radiation field’ taken
from Habing (1968)]. Thus the effective ionising flux at the sur-
face of the fingers is∼ 1.75 1010 photons s−1 cm−2, which is
close to that inferred above from the VLA data. Also, it is easy
to show from the VLA data that the electron densities exceed
the critical density of∼ 25 cm−3, above which an ionised shell
should develop around a neutral cloud (see Lefloch& Lazareff
1994).

4. Chemical and thermal modelling

In order to understand its physical, thermal, chemical and dy-
namical structure, a simplified chemical and thermal model of
one of the fingers was developed. This is used to understand
factors which will help predict its future evolution and potential
for forming star(s).Π2 was chosen as a basis for this modelling,
since it seems to have a simpler structure thanΠ1, whose ap-
pearance seems to be affected by overlapping finger material.
The geometrical form of the cloud model is shown in Fig. 15.
The cloud model consists of a cylindrical column of gas with a
spherical core embedded towards its tip. The spherical core has
an internal density profile with a maximum number density of
n(H2) ∼ 2 105 cm−3, decreasing ton(H2) ∼ 2 104 cm−3, which

Fig. 15.Geometric configuration adopted for the model finger, showing
the size and shape used, along with the co-ordinates of the sample points
used for the calculation grid.

is the average value of material in the finger. These estimates
allow a simple first order model of the dense clumps observed
near the fingertips to be computed.

It was assumed that this column of gas is subjected to
anisotropic heating by the FUV field, with an incident ionis-
ing flux corresponding to∼ 2 103 G0 on the top of the finger,
and∼ 10 G0 on the sides. The finger receives no illumination
from below, since it appears to be well shielded from that di-
rection. Starting from the density and UV field, the chemical
and thermal structure of the cloud can be estimated, using the
thermal and chemical models described below.

4.1. Thermal modelling

The thermal model used in the calculations presented here is
similar to that used in Nelson& Langer (1997), but with some
extensions described in 4.1.1 and the Appendix. We describe
each contributor to the thermodynamic balance of the gas in
turn, starting with those processes responsible for heating the
gas, followed by the cooling mechanisms. We note that these
models are designed to examine the cloud properties interior to
the ionisation front, so we do not attempt to model the outer
region of the cloud.

4.1.1. Grain photoelectric heating

Ignoring gas heating by the EUV field at the ionisation front,
the dominant contribution to the heating of the gas in the outer
layers of the M16 nebula is then through the photo-ejection of
electrons from dust grains. This is caused by the incident FUV
flux from the group of O stars located about 2 pc above the three
gaseous columns. We adopt the approach used in Nelson&
Langer (1997) for modelling this process, with the modification
that the effect of grain charging on the grain’s work function
is now included, since significantly higher UV fields are being
considered in this work.
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The photoelectric heating rate is given by (Hollenbach et al.
1991):

Γph = 4.86 10−26 n0 G0 exp (−kuvAv) fgrain (8)

wheren0 = n (HI) + 2 n ( H2), the total number density of hy-
drogen atoms,G0 is the standard interstellar UV field (Habing
1968),Av is the visual extinction,κuv is a factor which ac-
counts for the increased extinction of the UV field due to dust
grain scattering, andf grain accounts for the reduced efficiency
of heating when the grains become positively charged, leading
to an increase in the grain work function. The above formula is
usually applied to 1-D slab models of clouds, but in this work
we are interested in developing a cloud model in which the
3-D nature of the object is approximated. We therefore adopt
the approach used in Nelson& Langer (1997), and calculate
the heating at an arbitrary point in the cloud as if it were com-
ing from six directions, namely along the positive and negative
Cartesian co-ordinate directions. When computing the photo-
electric heating rate at a point in the cloud, we integrate along
each of these Cartesian co-ordinate directions to the cloud sur-
face in order to calculate six values of Av. An approximation to
the previous equation is then used to calculate the heating:

Γph = 4.86 10−26nofgrain

1

6

[

Go(x
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+)e−τuv(z+)

+ Go(z
−)e−τuv(z−)

]

(9)

The heating at any point within the cloud is then estimated
by considering the six heating rates coming from the positive
and negativex, y, andz directions. Note that the value ofG0

clearly will change with direction, so that anisotropic UV fields
may be modelled using this formula. When running the models,
we assume that the cloud is primarily illuminated from above
(the positivezdirection), to a lesser degree from the sides of the
cloud (x andy directions), and receives no illumination from
below (negativez direction). The values ofG 0 have typical
values ofG0 (z+) = 2000,G0(x +/-) = G0(y +/-) = 10,G0(z -) =
0, where the +/- superscripts refer to the positive and negative
co-ordinate directions.

