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Abstract. We present far infrared (45–195µm) spectrophoto-
metric observations with theIso-Lws of the active star forming
ρ Oph main cloud (L 1688). The [Cii] 158µm and [Oi] 63 µm
lines were detected at each of the 33 positions observed, whereas
the [Oi] 145µm line was clearly seen toward twelve.

The principal observational result is that the [Cii] 158 µm
line fluxes exhibit a clear correlation with projected distance
from the dominant stellar source in the field (HD 147889). We
interpret this in terms ofPdr-type emission from the surface
layers of theρ Oph cloud. The observed [Cii] 158µm/[O i] 63
µm flux ratios are larger than unity everywhere. A comparison
of the [Cii] 158µm line emission and theFir dust continuum
fluxes yields estimates of the efficiency at which the gas in the
cloud converts stellar to [Cii] 158µm photons (χ

C II

>
∼ 0.5%).

We first develop an empirical model, which provides us with
a three dimensional view of the far and bright side of the dark
ρ Oph cloud, showing that the cloud surface towards the puta-
tive energy source is concave. This model also yields quantita-
tive estimates of the incident flux of ultraviolet radiation (G0 ∼

101 – 102) and of the degree of clumpiness/texture of the cloud
surface (filling of the 80′′ beam∼ 0.2).

Subsequently, we use theoretical models ofPdrs to derive
the particle density,n(H), and the temperature structures, for
Tgas andTdust, in the surface layers of theρ Oph cloud. Tgas is
relatively low,∼ 60 K, but higher thanTdust (∼ 30 K), and den-
sities are generally found within the interval (1–3) 104 cm−3.
ThesePdr models are moderately successful in explaining the
Lws observations. They correctly predict the [Oi] 63 µm and
[C ii] 158 µm line intensities and the observed absence of any
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molecular line emission. The models do fail, however, to repro-
duce the observed small [Oi] 63µm/[O i] 145µm ratios. We ex-
amine several possible explanations, but are unable to uniquely
identify (or to disentangle) the cause(s) of this discrepancy.

From pressure equilibrium arguments we infer that the total
mass of theρ Oph main cloud (2 pc2) is ∼ 2 500 M�, which
implies that the star formation efficiency to date is<

∼ 4%, sig-
nificantly lower than previous estimates.

Key words: stars: formation – ISM: structure – ISM: gen-
eral – ISM: atoms – ISM: clouds – ISM: individual objects:
ρ Oph cloud

1. Introduction

The eastern, dense regions of theρ Ophiuchi clouds (L 1688 or
the ρ Oph ‘main cloud’) are currently in a highly active state
of star formation. Observations of the young stars associated
with this cloud provided the empirical basis (Wilking & Lada
1983) of what has become the standard theory of low-mass
star formation (Shu et al. 1987). In this paper, we present far
infrared observations of theρ Oph cloud, which are unhindered
by telluric atmospheric absorption.

The spatial resolution of theIso-Lws (Infrared Space Ob-
servatory, see: Kessler et al. 1996; Long Wavelength Spectrom-
eter, see: Clegg et al. 1996 and Swinyard et al. 1996) is compara-
ble to a typical Jeans length in theρ Oph cloud1 and the instru-
ment appears ideal to study the energy balance of the cloud by
means of spectroscopy of the major cooling lines, viz. molec-
ular and atomic fine structure lines in theFir (far infrared).
The wide spectral range (40–200µm) of theLws permits si-

1 For fully molecular gas,LJeans(25 K, 103 cm−3) = 0.1 pc, i.e.
∼ 160′′ at the distance of 150 pc; theLws beam∼ 80′′.
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multaneously the cooling by the gas and dust components to be
addressed and hence the study of the gas and dust coupling on
spatial scales relevant to star formation.

The presence of early type stars which provide potential
sources of external heating of the cloud can be expected to pro-
duce aPdr (Photon Dominated Region; see the review by Hol-
lenbach & Tielens 1997). The cooling of such regions is domi-
nated by [Cii] 158µm and/or [Oi] 63 µm line emission, where
the relative importance of the lines will depend on the cloud
density and the flux of ultraviolet radiation. For relatively weak
radiation fields,<∼ 103 times theHabing Field(Habing 1968),
weak-typePdrs should develop (Hollenbach et al. 1991) and,
as such, theρ Oph cloud could be expected to present a test case
of models of such interface regions in the interstellar medium.

In the present contribution, we presentIso-Lws observa-
tions of theρ Oph cloud in the far infrared (Sects. 2 and 3). The
analysis of these data will naturally lead the discussion toward
the topic ofPdrs. However, we shall first attempt to develop an
empirical model (Sects. 4.1–4.3) before comparing the results
with theoretical model calculations (Sect. 4.4). In Sect. 4.5, we
revisit the related issues of the mass and the star formation effi-
ciency of theρ Ophmain cloud. Finally, in Sect. 5 we summarise
our main conclusions from the present work.

2. Observations and data reductions

The observations of theρ Oph cloud were collected with the
Iso-Lws on February 12, March 16, March 22 and August 18,
1997.

We targeted 33 individual positions in theρ Ophiuchi dark
cloud, the coordinates of which are given in Table 1. Literature
data forρ Oph (e.g. maps) have traditionally been presented for
the epoch 1950 and, for convenience, we provide both J 2000 and
B 1950 coordinates in the table. TheLws data were obtained
as spatial strip scans across the cloud as indicated in Fig. 1.
The actual strip scans deviate somewhat from those originally
planned: e.g., the scan designated ew is not strictly in the east-
west direction but at a position angle∼ 90◦

·4. Generally, offsets
between consecutive positions were 180′′, except for the scan
through the dense cores inρ Oph B, where the offsets of 40′′

were intended to fully sample the nominal 80′′ beam of theLws
(Swinyard et al. 1996) in the scan direction. The pointing errors
were generally less than 2′′.

A first determination of the beam size of theLwsestablished
that it was∼ 80′′, independent of the wavelength. However, at-
tempts to obtain detailed maps of the beam pattern indicate
that this first-cut value would need to be updated2. In particu-
lar, current estimates for theLws beam (effective circular half
power width) yield 83′′ at 63µm (1.27 10−7 sr), 62′′ at 145µm
(7.10 10−8 sr), and 68′′ at 158µm (8.54 10−8 sr), and which will
be adopted throughout this paper.

Full Lws-spectra (∆λ = 43–197µm, R = 140–330) were
obtained at all positions, oversampling the spectral resolution by
a factor of 4, and with integration times ranging from∼ 15 min

2 See also:
http : //isowww.estec.esa.nl/instr/LWS/note/beam mem.html

to 45 min. In particular, for the different strip scans, at each
position the number of individual spectral scans of the grating
and integration times on the date of observation were:ew 1–13
(8, 1 333 s, February 12),b 1–11(5, 942 s, March 16),c 1–6(11,
1 867 s, March 22),d 1–2 (11, 2 002 s, March 22) anda 1 (14,
2 678 s, August 18).