4.1.2. Gas-dust thermal exchange

When the kinetic temperature of the gas molecules differs from
that of the dust grains, there is a thermal energy exchange
through collisions. We assume that when a molecule hits a dust
grain, it sticks to it, and is later re-emitted carrying away energy
∼ 3/2 Td, whereTd is the dust temperature. The rate of energy
exchange between the gas and dust can then be simply esti-
mated following Goldsmith& Langer (1978), where the energy
exchange rate is given by:

Λgd = 2.4 10−33 T
1
2

g (Tg − Td) n2
o ergs cm−3 s−1 (10)

It should be noted that gas-dust interactions only play a ma-
jor role in the thermal evolution of the gas where the number
densityn0 ∼ 105 cm−3, as a consequence of the quadratic de-
pendence onn 0.

We employ the expression suggested by Hollenbach et al.
(1991) to calculate the dust temperature:

Td = (8.9 10−11 υ0 G0 exp(−κuvAuv) + 2.7 5

+ 4.4 10−2
[

0.42 − ln(3.5 10−2 τ100 T0)
]

×τ100 T 6
0)

0.2 (11)

whereυo = 3 1015 Hz, T0 = 12.2G 0.2
0 K, andτ100 = 0.001.

The model of dust heating used in deriving this expression
assumes that the radiation incident on a grain is made up of con-
tributions from the attenuated UV field, the 2.7 K background,
and an infrared radiation field produced by dust emission at
the surface of the cloud. This infrared emission is produced in a
layer of thicknessAυ ∼ 1, which corresponds to an optical depth
of τ100 ∼ 0.001 at 100µm, and an equilibrium temperatureT0

=12.2 G0.2
0 K. However, since there is thermal exchange be-

tween gas molecules and dust grains, dust temperatures derived
using the previous equation should be interpreted as upper lim-
its. High-density gas in shielded regions is usually cooler than
the dust in clouds suffused with large UV radiation fields, and
so will tend to cool the dust. We find that the dust temperature
in the shielded regions isTd ∼ 20 K, which agrees well with the
values inferred from the observations.

4.1.3. Heating by cosmic rays and H2 formation

The cosmic ray heating term is:

Γcr = ζP (H2) ∆Qcr n(H2) ergs cm−3 s−1 (12)

whereζP (H2) is the primary cosmic ray ionisation rate ofH2,
and∆Qcr is the energy deposited as heat after ionisation. Fol-
lowing Goldsmith& Langer (1978), values ofζ(H2) = 2.0
10−17 s−1 and∆Qcr = 20 eVwere adopted, leading to a total
cosmic ray heating rateΓcr = 6.4 10−28 n(H2) ergs cm−3 s−1.

An additional source of heating in molecular clouds isH2

formation on grains. Some fraction of the 4.48eVbinding en-
ergy of the releasedH2 molecule is released as kinetic energy,
and transferred to the gas as heat. In a steady state, under condi-
tions where only cosmic rays destroyH2 molecules, and at high
densities where most of the hydrogen is in molecular form,H2

formation heating can be considered as another term in the cos-
mic ray heating term (see discussion in Goldsmith& Langer
1978). Accordingly, the heating rate can be expressed as:

ΓH2
=

(

Γcr

3

) (

QH2

4.48 eV

)

erg cm−3 s−1 (13)

whereQH2
is the energy released as heat. We adopt a value of

QH2
= 2.0eV in the work presented here.

4.1.4. CO, CI, CII, and OI line emission

The cooling due to CO, CI, and OI line emission is the same
as that employed in Nelson& Langer (1997). The CO cooling
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function used is an analytical fit to the cooling curves of Gold-
smith& Langer (1978), and has the correct limiting behaviour
in both the optically thin and optically thick limits. The cooling
formulae for CII and OI were originally taken from the work
of Chieze& Pineau des Forêts (1987). The cooling due to CII
has been modified, however, to account for the effects of col-
lisional de-excitation. We note that the cooling due to CII and
OI dominates in the warm, photoionised outer layers of molec-
ular clouds, but contributes little to the thermal evolution in the
cooler, shielded regions in the cloud interiors. The CI emis-
sion was calculated according to the formula given in Nelson&
Langer (1997), using collision rates and Einstein A coefficients
taken from Genzel (1991).

One heating mechanism that has been omitted is through
collisional de-excitation of IR pumped OI (63µm) fine-structure
transitions. The work of Hollenbach et al. (1991) indicates that
the heating due to this process is similar to the dust heating rate,
however in the case of the Eagle Nebula, simple calculations
indicate that its inclusion has a negligible effect on the calculated
gas temperatures.