The data were reduced using theLws pipeline (OLP 7.0).
Flux calibration was achieved using Uranus as primary cali-
brator (for details, see: Swinyard et al. 1996) and the absolute
accuracy is estimated to be within 30%. This accuracy is strictly
valid only for sources which are pointlike to theLws beam (the
radial distance from the optical axis<

∼ 25′′ at the 1 dB level).
Post-pipeline processing involved reduction of the individ-

ual spectral scans (‘forward’ and ‘backward’, respectively),
such as removal of spikes due to cosmic ray events (‘glitches’)
and of fringing due to interference along the optical path within
the instrument. Finally, the individual spectral scans were aver-
aged and merged to yield a single spectrum per scan direction
for each observed position.

3. Results

3.1. Far infrared fluxes observed with theLws

3.1.1. Fine structure lines

The only fine structure lines detected with confidence were
[O i] 63 µm, [Oi] 145 µm and [Cii] 158 µm. Specifically, no
lines of higher ionization states and within theLws spectral
range were present in theFir-spectra of theρ Oph cloud. Each
of the three detected lines was registered by two individual de-
tectors each, an advantage, which is used to confirm (or to dis-
prove) the presence of weak spectral features. Because of the
differing responsivity of the detectors, line flux measurements
were made using only one detectector for each line ([Oi] 63
µm: SW 3, [Oi] 145 µm: LW 3 and [Cii] 158 µm: LW 4; for
the instrument description, see: Clegg et al. 1996). These mea-
surements included subtraction of a low order polynomial to
remove the local continuum, and integration of the flux density
under the line. The line fluxes are reported in Table 2, where
the associated errors refer to therms-noise of the surrounding
continuum.

3.1.2.Fir continuum emission

All of the spectra show clear evidence ofFir continuum emis-
sion across the entire spectral range of theLws. Previous ob-
servations byIras were limited to the broad bands centered at
60 and 100µm. Using three different methods of measurement
the integratedFir-flux (50–195µm) was determined. These in-
cluded (1) direct integration of the flux density for each detector
and summing up the various contributions, i.e. no fitting was in-
volved; (2) ‘stitching’ the individual detectors together - in order
to obtain a physically more realistic description of the continu-
ous energy distribution - by demanding the flux in each detector
band be conserved; and (3) stitching of the detectors by fixing
the detector LW 1 as the reference and linearly scaling (shifting)
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Fig. 1.Observed positions inρ Oph
superposed onto theIso-Cam (Ce-
sarsky et al. 1996) image by Abergel
et al. 1996 (LW 3, 12–18µm). The
equatorial coordinates refer to the
epoch J 2000. The size of the open
symbols corresponds to the nominal
beam of theLws (80′′). For each
strip scan, the first pointing is indi-
cated (see: Table 1) and the positions
of the early type stars discussed in
the text are shown by crosses and a
star symbol

the others. Methods (2) and (3) useχ2-minimization algorithms.
All three methods gave similar results and in Table 2, the mean
value, corrected for line emission (but not for missing bolomet-
ric flux), is presented. The errors quoted in the table refer to the
standard deviation about this mean for each position. An average
value for the far infrared intensity,IIR ∼ 6 10−2 erg cm−2 s−1

sr−1 (80′′ beam), is implied by these results.

3.1.3. Molecular lines

The spectral range covered by theLws includes a large number
of (especially rotational) molecular transitions, such as those of
CO (J ≥ 14), OH (e.g. the2Π3/2 ground state transition) and
H2O (numerous lines of both ortho- and para-water). InPdrs,
the presence of CO (14–13) 186µm (and higer rotational levels)
has traditionally been taken as observational evidence for the
clumpiness of the media because of their high critical densities.
In addition, the(212 − 101) 179.5µm transition to the ground
state of ortho-H2O is in principle easily excited already at low
temperatures and moderate densities and could contribute sig-
nificantly to the cooling of the gas. A careful search for molec-
ular features in theρ Oph-spectra was not successful and in no
case did we detect any molecular line emission.

3.1.4. Summary of the principal results

From Table 2 it is evident that [Cii] 158 µm and [Oi] 63
µm emission was detected towards all 33 observed positions,

whereas the [Oi] 145µm line was clearly seen towards twelve.
The [Cii] 158µm flux is observed to be generally stronger than
that of the [Oi] 63µm line. These lines do not exhibit any obvi-
ous correlation with the presence of dense cores inρ Oph (Loren
et al. 1990, Table 1). Also evident from Table 2 is the fact that
both lines weaken moving from the western to the eastern edge
of the cloud. This is also generally true for the continumm emis-
sion, if the pointings which include (or are very close to) strong
Fir point sources, e.g. a 1 (VLA 1623), b 6 (IRS 37) and ew 5
(S 1), are disregarded.

3.2. Comparison with previous observations

In cases where comparisons have been possible,Lws data show
generally good agreement with results obtained by, e.g.,Iras
and/or theKao (Kuiper Airborne Observatory; see also below).

[C ii] 158 µm observations ofρ Oph have previously been
reported by Yui et al. (1993). The general east-west gradient in
intensity is clearly exhibited also by theseBice data (Balloon-
borne Infrared Carbon Explorer). However, as the angular reso-
lution of these observations was much lower (15′) than of those
with the Lws, the results are as such not comparable in de-
tail. From the large scale map presented by these authors we
estimate line intensities in the range(2–10) 10−5 erg cm−2 s−1

sr−1 over the region of our observations. For filledLws beams
(see: Sect. 2) our measurements imply [Cii] 158µm intensities
of the order of(8–40) 10−5 erg cm−2 s−1 sr−1, i.e. systemati-
cally a factor of four higher than the values determined by Yui
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Table 1.Spatial scans and observed positions with theLws of theρ Ophiuchi main cloud

Source R.A. J2000 Dec. J2000 R.A. B1950 Dec. B1950 Offset Dense
ID (h) (m) (s) (◦) (′) (′′) (h) (m) (s) (◦) (′) (′′) (′′) Core