4.2. Chemical model

The chemical model used here is the same as that used by Nel-
son & Langer (1997) in dynamical collapse calculations for
isolated molecular clouds. This model is designed to capture
the essentials of the carbon and oxygen chemistry, since these
species and their molecules are responsible for the majority of
the cooling that occurs in the cloud. In the model, the following
species are evolved: CO, CI, CII , HCO+, O I, He+, H+

3 , OHx,
CHx, M+ ande. Here OHx represents the species H2O, OH
and O2, and CHx represents CH2 and CH. These species are
grouped together for the sake of simplicity, and because their
reactions occur at similar rates and along similar pathways. The
M+ term represents ionised Fe, Na, Mg and Ca, which provide
a background source of electrons in highly shielded regions.

The chemical reactions which are evolved with time, and
their associated reaction ratesκi are listed in the Appendix.

4.3. Approach

The model that we have described is by its nature a fully time-
dependent one. In developing a model for the M16 gas column,
we take as a starting premise that the columns have only been
exposed to the ionising radiation of the nearby O stars for the
last 105 years. This is approximately the crossing time for the
ionisation-shock front to propagate into the cloud.

Our approach to the chemical and thermal modeling has
been, therefore, to evolve the chemical state of the clouds for 2
Myr, using the initial conditions described in the Appendix, and
in the absence of an UV field. After this time a steady state is
attained. We then use this steady state as the initial conditions
for a calculation in which the UV field is switched on, and
the chemical state is evolved for 105 years. We note that the
chemical time scale is substantially shorter than this, so that the

chemical profile of the cloud evolves to a steady state within
this time.

Fig. 16 shows the density and temperature, and the chemical
abundance profiles along a cut across the finger located 0.1 pc
behind the photo-ionised outer edge of the fingertip. This com-
putation corresponds to 105 years after the switch-on of the
UV field. Fig. 16a) shows the density and temperature profile
through the dense clump located close to the tip of the finger.
We note that the temperature tends towards a value of∼ 20 K
inside the dense clump, close to that estimated from the SCUBA
data. This follows from the fact that the dust and gas are strongly
coupled at these relatively high densities. The chemical profiles
(Fig. 16b–d) are such that CO is dominant throughout the Fin-
ger, with CI and CII becoming prominent towards the edges
of the cloud. The OHx species (H2O, O2, and OH) are very
abundant in the cloud interior.

The tip of the finger is located atz= 0.325 pc from the base of
the model (the calculation does not attempt to model the whole
finger – but just concentrates on its upper portion). The tempera-
ture is∼ 200 K at the cloud tip, and decreases rapidly to∼ 20 K
in the cloud interior. The gas outside of the dense core, but deep
in the cloud interior, has a slightly lower temperature because of
gas-dust thermal coupling in the denser regions. Fig. 17b shows
the extinction, and Figs. 17c–e show the computed chemical
abundances.

The change in visual extinction moving into the cloud from
its tip along the symmetry axis is plotted in Fig. 17b, and the
chemical profiles are shown in Figs. 17c–e. Fig. 17c indicates
that CO becomes abundant within a few Av of the edge of the
cloud, and that the between this region and the edge, carbon is
primarily locked in CII and CI. The OHx species (H2O, O2, and
OH) are also observed to be in abundant within a fewAv of the
edge the cloud. The CO profile rises more steeply than that of
some other species due to CO self-shielding.

Integrating the emission from the models, we predict that the
total CO emission from the finger = 6.7 1031 ergs s−1 = 1/60 L�,
and the total CI emission from the finger = 2.3 1030 ergs s−1 = 1 /
1700 L�. Thus the CI cooling is therefore relatively insignificant
in comparison to the situation seen elsewhere (Israel et al. 1995a,
b).

5. On the nature of the condensations at the tips
of the Eagle Nebula

To summarise the main observational characteristics of the
clumps at the tips of the fingers; three compact, massive, dense
and cold clumps have been detected close to the tips of the
fingers. These clumps have no detectable compact embedded
near or mid-infrared sources, radio continuum counterparts or
molecular outflows. The crucial question is whether these are
clumps formed by the action of a radiatively driven implosion
(RDI – Lefloch& Lazareff 1994, 1995) at the finger tips, or are
instead pre-existing dense cores that are either Class 0 proto-
stars, or clumps at an earlier stage of evolution. André (1996)
has proposed several criteria to define Class 0 protostars: a) they
should show indirect evidence of the presence of a central YSO
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Fig. 16a–d.A cut across the modelled finger at a distance of 0.1 pc in from the photoionised edge (i.e. across the core at the tip of the finger).
Panela shows the adopted density and calculated temperature profiles,b–d show the computed molecular abundances 105 years after switching
on the UV field. The column density matches that which is observed when convolved to the resolution of theJ= 3–2 C18O data.

– for example by the detection of a compact centimetre wave-
length free-free emission peak or by the presence of a collimated
outflow or nearby water maser clumps, b) they should have cen-
trally peaked but extended submillimetre continuum emission
tracing the presence of a spheroidal circumstellar dust envelope,
c) they should exhibit a high ratio of submillimetre to bolomet-
ric luminosity:Lsubmm / Lbol >> 0.005, whereLsubmm is the
luminosity radiated longward of 350µm (i.e. the spectral energy
distribution should resemble a single temperature blackbody at
T ∼ 15–20 K). ForΠ2 we estimateLsubmm / Lbol ∼ 0.2, and
Lbol ∼ 1930 L�. It is clear however that a) does not match the
characteristics of the Eagle clumps, and that our estimates of

the pressure balance between the ionisation front and the cloud
interior indicate that RDI has not yet led to the compression of
the finger tips (see Sect. 6). It therefore seems inescapable that
they are pre-existing clumps at a very early stage of evolution. In
particular no protostellar core has yet developed within the cores
which could be capable of producing the UV radiation which
would be needed to generate free-free radio emission. Neither
has there apparently been time for a molecular outflow to de-
velop. The other characteristics also rule out ‘Class I’–‘Class
III’ objects (see Andŕe 1996 for more detailed definitions of
these categories).
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Fig. 17a–e.This shows ina the density, temperature,b the extinction
and inc–e the chemical abundance profiles along the symmetryz-
axis of the modelled finger with the base of the finger on the left,
and the tip at the right. The tip of the finger is located atz= 0.325 pc
from the base of the model, so this is what we take as ‘average
material’ lying shielded from the main radiation field by the core at
the tip of the Finger.

Although there have been claims of detections of almost 30
‘Class 0’ protostars (André 1996), there are few, if any, con-
vincing detections of ‘protostellar’ objects earlier than ‘Class
0’. Other, similar objects such as the protostellar condensations

in NGC2024 were originally claimed by Mezger et al. (1992)
to be isothermally cold (∼ 20 K), massive protostars. However,
subsequent IR and spectroscopic studies challenged this inter-
pretation, following the detection of associated water maser and
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molecular outflow activity (summarised in Wiesemeyer et al.
1997). Perhaps the best candidates for such an early class of ob-
jects have been the so-called ‘prestellar’ cores (Ward-Thompson
et al. 1994, 1997). These ‘starless cores’ are characterised by
having relatively dense cores, no outflows, and a shallow density
distribution. However, it is far from clear that they are collaps-
ing; in particular the amount of magnetic support within their
cores is unknown, and the few available determinations of core
temperatures are highly dependent of how much of the gas has
become frozen onto, or depleted onto grains (Henriksen et al.
1997). We therefore believe that the condensations at the tips of
the Eagle Nebula are amongst the best candidates so far reported
as being in the earliest stage of Class 0 protostellar development.

6. Time scales and stability

One of the primary purposes of the work presented in this paper
is to examine whether substantial star formation has occurred,
or is likely to occur, in the fingers of the Eagle nebula. The
IR observations indicate that there are no young stellar objects
embedded inside the dense fingertips. This is corroborated by
the relatively narrow line widths present in the molecular line
observations, indicating a lack of outflow activity. By examining
the time scales associated with the various physical processes
acting on the clouds, we hope to create a plausible picture of
their eventual fate.

The fingers are estimated to have number densities typically
n(H2 ) ∼ 2 104 cm−3, but in the clumps located near the tips,
the density increases ton(H2) ∼ 2 105 cm−3. For the purpose of
the following discussion, we adopt a simple model for a dense
clump at a fingertip which is assumed to be spherical, with a
radius r = 0.085 pc, and a mass of M∼ 31 M�. We further
assume that the ionising sources are located 2 pc away from
the fingertip, and produces 2 1050 photons s−1. It is observed
that the peak submm continuum emission from the clumps is
located∼ 0.1 pc deeper into the fingers than their photoionised
front surfaces.

A substantial amount of theoretical work has been carried
out to try to understand the evolution of dense, gaseous clumps
that are being subjected to the ionising radiation of nearby OB
stars. A discussion of propagating ionisation fronts is presented
in Spitzer (1968), and a number of more recent papers have
been written on the subject, though with emphasis on the radia-
tively driven implosion (RDI) stage (Bertoldi 1989, Lefloch&
Lazareff 1994, 1995), and the cometary globule stage (Bertoldi
& McKee 1990).