ew 1 16 25 42.38 –24 25 38.6 16 22 40.99 –24 18 51.8 0
ew 2 16 25 55.56 –24 25 39.3 16 22 54.16 –24 18 53.3 180
ew 3 16 26 8.74 –24 25 39.9 16 23 7.33 –24 18 54.8 180
ew 4 16 26 21.92 –24 25 40.4 16 23 20.50 –24 18 56.2 180
ew 5 16 26 35.10 –24 25 40.9 16 23 33.66 –24 18 57.5 180
ew 6 16 26 48.28 –24 25 41.3 16 23 46.83 –24 18 58.8 180
ew 7 16 27 1.46 –24 25 41.6 16 24 00.00 –24 19 00.0 180
ew 8 16 27 14.64 –24 25 41.8 16 24 13.17 –24 19 1.1 180
ew 9 16 27 27.82 –24 25 42.0 16 24 26.34 –24 19 2.2 180
ew10 16 27 41.00 –24 25 42.1 16 24 39.50 –24 19 3.2 180
ew11 16 27 54.18 –24 25 42.2 16 24 52.67 –24 19 4.1 180
ew12 16 28 7.36 –24 25 42.1 16 25 5.84 –24 19 4.9 180
ew13 16 28 20.54 –24 25 42.0 16 25 19.01 –24 19 5.7 180
b 1 16 27 5.00 –24 30 40.2 16 24 3.43 –24 23 58.8 0
b 2 16 27 7.49 –24 30 19.1 16 24 5.93 –24 23 37.9 40
b 3 16 27 9.98 –24 29 57.9 16 24 8.42 –24 23 16.9 40
b 4 16 27 12.47 –24 29 36.8 16 24 10.91 –24 22 55.9 40ρ Oph B 1
b 5 16 27 14.95 –24 29 15.7 16 24 13.41 –24 22 35.0 40
b 6† 16 27 17.44 –24 28 54.5 16 24 15.90 –24 22 14.0 40
b 7 16 27 19.93 –24 28 33.4 16 24 18.39 –24 21 53.0 40
b 8 16 27 22.42 –24 28 12.2 16 24 20.88 –24 21 32.0 40
b 9 16 27 24.90 –24 27 51.1 16 24 23.38 –24 21 11.0 40
b10 16 27 27.39 –24 27 29.9 16 24 25.87 –24 20 50.1 40
b11 16 27 29.88 –24 27 8.8 16 24 28.36 –24 20 29.1 40ρ Oph B 2
c 1 16 26 12.40 –24 37 41.0 16 23 10.72 –24 30 56.1 0
c 2 16 26 23.61 –24 36 5.9 16 23 21.96 –24 29 21.8 180
c 3 16 26 34.81 –24 34 30.8 16 23 33.19 –24 27 47.4 180
c 4 16 26 46.01 –24 32 55.7 16 23 44.41 –24 26 13.1 180
c 5 16 26 57.21 –24 31 20.5 16 23 55.63 –24 24 38.6 180ρ Oph C 1
c 6 16 27 8.40 –24 29 45.2 16 24 6.84 –24 23 4.1 180
d 1 16 28 18.00 –24 20 1.1 16 25 16.59 –24 13 24.6 0
d 2 16 28 29.18 –24 18 25.9 16 25 27.80 –24 11 50.2 180ρ Oph D
a 1 16 26 26.38 –24 24 30.5 16 23 24.98 –24 17 46.6 0ρ Oph A‡

Notes:† The position is that of IRS 37 (Wilking et al. 1989).
‡ The observations were taken towards the outflow source VLA 1623 (André et al. 1993).

et al. (1993). These authors cite theCobe observations (COs-
mic Background Explorer, 7◦ beam) by Wright et al. (1991),
yielding a [Cii] 158µm flux larger by more than a factor of two
compared to the balloon data. Very different emission scales
may be involved here and it is difficult to draw any firm conclu-
sions (but see below).

With theKao (beam∼ 41′′) Ceccarelli et al. (1997) have
obtained a small map in the [Oi] 63 µm line around the outflow
source VLA 1623 (Andŕe et al. 1993), showing that maximum
flux is observed∼ 1′ to 2′ northeast of the VLA position. From
this map, we have tried to estimate the amount of radiation
falling into the beam of theLws, centered on the VLA source,
and compared the result with our actual observation (Table 2).
Although this procedure may not guarantee a conclusively re-
liable result, the agreement between these two values (Lws:
23 ± 2 andKao: 18 ± 3, in units of 10−12 erg cm−2 s−1) is
acceptable (within∼ 20%).

4. Discussion

4.1. The nature of the fine structure line emission

There are several reasons to believe that the excitation of the
observed fine structure emission is caused by a source external
to theρ Oph cloud. Firstly, the emission is widespread, which
makes it highly improbable that an internal source(s) in the
relatively cold cloud (T <

∼ 50 K) could provide the necessary
energy to excite the levels (∆ E/k = 92 K for [C ii] 158 µm
and 228 K for [Oi] 63µm). Secondly, with no obvious radiative
source, mechanical energy input with subsequent shock dissi-
pation could be a viable option. However, in no case do we
directly observe any of the known or suspected HH objects in
the cloud (Wilking et al. 1997, Ǵomez et al. 1998). Furthermore,
behind dense interstellar shocks the [Cii] 158µm to [Oi] 63µm
intensity ratios tend to be� 1 (Hollenbach & McKee 1989),
contrary to those observed inρ Oph. Such line ratios are, how-
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Fig. 2. The observed [Cii] 158 µm flux as
function of the projected distance,s, from
the B2 V star HD 147889. The least squares
fit to the data (with error weighting) is shown
by the solid line. For comparison, the dashed
lines delineate1/s and1/s2 dependencies,
respectively. Shown error bars reflect the
rms-noise of the continuum close to the line

ever, predicted by models of relatively weakPdrs (Hollen-
bach et al. 1991), i.e. regions of molecular clouds which are
irradiated by ultraviolet (UV) radiation. Thirdly and most im-
portantly, optically andNir bright nebulosity near the western
cloud edge hints at external illumination. Three early type stars
are found in the immediate vicinity of theρ Ophmain cloud, viz.
HD 147889 (B2 V), S 1 (B3 V) and SR 3 (B7 V), all of which
are potential sources of UV photons capable of ionizing car-
bon, which is subsequently observed in the form of [Cii] 158
µm line emission. Examination of the apparent distance depen-
dence of the [Cii] 158µm line flux for each of the three B-stars
results in a comprehensive pattern only for the hottest star, im-
plying that HD 147889 completely dominates the UV-field at
theρ Oph cloud3. In Fig. 2, we show the [Cii] 158µm flux to-
ward all 33 observed positions as a function of the projected
angular distance,s, from the B2 V star, where

s = arccos [cos δ cos δHD + sin δ sin δHD cos (αHD − α)]

with obvious notations for Right Ascension and Declination. It
is evident from the figure that the majority of the data points
cluster along a common locus, the equation of which has been
determined from least squares fitting as

log F (s) = (−1.29 ± 0.02) log s + (12.96 ± 0.32)

when logarithms are to the base of ten and units are in erg cm−2

s−1 and cm (D = 150 pc), forF ands respectively.

3 The [Cii] 158 µm flux from the source a 1 (VLA 1623) follows
this relation too (Fig. 2), in spite of the fact that it’s projected location
is much closer to the B3 star S 1.

The power law exponent (∼ 1.3) has a value distinctly
smaller than an inverse square law. A reasonable explanation
is that this is an effect of viewing geometry and we argue below
that this can in fact be used to (1) determine the strength of the
local UV field in ρ Oph and (2) reconstruct the three dimen-
sional distribution of the [Cii] 158 µm emitting regions from
the two dimensional observations. Before going ahead we have
first to examine the stellar parameters of HD 147889.

4.2. The stellar model of HD 147889

As outlined in the Appendix, the basic assumption in our model
is the conservation of the radiative energy from the stellar
source. We used the stellar atmosphere models by Kurucz (1992)
for the spectral type of HD 147889, viz. B2 V (Chini 1981), in
order to determine the UV flux at the stellar surface. The atmo-
sphere models have been computed for a variety of stellar pa-
rameters, such as pressure and chemical composition. However,
the integrated UV flux between 6 eV and 13.6 eV (see below) is
relatively insensitive to changes in these parameters, viz. within
∼ 2%, when varying the surface gravity,log g, by ±0.5 dex or
when changing the metallicity,log(Z/Z�), by+0.3 dex. Obvi-
ously, the most critical parameter is the effective temperature,
Teff , of the star: changingTeff by ±1 000 K about the nominal
value for a B2 V star (22 000 K), results in UV flux changes of
∼ 20%. However, the stellar model must not produce a radia-
tive luminosity in excess of the total observed toward theρ Oph
complex (e.g., Greene & Young 1989), an argument we used to
constrain our choice of the stellar model atmosphere.
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Fig. 3. Three dimensional view of the
far-side environs of theρ Oph cloud.
The B2 V star HD 147889 is at the ori-
gin, the observer’s line of sight along
the z-axis and the plane of the sky in
thexy-plane. The intensity scale of the
displayed points, expressed in units of
G0 of the incident UV radiation field, is
shown by the bar to the right. Connect-
ing lines have been drawn to guide the
eye. For reference, the CS (J=2–1) map
from Liseau et al. (1995) is shown as
contours. The actual observations have
been performed from far below the bot-
tom panel of the shown box. Notice the
concave surface of the cloud, presum-
ably caused by erosion due to the UV
field and the stellar wind from the early
B star

We finally adopt the Kurucz model atmosphere forTeff =
22 000 K, log g = 4.0, log(Z/Z�) = 0.0. The stellar radius
is found asR? = 5 R� from matching this B2 V model to the
observed fluxes at 9µm by Hanner et al. (1995) at the adopted
distance of 150 pc. This implies a bolometric luminosityL? =
5 300 L� which, given the uncertainties involved, is in very good
agreement with the value of 5 500 L� quoted by Wilking et al.
(1989).

4.3. The UV field on the far side of theρ Oph cloud
and the texture of the medium

The deviation of the flux-distance relationship from an inverse
square law (Sect. 4.1) can be naturally explained in terms of a
specific geometric arrangement of the exciting stellar source,
the emitting [Cii] 158µm sources and the observer, as outlined
in the Appendix. There, we assume that a certain fraction,χ

C II
,

of the incident stellar UV luminosity is converted into [Cii] 158
µm photons which are emitted isotropically. This permits us to
estimate the degree of homogeneity of the emitting gas and the
strength of the local UV radiation field, expressed in units of
G0, which approximately corresponds to theHabing-Field, in-
tegrated over6 eV ≤ hν ≤ 13.6 eV (Tielens & Hollenbach
1985a). Since the continuum is ‘contaminated’ by embedded
stellar sources at several positions, we prefer to use forχ

C II
an

average of the observed [Cii] 158µm to theFir flux, rather than
the individual ratios (Table 2). This average value,χ

C II
∼ 0.5%,

is in agreement with expectation from the theory of photoelec-
tric grain heating mechanisms inPdrs (∼ 10−3 to 10−2, see:
Hollenbach & Tielens 1997).

From theLws observations, and for the adopted stellar
model of HD 147889, this empirical model indicates that the
extent of the emitting regions is typically smaller than the beam
of our observation, i.e. that the beam filling factors are∼ 0.1–0.2
(averagefbeam = 0.16). Interpreted in terms ofsinglesources,
this would suggest that the diameter of a typical [Cii] 158 µm
source is>∼ 30′′. However, we recall that theLws data are gener-
ally quite strongly fringed, which could indicate the presence of
either extended emission or an off-axis point source (or both).
We are not able to distinguish between these possibilities and
have to leave open, whether the [Cii] 158µm data reflect typi-
cal [Cii] 158µm scales of the order of a few tens of arcseconds,
the existence of conglomerates of yet smaller clumps distributed
stochastically within theLws beam or simply small-scale tex-
ture, such as filamentary structure etc. The relative smoothness
of the [Cii] 158µm distribution inρ Oph B, which was mapped
at roughly half-beam spacing, supports these latter options. In
addition, the millimetre-continuum observations by Motte et al.
(1998), who determined the typical scale of coldduststructures
to be smaller than 30′′, could speak in favour of the small clump
hypothesis. However, we must caution that this result is based
on the assumption that the point source calibration of theLws
is applicable to theρ Oph data presented here.

The values ofG0 derived from the model are of the order
of some 101 to 102. For the seemingly saturated [Cii] 158 µm
sources ew 1 and ew 2 we simply assumed an averages and
an r−2 dependence of the flux, which could of course be in-
correct. Anyhow,exactvalues ofG0 are sensitive to the stellar
input parameters (see: Sect. 4.2), but values as high as 103 can
be confidently ruled out. The continuum data (Table 2) lend
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Table 2.ObservedFir flux in theρ Oph cloud

F †
line

F ‡
cont

ID [C ii] 158 [O i] 63 [O i] 145 [50, 195]µm

ew 1 40.9 ± 0.8 26.2 ± 0.7 5.4 ± 0.3 2086 ± 195
ew 2 39.6 ± 1.0 12.4 ± 0.6 4.0 ± 0.4 1411 ± 93
ew 3 39.4 ± 0.8 14.6 ± 0.5 4.9 ± 0.4 1211 ± 49
ew 4 28.7 ± 0.9 12.6 ± 0.4 3.0 ± 0.4 1126 ± 36
ew 5 28.2 ± 0.7 14.4 ± 0.5 3.8 ± 0.5 1859 ± 91
ew 6 18.7 ± 0.6 5.7 ± 0.4 < 1.7 517 ± 13
ew 7 15.7 ± 0.3 4.6 ± 0.4 < 1.3 379 ± 3
ew 8 15.3 ± 0.5 3.4 ± 0.3 0.5 ± 0.1 417 ± 3
ew 9 12.3 ± 0.5 3.2 ± 0.3 < 0.9 292 ± 2
ew10 9.9 ± 0.4 2.2 ± 0.3 < 0.7 201 ± 7
ew11 8.3 ± 0.4 1.9 ± 0.3 < 0.7 149 ± 8
ew12 7.8 ± 0.5 1.3 ± 0.2 < 0.6 110 ± 9
ew13 7.2 ± 0.4 1.2 ± 0.2 < 0.5 98 ± 6
b 1 14.1 ± 0.4 2.8 ± 0.5 < 1.4 449 ± 4
b 2 13.9 ± 0.6 2.9 ± 0.4 < 1.4 469 ± 2
b 3 13.1 ± 0.6 3.1 ± 0.6 < 1.3 492 ± 4
b 4 10.9 ± 0.4 3.8 ± 0.5 < 1.2 513 ± 5
b 5 11.4 ± 0.4 4.6 ± 0.5 < 1.5 586 ± 12
b 6 11.4 ± 0.4 4.6 ± 0.4 < 1.4 706 ± 24
b 7 11.0 ± 0.5 3.9 ± 0.6 < 1.4 651 ± 40
b 8 10.9 ± 0.6 3.3 ± 0.3 < 4.2 529 ± 23
b 9 10.8 ± 0.3 3.0 ± 0.3 < 2.1 476 ± 9
b10 11.0 ± 0.7 3.8 ± 0.4 < 3.8 656 ± 9
b11 8.3 ± 0.7 4.3 ± 0.5 < 2.4 654 ± 12
c 1 26.3 ± 0.8 6.8 ± 0.4 1.5 ± 0.1 723 ± 23
c 2 30.4 ± 0.8 6.4 ± 0.3 2.5 ± 0.2 817 ± 44
c 3 20.4 ± 0.7 3.3 ± 0.5 2.2 ± 0.4 822 ± 37
c 4 14.4 ± 0.5 1.8 ± 0.2 0.5 ± 0.1 559 ± 16
c 5 14.5 ± 0.5 2.5 ± 0.2 < 1.3 451 ± 8
c 6 14.2 ± 0.5 3.1 ± 0.3 0.3 ± 0.1 542 ± 22
d 1 9.6 ± 0.5 1.5 ± 0.2 < 0.6 136 ± 1
d 2 8.3 ± 0.4 0.7 ± 0.2 < 0.5 135 ± 2
a 1 23.6 ± 0.7 23.4 ± 1.5 1.4 ± 0.2 3519 ± 247