The analysis of propagating ionisation fronts indicates that
there are two distinct types, which are characterised by their
propagation speed. TheR-type (‘Rarified’) ionisation fronts
travel through a low density medium with a velocity ofuIF

> 2 ci, whereci = sound speed of the ionised medium. Typi-
cally, ci ∼ 11.4 km s−1. The second type of ionisation front is
referred to asD -type (‘Dense’), and these travel through denser
gas with a velocity ofuIF < (c2

I / 2ci), wherecI = the ound speed
in the pre-ionised material andcI << ci. Often a dense gaseous
clump will not satisfy the conditions necessary for either an

R-type or aD-type front when initially subjected to a strong
ionising source. A front formed under these circumstances is
called M-type, and will result in a shock being driven into the
clump (RDI stage), which compresses the gas until pressure
equilibrium between the ionisation front and the cloud interior
is attained. Under these circumstances, the gas just ahead of the
ionisation front is compressed initially by the preceding shock
wave so that an approximatelyD -critical ionisation front is
able to form (i.e.uIF = c2

I /2ci) behind the shock front which
continues to compress the cloud ahead of it. The structure of
the cloud during this implosion stage, moving from the cloud
surface towards its interior, consists of a hot, photoevaporating,
ionised region, an approximatelyD-critical ionisation front, a
dense, neutral post-shock region, a shock front, and then a pre-
shocked neutral region composed of the undisturbed gas in its
original state. Provided that the implosion does not induce the
cloud to collapse, the post-implosion cloud then undergoes a pe-
riod of slow evolution as the ionisation front slowly propagates
into the cloud.

The high mass stars that provide the ionising radiation are
formed within Giant Molecular Clouds (GMCs). The cloud
complexes are observed to be composed of clumps, with typical
densities> 103 cm−3, and radii∼ 1 pc, which are embedded in
a warm, tenuous interclump medium (ICM). The ignition of an
O or B star causes anR-type ionisation front to propagate out
rapidly through theICM to the Str̈omgren radius:

rs =

(

3S

4πn2
i αi

)
1
3

(14)

whereni = particle number density of theICM andαi = the
hydrogen recombination coefficient. The heating of the gas by
the ionising flux leads to temperatures ofTi ∼ 104 K, and sound
speeds ofci ∼ 11.4 km s−1. When theR-type front reaches a
dense clump, it stalls and a shock is driven into the clump (RDI)
until it is sufficiently compressed that a steadyD-type ionisation
front may be maintained. It is this general scenario that we have
in mind when making the following numerical estimates for
conditions in the fingers of the Eagle nebula.

It is necessary first of all to compare the pressure at the sur-
face of the gas columns with that in their interior, to determine
whether or not shocks are being driven into the heads of the fin-
gers. If the pressures were approximately equal, it suggests that
the fingers had already been compressed by an ionising-shock
front (IS-front). Conditions in the cloud interior would allow
the formation of a steadyD-type ionisation front at the surface,
which will slowly eat into the cloud. If, on the other hand, the
external pressure is found to greatly exceed the internal pres-
sure, we will interpret this to mean that an IS-front is currently
being driven into the columns.

The line widths of the C18O spectra are< ∆v > = 2 km s−1.
The pressure inside the cloud is composed of both a turbulent
and a thermal contribution, so that

Pint = σ2ρ +
<
µ

ρT (15)
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whereT is the temperature,ρ is the density,µ is the mean molec-
ular weight, and< is the gas constant. Assuming low temper-
ature cores, then the thermal component of the line-width is
negligible andσ2 = < ∆v >2 / (8 ln 2) represents the square
of the inferred turbulent velocity in the cloud. Both the obser-
vations and the thermal and chemical modelling, indicate that
the temperature in the interior of the cloud is∼ 15–20 K and
the average number densityn(H2) ∼ 2 104 cm−3 However the
density in the clumps is estimated to be somewhat larger, with
n(H2) ∼ 2.2 105 cm−3 (these values are similar to those esti-
mated by Pound 1998). We take the upper value of the internal
density to ben(H2) ∼ 2 105 cm−3, giving an estimate for the
total internal pressure ofPint / k = 3.5 107 cm−3 K. The thermal
pressure at the tip of theΠ2, estimated by Hester et al. (1996),
is Pi / k = 6 107 cm−3 K, which is almost double the internal
pressure. We therefore conclude that equilibrium does not exist
between the cloud surface and the interior, and that an IS-front
is currently propagating into the column (Megeath& Wilson
1997 find similar values for the pressure difference (∼ a factor
of 2) in the sample of objects they observed). We further note
that the conservation conditions across aD-critical ionisation
front predict that the pressure just ahead of the front is twice
the thermal pressure just behind the front (i.e.Pn = 2 Pi, where
the subscripts aren for ‘neutral’ andI for ‘ionised’. This arises
because ionised material leaves the front at a velocityvi = ci.