Notes:† Units are 10−12 erg cm−2 s−1. Errors are statistical and upper
limits 3 σ.
‡ Continuum flux is in 10−11 erg cm−2 s−1 per beam and integrated
between 50 and 195µm.

support to this conclusion, since values of that order can be
directly inferred from the observations, viz.G0 about 45 to
250 (IIR/2.6 10−4 erg cm−2 s−1 sr−1), which includes contri-
butions from other sources.

The results of our empirical model are summarised in Ta-
ble 3. This table contains also the coordinates of the observed
[C ii] 158µm sources in three dimensional space. There, the ex-
citing star is at the origin of the coordinate system. Since, when
observed from the Earth, many regions in theρ Oph cloud ap-
pear dark (Abergel at al. 1996), we place the star behind the
cloud, so that allz-coordinates become negative and all polar
angles,θ, larger than 90◦. The [Cii] 158 µm emission permits
us, therefore, to view the far side of the cloud. This is visu-
alised in Fig. 3, where one can see that the overall shape of the
ρ Oph cloud facing towards HD 147889 has a concave curva-

Table 3.3 D coordinates(r, θ, φ) andG0 values inρ Oph

s§ pa r θ φ F †
UV

Dense
ID (pc) (◦) (pc) (◦) (◦) (G0) Core

ew 1 0.21 63 0.76 164 296 129
ew 2 0.33 74 0.76 154 285 129
ew 3 0.45 78 0.76 143 281 131
ew 4 0.58 81 0.89 139 278 95
ew 5 0.71 83 1.01 135 276 73
ew 6 0.84 84 1.13 131 275 59
ew 7 0.97 85 1.24 128 274 49
ew 8 1.10 85 1.34 124 274 41
ew 9 1.23 86 1.44 121 273 36
ew10 1.36 86 1.54 117 273 31
ew11 1.49 86 1.63 113 273 28
ew12 1.62 87 1.72 109 272 25
ew13 1.75 87 1.81 104 272 23
b 1 1.01 96 1.27 127 263 46
b 2 1.03 95 1.28 126 264 45
b 3 1.05 94 1.30 126 265 44
b 4 1.08 93 1.32 125 266 43 ρ Oph B 1
b 5 1.10 93 1.34 124 266 41
b 6 1.12 92 1.36 124 267 40
b 7 1.15 91 1.38 123 268 39
b 8 1.17 90 1.40 122 269 38
b 9 1.20 90 1.41 122 269 37
b10 1.22 89 1.43 121 270 36
b11 1.25 88 1.45 120 271 35 ρ Oph B 2
c 1 0.64 129 0.95 137 230 84
c 2 0.69 119 0.99 135 240 76
c 3 0.76 110 1.05 134 249 67
c 4 0.84 104 1.13 131 255 59
c 5 0.93 98 1.21 129 261 51 ρ Oph C 1
c 6 1.04 94 1.29 126 265 45
d 1 1.76 79 1.81 103 280 22
d 2 1.88 78 1.89 95 281 20 ρ Oph D
a 1 0.64 77 0.94 137 282 85 ρ Oph A

Notes:§ All length scales refer to the distanceD = 150 pc.
† For average beam fillingfbeam = 0.16 and the adopted stellar pa-
rameters for HD 147889 (see: Sect. 4.2).

ture. This is qualitatively in agreement with expectation, if the
cloud is eroded or ablated by the stellar radiation field and/or a
stellar wind.

Abergel et al. (1998) provideCam-isophotes of the dense
coreρ Oph D, which suggest the illuminating source is situ-
ated toward the west, in agreement with what can be discerned
from Fig. 3. In addition, the outer density of the core deter-
mined by these authors is in quantitative agreement with the
results of model calculations described in the next section (see
also: Fig. 4).

4.4. TheoreticalPdr model calculations

4.4.1. The code:Cloudy 90 with updates

For theρ Oph cloud Pdr, we computed grids of stationary,
steady state models using the publicly available photoionisa-
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Table 4.Analytical fits to collisional de-excitation rate constants for O0 3Pj′ →
3 Pj

Radiation log γj′,j = a log T + b (γ in cm3 s−1, T in K)

Transition Wavelength e− He0 (1S) H2 (J=1, 0) H0 (2S1/2) References
(µm) a† b† a b a‡ b‡ a b

3P0 →
3P1 145.52548 1.35 –8.74 1.41 –14.60 1.19 –13.98 0.43 –10.84 (1), (2), (3), (4), (5)

3P0 →
3P2 44.06 0.50 –4.30 0.67 –11.56 0.33 –10.30 0.80 –11.96 (2), (3), (4), (5)

3P1 →
3P2 63.18371 0.46 –3.83 0.69 –11.80 0.34 –10.52 0.65 –11.30 (1), (2), (3), (4), (5)

Notes:† These values refer to the collision strengthΩj,j′ , such thatγj′,j = 8.629 10−6 Ωj,j′/(gj′ T 0.5) andEj′ > Ej .
‡ Rates have been weighted by thermal populations of the ortho (J = 1) and para (J = 0) ground states of H2 at the corresponding temperatures.
References:(1) Kaufman & Sugar (1986), (2) Bell et al. (1998), (3) Monteiro & Flower (1987), (4) Jaquet et al. (1992), (5) Launay & Roueff
(1977).

Fig. 4. The observed intensity ratios of [Cii] 158 µm to [Oi] 63 µm
are shown vs the UV flux inG0 from Table 3. Also displayed are the
results from theoreticalPdr model calculations for various values of
the particle density,n(H), in cm−3 (see: the text)

tion codeCloudy, version 90.04 (Ferland 1996, Ferland et al.
1998), with some appropriate changes and updates. The stan-
dard model of the OrionPdr by Tielens & Hollenbach (1985b)
served as a reference when running tests of the code.

Some of the chemical reaction rates for CH+ have been up-
dated in accordance with Table 1 of Bertoldi (1998)4. For atomic
carbon and oxygen, the more recent EinsteinA values of Galav́ıs
et al. (1997) were adopted. More important though seemed the
incorporation of the relevant collision processes for the excita-
tion of the fine structure levels at relatively low temperatures in
largely molecular gas. This is particularly important forO i, the
ground state levels of which are inverted. The3P2 level is at zero
energy, whereas the3P1 level is atE/k = 228 K and 3P0 at

4 For the relatively low temperatures of theρ Oph Pdr this is of
little importance.

Table 5.Parameters of theρ Oph Pdr

Parameter Value

n(H) (cm−3) 3104 – 105

G†
0

20–140
ζX,CR (s−1) 410−17

FIR (erg cm−2 s−1) 0.5
Tdust (K) 25
ξturb (km s−1) 1.5
a(C)‡ 1.4 10−4

a(N) 7.9 10−5

a(O) 3.0 10−4

a(Na) 2.3 10−7

a(Mg) 1.1 10−6

a(Si) 1.7 10−6

a(P) 1.2 10−7

a(S) 2.8 10−5

a(Cl) 1.9 10−7

a(Ar) 1.2 10−6

a(Fe) 1.7 10−7

Notes:† EquivalentHabing-Fieldsin units of 1.6 10−3 erg cm−2 s−1.
‡ Abundancesa are relative to hydrogen nuclei and only species with
a > 10−7 are listed (from: Savage & Sembach 1996).

326 K above ground, respectively. Low-temperature collision
rates with electrons (below 3 000 K) were obtained from the
new results by Bell et al. (1998) and for collisions with atomic
hydrogen the rates provided by Launay & Roueff (1977) were
used. Monteiro & Flower (1987) computed the rate constants
for helium and found that the collisional transition3P0–3P1 is
considerably less probable (by up to two orders of magnitude)
than the3P0–3P2 and3P1–3P2 transitions. These authors noted
that3P0–3P1 transitions are collisionally forbidden to first or-
der and pointed out that this should also be true for collisions
with molecular hydrogen in an anologous way (see also the
collision strengths for electrons, Bell et al. and Table 4). This
was confirmed by the calculations by Jaquet et al. (1992) for
the interactions of O0 with ground state para- and ortho-H2. As
Cloudy does not distinguish between different nuclear spin
states in molecules, we used the rate constants of Jaquet et al.
for ‘hybrid H2’, where the weighting was done by considering
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Fig. 5. Emission line intensities for [Cii] 158 µm, [Oi] 63 µm and
[O i] 145 µm from Pdr models described in the text. The line inten-
sities, obtained from theCloudy flux asFline/2 π (see: Sect. 4.4.4),
are shown as a function ofG0 for four values of the density. In the first
panel (upper left) the sensitivity of ourLws observations is indicated
by the dash-dotted line

the thermal distributions of the two forms at the correspond-
ing temperatures. Using the rotational constants of Bragg et al.
(1982), the energy difference between theJ = 0 andJ = 1 states
is E/k = 170.4 K.

Analytical fits to the de-excitation rate coefficients are given
in Table 4. The corresponding excitation rate constants follow
from detailed balance arguments.

Self-shielding of H2 and CO against photodissociation was
accounted for with the formalism of Draine & Bertoldi (1996,
Eq. 37) and of Bertoldi (1998, Eq. 7; see also Rentzsch-Holm
et al. 1998). For dust shielding, the values given by Tielens &
Hollenbach (1985a, their Table 5) were adopted.

4.4.2. Parameters of thePdr models

Some of the parameters were held fixed for all of the model runs
(cf. Tielens & Hollenbach 1985a, b). These included the hydro-
gen ionization rate due to diffuse X-rays (and cosmic rays),
ζX,CR = 4 10−17 s−1 (Casanova et al. 1995), which is dou-
ble the rate adopted byCloudy from Tielens & Hollenbach
(1985a), see:Hazy, Ferland (1996); the relative chemical abun-
dances, adopted from Savage & Sembach (1996) and referring
to theζ Oph line of sight (cool phase, their Table 5); the compo-
sition and size distribution of the dust grain mixture, giving rise
to large values of the total-to-selective extinction, i.e. inρ Oph,
AV/EB−V ∼ 4 whenN (H i+ 2 H2)/AV = 1.9 1021 cm−2 mag−1

(Whittet et al. 1976, Bohlin et al. 1978, Savage & Mathis 1979,

Fig. 6. Pdr model of theρ Oph cloud for n(H) =2 104 cm−3 and
G0 = 75. In both graphs, the abscissa represents the column density
of hydrogen nuclei,N (H), in cm−2. Theupperpanel shows the run of
gas and dust temperatures into thePdr, where the dust is considered a
mixture of graphite and silicate particles. Thelowerpanel displays the
abundance distribution of hydrogen, electrons and molecules into the
Pdr. The shown abundances are relative to the number of H-nuclei

Frerking et al. 1982, Wilking & Lada 1983, Vrba et al. 1993);
the colour temperature of the dust,Tdust = 25 K (Greene &
Young 1989, Liseau et al. 1995); the total far infrared flux,
FIR = 0.5 erg cm−2 s−1 (our presentLws data; see also:
Greene & Young 1989); and the turbulent velocity parameter,
ξturb = 1.5 km s−1, estimated from observed line widths (Wilk-
ing & Lada 1983, Frerking et al. 1989, Loren et al. 1990, Liseau
et al. 1995, unpublished data of R. Liseau). ThesePdr model
parameters of theρ Oph cloud are summarised in Table 5.

The quantities which were varied are the incident UV-field,
expressed in theG0 scale (1.6 10−3 erg cm−2 s−1: Tielens &
Hollenbach 1985a), and the hydrogen nucleus densityn(H).
The basicPdr-parameter,G0/n(H), was explored in the range
10−6 ≤ G0/n(H) ≤ 102 cm3 (for the various forms of the
Habing-Fieldoccurring in the literature, see: Draine & Bertoldi
1996, their Table 1). The model solves for the temperature and
chemical structure of thePdr and computes, using the escape
probability formalism, the emergent line flux from thePdr-
surface (in erg cm−2 s−1) for a large number of species (atoms,
ions and molecules). The inward calculations of the cloud struc-
ture were artificially stopped at the lowest gas temperature of
10 K, beyond whichCloudy cannot reliably calculate the CO
transfer. Alternatively,Cloudy stops, once the fraction of car-
bon tied up in molecules exceeds the 80% level.