If pressure equilibrium has in fact been attained between
the ionisation front and the cloud interior, and the additional
internal pressure required is provided by a magnetic field, then
the field required is:

B =
√

8π (Pext−P int) = 5.4 10−4 G (16)

Work presented by Myers& Goodman (1988) indicates that
there is usually an approximate equipartition between the mag-
netic and kinetic energies in molecular clouds, so that the turbu-
lent line widths should be Alfv́enic. If a magnetic field is respon-
sible for providing an internal pressure inside the fingers which
is capable of balancing the pressure at the ionisation font, then
it is apparent that equipartition does not hold, since the Alfvén
speed corresponding to a field of 5.4 10−4 G isvA = 1.9 km s−1.
Alfv énic motions would then lead to an observational linewidth
of:

〈∆v〉 =
√

8 ln 2v2
A = 4.4 km s−1 (17)

which is about twice as large as that observed from the C18O
lines which trace the material in the core.

The pressure of the large scale magnetic field is anisotropic,
and provides a stress that is in a direction perpendicular to the
field direction. Alfv́en waves, on the other hand, are able to
provide an isotropic pressure, which is given by:

Pω =
δB2

8π
(18)

whereδB is the perturbation to the mean magnetic field asso-
ciated with the Alfv́en wave. The fluid velocity perturbation

associated with this travelling wave is (from McKee& Zweibel
1995):

δv =
δB√
4πρ

(19)

We therefore have the relation:
δν

νA

=
δB

B
(20)

whereB is the mean magnetic field strength, andvA is the Alfvén
speed associated with the mean field. Forδv << vA, the mean
field dominates over the random field component, and internal
stresses provided by the magnetic field are strongly anisotropic.
If this were the case in the Eagle nebula, then the morphology
of the fingers should reflect this internal, anisotropic pressure.
The observations of the fingers, and ofΠ2 in particular, indicate
a substantial degree of cylindrical symmetry. The direction of
elongation of the fingers points towards the ionising sources,
and is therefore most probably caused by the ionising radiation
rather than by an ordered magnetic field. We therefore conclude
that a large-scale ordered magnetic field does not produce an
internal pressure that can balance the pressure of the ionisa-
tion front. A magnetic field in which the disordered component
was comparable to the ordered component would yield internal
motions∼ νA since:

δB

B
=

δv

νA

∼= 1 (21)

This equipartition of kinetic and magnetic energy is ob-
served in numerical simulations of MHD turbulence (e.g. Gam-
mie& Ostriker 1996). As described above, these motions would
lead to linewidths< ν > ∼ 4.4 km s−1, which are not seen in
the data. We conclude that there is insufficient internal pressure
in the fingers of the Eagle nebula to balance the pressure at the
ionisation front, and that an ionisation-shock front is currently
being driven into the cloud.

The presence of a shock front currently propagating into
the columns indicates that the dense clumps located towards
their tips are probably not the result of radiatively driven im-
plosion. When an IS-shock front propagates into a cloud, the
shock front precedes the ionisation front (located at the optical
surface of the cloud) by a small distance. This would preclude it
from traversing the topr ∼ 0.2 pc ofΠ2, and forming the clump
there. Instead, it seems likely that the dense clumps located to-
wards the tips of the fingers are part of a larger, dense structure
that pre-existed the expansion of the HII region, but have now
come into stark contrast with their local environment due to the
photoionisation of the surrounding, lower density material. The
pre-existence of this dense structure, and its associated shad-
owing effect, have probably contributed to the formation and
appearance of the pillars, and the fact that they point towards
the external O-stars.

The shock propagation velocity may be derived from the
usual shock discontinuity jump conditions, leading to the equa-
tion

V 2
s =

(Psn−Pn)

ρn

(

1 − ρn

ρsn

)−1

(22)
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wherePsn andρsn are the pressure and density of the shocked,
neutral material andPn andρn are the pressure and density of
the pre-shocked neutral material. We have no direct knowledge
of what to expect forρsn, since we only know the pressure and
do not have an independent estimate of the density and sound
speed in this region. If we assume that 2≤ ρsn/ρn ≤ ∞ then
the previous equation may be expressed as:

V
2
s = α

(Psn−Pn)

ρn

(23)

where 1< α < 2, so that the maximum error that we incur in
our estimate ofVs, as a result of guessing the value ofρsn, is
a factor of

√
2. We takePsn = 2Pi andρn = 2 105 m(H2),

wherem( H2) is the mass of a hydrogen molecule, which then
leads to a shock velocity ofVs ≈ 1.3 km s−1. The time-scale
for this shock to propagate through the top 0.2 pc of the finger
tip is thenτsh = 0.2 pc /Vs ≈ 1.5 105 years, which is compara-
ble to shock crossing times derived by Bertoldi (1989) for the
dense clumps located in the Rosette nebula that appear to be
undergoing implosion.