In theρ Oph cloud, the emission spectrum ofPahs (Poly-
cyclic Aromatic Hydrocarbons) has been obtained by Boulanger
et al. (1996), usingIso-Cam and toward a position north of the
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Fig. 7.Diagnostic line ratio diagram for [Cii] 158µm, [Oi] 63µm and
[O i] 145 µm for theρ Oph-Pdr models described in the text.n(H)
increases top-down andG0 right-left. The logarithmic mesh of the web
is 0.25 dex and parameter values are indicated at full decades. Whereas
plausible models predict [Oi] 63 µm/[O i] 145 µm ratios much larger
than ten, theLws observations, enclosed by the dotted box, fall gen-
erally short of that theoretical value. The box is shown enlarged in
Fig. 8

large mosaic displayed in Fig. 1. ThePahs could affect the
photoelectric heating rate (Hollenbach & Tielens 1997 and ref-
erences therein) and the chemistry of thePdr (Bakes & Tielens
1998). However, for theρ Oph model runs, inclusion ofPahs
had only marginal effects on the heating rate (see also Hollen-
bach et al. 1991). InCloudy, non-homogeneous density dis-
tributions can, in principle, be opted for. For theρ Oph cloud,
such versatility would be of particular interest as the existence of
inhomogeneities (clumps) is observationally well documented
(e.g., Loren et al. 1990, Motte et al. 1998), and was also indi-
rectly inferred from ourLws observations (Sect. 4.3). However,
the 1D codeCloudy does, in the ‘clumpy case’, not treat the
radiative transfer adequately. In what follows we concentrate,
therefore, on homogeneous models, bearing in mind that these
are at best only able to represent average cloud conditions. The
modeling of clumpyPdrs is discussed in greater detail by, e.g.,
Spaans (1996) and by Störzer et al. (1996).

4.4.3.Pdr modeling results for theρ Oph cloud

Comparing the results of thePdr models with the observed
line intensities and [Cii] 158 µm/[O i] 63 µm ratios, volume
densities 104 <

∼ n(H) <
∼ 105 cm−3 andG0 values∼ 10 to 102 are

indicated (Figs. 4 and 5). These results are basically in agree-
ment with those obtained by Hollenbach et al. (1991), who had
previously modeled low density, lowG0 Pdrs. From Fig. 5
it is evident that, forany value of G0, a) particle densities

Fig. 8.A blow-up of Fig. 7 (the dotted box). Non-detections of [Oi] 145
µm are shown for1 σ and result in lower limits on the oxygen line ratio.
The observed strip scans are collectively identified by the symbols
shown in the lower left corner. Models of theρ Oph Pdr are off scale
to the right of the figure

higher than 104 cm−3 are needed to render the [Oi] 145 µm
line detectable with theLws and, b) the observed line ratios
[C ii] 158 µm/[O i] 63 µm are all larger than unity, implying
(beam averaged) densities lower than 105 cm−3. An example
for n(H) = 2 104 cm−3 andG0 = 75 is shown in Fig. 6, and with
all other parameters as in Table 5. In the figure, graphs of the
gas and dust temperature structure and of the relative chemical
abundance distribution are shown. Both the gas and the dust
temperature display rather flat distributions, withTgas > Tdust

throughout thePdr. Very similar temperatures have previously
been inferred from CO andIras observations (Loren et al.
1980, Greene & Young 1989, Liseau et al. 1995). Also appar-
ent from Fig. 6 is the rapid conversion of atomic hydrogen into
molecules; half of the hydrogen is molecular for a column den-
sity N (H) ∼ 3 1019 cm−2 into thePdr. Whereas virtually all
carbon has been locked up in CO atN (H) ∼ 2.5 1021 cm−2,
oxygen remains almost entirely atomic throughout thePdr.
ThePdr model is consistent with ourLws spectra, in that it
correctly predicts that no molecular lines should be seen. The
gas becomes insufficiently warm (or dense) to appreciably ex-
cite high-J CO lines and the predicted OH and H2O abundances
are too low to allow these species to be detected with theLws.

Frerking et al. (1989) have reported observations of the
ρ Oph cloud in the [Ci] 609µm line. Four positions observed by
these authors are within about 2′ of those observed with theLws,
viz. their sourcesρ Oph A, ρ Oph B, R 35 and R 38. Assuming
unit filling of their 2′

·7 beam, we estimate from these data, line
intensitiesI(609)∼ (1–3) 10−6 erg cm−2 s−1 sr−1. This is in
excellent agreement with the predictions of ourρ Oph models.
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These yield essentially the same values, a result which should
however be viewed with some caution, since the fine structure
lines of atomic carbon seem to have a lowPdr-diagnostic value.
In addition, the assumption of unit beam filling is speculative.

4.4.4. Observed and calculated [O i] 63, 145µm intensities

The model is unable to reproduce the observed oxygen line ra-
tios, i.e. model predictions are generally [Oi] 63 µm/[O i] 145
µm� 10, whereas the observed ratios are significantly smaller
than this value (Figs. 7 and 8). This line ratio has been known
for some time to be ‘troublesome’ (see, e.g., the discussion
by Tielens & Hollenbach 1985b). Specifically for theρ Oph
model, it is necessary to account for the apparently ‘well-
behaved’ [Cii] 158µm and [Oi] 63 µm intensities, originating
from two different chemical species, at the same time as ex-
plaining why the observed fluxes from the same atom ([Oi] 63
µm and [Oi] 145µm) are not satisfactorily reproduced. Below,
we consider a number of possibilities which could be the cause
of this line ratio anomaly.

It could be argued that the fact that the oxygen lines were
observed with different detectors could account for much of the
(apparent) [Oi] 145µm excess, i.e. that the calibrations were far
outside the claimed accuracy (Sect. 2). Furthermore, the pres-
ence of fringes in the spectra could add considerably to the flux
uncertainty. We have carefully checked the data and concluded
that the observed anomaly cannot be explained by these reasons
alone.

On the basis of observations of a variety of astronomical ob-
jects, Saraceno et al. (1998) concluded that a considerable range
of observed [Oi] 63 µm/[O i] 145µm line ratios exists, ranging
from about 1 to� 10. Small values are not uncommon, par-
ticularly in molecular cloud environments. This is also inferred
from Table 1 of Keenan et al. (1994) who compiled line ratio
data obtained with theKao (Kuiper Airborne Observatory).

One of the classical errors when calculating line strengths is
the use of inaccurate atomic data and/or inadequately account-
ing for atomic processes. As outlined in Sect. 4.4.1 we have
taken great care to improve on these aspects ofCloudy, and
particularly of the collision processes at the low temperatures
encountered in theρ Oph Pdr. However, comparing our mod-
els with those of Tielens & Hollenbach (1985b: high density,
high G0) or of Hollenbach et al. (1991: low density, lowG0),
the situation has actually become worse; our models predicting
even larger line ratios than given using the older rates. This is
due to the much higher critical density (by up to two orders of
magnitude) of the 145µm transition compared to that of 63µm.

Another reason of failure could be radiative transfer effects
in the oxygen lines (see, e.g., also Tielens & Hollenbach 1985b).
These should however have been properly taken into account by
the models, since for cases of interest [Oi] 63 µm is generally
optically thick, whereas the optical depth in the [Oi] 145µm line
is typically much less than unity. The viewing geometry could
come into play here, when converting flux at the plane parallel
model surface to an observed specific intensity, but would make
matters even worse, since the cosine of the viewing angle is

generally greater than 0.5 (See: Tables 2 and 3)5. Further, the
[O i] 63 µm line is not very optically thick (for instance, in the
ρ Oph ‘standard model’ of Fig. 6,τ63 = 1.8), reducing any
geometric effects on the line ratio. Even in the extreme (and
unrealistic) case of purely thermal line broadening (line widths
of about 0.2 km s−1), resulting in maximum opacity in the lines
(τ63 = 11 andτ145 = 0.04), the theoretical oxygen line ratio
would still be as large as 20. Observations of velocity resolved
line profiles would be useful in this context.