These shock crossing times are considerably shorter that the
estimated ages of the O-stars in the Rosette and Eagle nebula
(i.e.∼ 1 Myr), indicating that the structures being observed now
(cometary globules or elephant trunks) have only been exposed
to the ionising radiation of the nearby stars for a relatively short
time. An upper limit for the time taken for an R-type ionisation
front to reach the elephant trunks during the initial expansion of
the Str̈omgren sphere is given byτR = (2 pc / 2ci) = 8.8 104 years
(i.e. a relatively short time after the switch-on of the O stars).
The implication of this rapid time for the initial expansion of the
HII region is that previously there must have been intervening
dense structures shielding the pillars from the ionising flux of
the stars, which have only recently been eroded away, exposing
the pillars to the UV radiation.

7. The future evolution of the fingertip cores

We may now ask what the eventual fate of the dense clumps in
the fingers is likely to be. Using the virial theorem, assuming a
constant density profile for the clumps, and assuming them to
be immersed in a background medium which exerts a surface
pressurePs, we obtain for the virial mass:

Mv =
5r

6G

(

σ2 +
3<T

µ

)

×

√

(

σ2 +
3<T

µ

)2

− 48Gr2Ps

5
(24)

where r is the clump radius, andG is the gravitational con-
stant (Bowers& Deeming 1984). If the clumps are immersed
in background material of number densityn(H2) = 2 104 cm−3,
the line widths inside and outside the clump are∼ 2 km s−1,
and the clumps have a radius ofr = 0.083 pc, then the estimated
virial mass isMv = 21.6 M�, The clump mass consistent with
the submm dust emission is M∼ 20 M�, and that estimated
from the CO column density is M∼ 30 M�, indicating that the

core ofΠ2 is either marginally stable against collapse, or in
the earliest stages of Class 0 development. The similarity of the
clump and virial masses adds weight to the argument that all of
the clumps pre-existed the exposure of the fingers to the ionis-
ing radiation of the stars. It is likely that they are gravitationally
bound objects, and not density enhancements resulting from a
radiation driven implosion.

When the IS-front propagates into the clumps, the effective
external pressure acting on the clumps will rise fromP / k =
3.5 106–1.2 108 cm−3 K, resulting in the cloud being strongly
compressed. The question of whether this shock-induced im-
plosion will lead to star formation in the clumps, or to their dis-
ruption, remains unclear, since the crossing time of the shock
and the gravitational free-fall time of the clump are comparable
(i.e. τsh ∼ τff ∼ 105 years). It is likely that numerical simula-
tions will be required to provide a definitive answer to both this
question, and to develop an understanding of the relationship
of the prodigious star formation rate in the EGG′s to that of the
fingers.

Although we have concluded that the dense clumps observed
in the fingertips have not been formed by the action of RDI,
we note that the clumps have an elongated appearance as seen
in Fig. 4. This is probably due to the pressure of the IS-front
beginning to compress the clumps as the front propagates into
the fingers.

8. Conclusions

1. Molecular line, millimetre/submillimetre/radio continuum,
and mid-IR observations are reported of the opaque fingers
which cross the Eagle Nebula. These are examined, along
with optical and near-IR data to measure the physical envi-
ronment within the fingers, and to examine their potential
for being future sites of star-formation.

2. The fingers are surprisingly warm when viewed in the CO
J= 3–2 lines, with peak temperatures approaching 60 K.
The lines are however relatively narrow, and there is no
compelling evidence for any molecular outflow activity.
The masses of the fingertip cores determined from CO iso-
topomeric observations range from∼ 10 to 60 M�, and they
contain 55–80% of the total mass of each of the fingers. The
total mass contained in the three fingers and the nearby ex-
tended material is∼ 200 M�.

3. The velocity fields of the gas are complex and show that
the material is very clumpy. The best evidence for coherent
velocity structure is along the centre finger, where a velocity
gradient∼ 1.7 km s−1 pc−1 is seen. There may be evidence
for somewhat larger velocity gradients, however these are
difficult to untangle from the clumpy structure of the gas.

4. The fingers contain a number of embedded submm contin-
uum cores. The most intense cores in each finger are found
close to the tips of the fingers. The continuum spectra of
these cores suggest that they are much cooler,∼ 20 K, than
the gas temperatures measured by the CO observations.

5. Detailed modelling shows that the fingers should contain
dense cold cores surrounded by a sheath of warm molecular
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gas. These characteristics prove to be an excellent match to
the observational data.

6. The radio and morphological evidence suggest that the UV
radiation field incident on the surfaces of the fingers is
∼ 1700Go .

7. A simple thermal and chemical model of a finger structure
was developed to study their internal physical environment.
This model suggests that the fingers should contain cold
(∼ 20 K) dense cores near their tips, surrounded by a sheath
of warm (>100 K) gas. The model predictions are consistent
with all of the available observations.

8. The fingers appear to have been formed after primordial
dense clumps in the original cloud (which formed NGC
6611) were irradiated by the light of its own OB stars. These
primordial clumps have shielded material behind it from
the photoevaporative dispersal of the cloud, leading to the
formation of the finger structures. The cores appear to be
at a very early stage of pre-protostellar development: there
are no embedded infrared sources or molecular outflows
present. The pressure inside the cores appears to be just less
than that of the surrounding gas, and the consequence is
that the material in the cores is being compressed by the
external medium. It is well known that such characteristics
are those shared by the earliest stages of objects popularly
known as ‘protostars’.The cores in the tips of the Eagle
Nebula’s fingers appear to have the characteristics which
are expected for objects in the very earliest stages of (pre-)
protostellar activity.
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Appendix A: chemical reactions used
in the modelling

A.1. Cosmic ray ionisation (unitss−1 mol−1)

cr + H2 → H+
3 + e + H + cr k1 = 1.2 10−17 (A1)

cr + He → He+ + e + cr k2 = 6.8 10−18 (A2)

A.2. Ion-molecule reactions (unitscm3 s−1 mol−1)

H+
3 + CI → CHx + H2 k10 = 2 10−9 (A3)

H+
3 + OI → OHx + H2 k11 = 8 10−10 (A4)

H+
3 + CO → HCO+ + H2 k12 = 1.7 10−9 (A5)

He+ + H2 → He + H + H+ k13 = 7 10−15 (A6)

He+ + CO → C+ + O + He k14 = 1.6 10−9 (A7)

C+ + H2 → CHx + H k15 = 4 10−16 (A8)

A.3. Neutral-neutral reactions (unitscm3 s−1 mol−1)

OI + CHx → CO + H k100 = 2 10−10 (A9)

CI + OHx → CO + H k101 = 5.8 10−12 T 0.5 (A10)

A.4. Electron recombination (unitscm3 s−1 mol−1)

He+ + e → He + hν k200 = 9 10−11 T−0.64 (A11)

H+
3 + e → H + H2 k201 = 1.9 10−6 T−0.54 (A12)

C+ + e → CI + hν k202 = 1.4 10−10 T−0.61 (A13)

HCO+ + e → CO + H k203 = 3.3 10−5 T−1.0 (A14)

M+ + e → M + hν k204 = 3.8 10−10 T−0.65 (A15)

A.5. Photoreactions (unitss−1 mol−1)

hν + CI → C+ + e G400 = 3 10−10 Go e−3Aν (A16)

hν + CHx → CI + H G401 = 1 10−9 Go e−1.5Aν (A17)

hν + CO → CI + O G402 = 1 10−10 χ Go e−3Aν (A18)

whereχ is the CO self-shielding factor

hν + OHx → OI + H G403 = 5 10−10 Go e−1.7Aν (A19)

hν + M → M+ + e G404 = 2 10−10 Go e−1.9Aν (A20)

hν + HCO+ → CO + H

G405 = 1.5 10−10 Go e−2.5Aν (A21)

A.6. Charge transfer reactions (unitcm3 s−1 mol−1)

H+
3 + M → M+ + e + H2 k501 = 2 10−9 (A22)

Appendix B: conservation conditions

Along with the above sets of reactions, we also use the following
conservation conditions when evolving the chemistry

n(e) = n(C+) + n(He+) + n(H+
3 ) = n(M+) (B1)
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n(Hetotal) = n(He) + n(He+) (B2)

n(Mtotal) = n(M) + n(M+) (B3)

The following fractional abundances are assumed for our
models:

n(Ctotal) = 10−4 n(H2) (B4)

n(Ototal) = 2 10−4 n(H2) (B5)

n(Hetotal) = 0.28 n(H2) (B6)

n(Mtotal) = 10−7 n(H2) (B7)

Appendix C: initial conditions

When evolving the time-dependent chemistry, we use the fol-
lowing initial conditions:

n(CI) = n(CO) = n(CHx) = n(HCO+) = 0 (C1)

n(C+) = n(Ctotal) (C2)

n(OI) = n(Ototal) (C3)

n(M+) = n(Mtotal) (C4)

n(He+) =
k1

k200n(e) + k13n(H2)
n(Hetotal) (C5)

n(H+
3 ) =

k1

k201n(e) + k11n(OI)
n(H2) (C6)

n(e) = n(C+) + n(He+) + n(M+) (C7)
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