It is conceivable that the assumption of homogeneity could
be of critical consequence for the line ratios. However, as
pointed out before, theLws data do not show any obvious cor-
relation with the presence of known dense clumps. This is true
for both [Cii] 158 µm/[O i] 63 µm and [Oi] 63 µm/[O i] 145
µm, indicating that these ratios are not particularly sensitive
to enhanced column densities of cold neutral material. We are
aware of only a few publishedPdr models for which the inten-
sities of the oxygen lines are explicitly reported. For instance,
Burton et al. (1990) considered the effects of clumps inPdrs
and their models could, as such, provide a good test case. These
clumpyPdr models have been calculated under the assumption
that the results from 1-dimensional homogeneous models can
be scaled and mixed in proportions appropriate to fit observed
line strengths. However, none of these models predict line ratios
smaller than ten (see also Figs. 7, 8) and it seems thus unlikely
that the presence of clumps is a general solution to the oxygen
line problem.

Theρ Oph cloud is known to harbour an appreciable pop-
ulation of X-ray sources (Casanova et al. 1995 and references
therein) giving rise to an extra component of diffuse radiation
which has not directly been considered by our models. It seems
not unreasonable to suspect that this extra field could affect
the excitation of the O0 levels. The effects of X-rays onPdrs
have been theoretically investigated by Maloney et al. (1996).
However, none of their models produces any remarkably small
[O i] 63 µm/[O i] 145µm ratios.

Time dependent effects inPdrs have been studied by, e.g.,
Hollenbach & Natta (1995) and Störzer & Hollenbach (1998).
However, none of these models is directly applicable to the
physical conditions prevailing in theρ Oph cloud. In addition,
no [Oi] 145µm intensities were reported.

To conclude, we are not able to identify any convincing
explanation for the mismatch between theoretical and observed
[O i] 63µm/[O i] 145µm line ratios. (Much) too low model tem-
peratures and/or inadequate treatment of the radiative transfer in
the lines might come closest (largerτ63 andτ145, in particular),
but needs still to be demonstrated. In addition, the predictable
behaviour of [Cii] 158µm/[O i] 63 µm would then be difficult
to understand. Slight masing in the3P0–3P1 transition could be
a possible explanation, however. This would require suprather-
mal excitation of the3P0 level by some, yet to be identified,

5 (I63/I145)obs ∼ (I63/I145) × 2 cos θ, whereθ is the angle be-
tween the normal to the surface and the line of sight (see, e.g., Hollen-
bach et al. 1991).
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pumping mechanism and must, therefore, at this moment be
considered speculative.

4.5. Star formation in theρ Oph cloud

At the surface of the cloud, the ‘standard’Pdr model yields
particle densities and temperatures of the order of 2 104 cm−3

and >
∼ 50 K, respectively, so that the thermal gas pressure

∼ 1 106 cm−3 K. As temperatures deeper into the cloud are gen-
erally lower (<∼ 25 K), thermal pressure equilibrium would re-
quire average particle densitiesn(H) >

∼ 4 104 cm−3 for the bulk
of the cloud. This result is identical to that found by Liseau et al.
(1995:n(H2) ∼ 2 104 cm−3) from molecular line observations
(for the assumed CS abundanceX(CS) = 1.0 10−9) and implies
a mass of theρ Oph main cloud of about 2 500 M�, with the
DCO+ clumps (Loren et al. 1990) contributing∼ 10%. For the
total mass of the young stars associated with the 2 pc2 core of
the ρ Oph cloud (<∼ 102 M�), the star formation efficiency in
theρ Oph cloud is then slightly below the 4% level. This is sig-
nificantly less than has previously been claimed in the literature.
On the contrary, this efficiency compares well to that generally
observed for galactic clouds and casts doubt on the relevance
of the opposing concepts of ‘cluster mode’ and ‘isolated’ star
formation (Lada et al. 1993 and references therein).

5. Conclusions

The main conclusions from this work can be summarised as
follows:

– Iso-Lws observations of theρ Oph cloud have revealed the
presence of widespread [Cii] 158µm, [Oi] 63 µm andFir
continuum emission.

– Our principal observational result is the correlation between
the observed [Cii] 158 µm flux and the projected distance
to the B 2 star HD 147889. The flux dependence on the pro-
jected distance is shallower than an inverse square law.

– The observed angular distribution of the [Cii] 158µm line
flux has enabled us to reconstruct the 3 D distribution of
the line emitting regions inρ Oph, showing that the cloud
surface towards the putative energy source is concave.

– This model also provides an estimate of the local UV flux at
the cloud (G0 ∼ 20–140) and of the degree of inhomogene-
ity of the cloud (0.2 filling of the 80′′ beam).

– From the comparison of theLws data with detailed mod-
els of Pdrs we infer that beam averaged particle densi-
ties in the thin surface layers (AV a few magnitudes) of the
ρ Oph cloud are typically above 104 cm−3 but rarely as high
as 105 cm−3.

– These models lend support to the the mass estimate of
the core of theρ Oph cloud of Liseau et al. (1995), viz.
∼ 2 500 M�. For the known associated stellar mass content,
the star formation efficiency is therefore<

∼ 4%, i.e. signifi-
cantly less than that commonly quoted in the literature.
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Appendix A: the [C ii] 158µm Pdr emission
in three dimensions

In spherical polar coordinates(r, θ, φ), with the stellar source
of ultraviolet radiation at the origin, the regions of [Cii] 158µm
emission are situated at(x, y, z), viz.

x = r cos φ sin θ = s cos φ

y = r sin φ sin θ = s sin φ

z = r cos θ (A1)

where r =
√

x2 + y2 + z2 is the true radial distance and
s = r sin θ the observed projection onto the plane of the sky
(xy-plane). Thez-axis is along the line of sight and the az-
imuthal angleφ is given by the observed position angle,p. The
observables is also given by (see: Sect. 4.1)

s = r sin θ =

[

F (s)

F (s = 1)

]−
1

α

(A2)

so that

x =

[

F (s)

F (s = 1)

]−
1

α

cos (−p)

y =

[

F (s)

F (s = 1)

]−
1

α

sin (−p) (A3)

The local line flux,F (s), is related to the stellar source
through a luminositỳ , viz.

` = F (s) r2 (A4)

Combiningr2 = x2 + y2 + z2 with r2 = F (s)/` and
inserting Eqs. (A3) we find for thez-coordinate

z =

{

`

F (s)

[

1 −
[F (s)]

1−
2

α

[F (s = 1)]
−

2

α `

]}1/2

(A5)

and for the polar angleθ

cos θ =

{

1 −
[F (s)]

1−
2

α

[F (s = 1)]
−

2

α `

}1/2

(A6)

The local values of the luminositỳ are determined from
energy conservation considerations. The fraction of the stellar
UV luminosity intercepted by the [Cii] 158 µm-source atr is
given by

ε
C II

=
ω

C II

4π
LUV(Teff , R?) (A7)

where

LUV(Teff , R?) = 4πR2
? FUV(Teff) and ω

C II
=

area

r2
(A8)
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The size of the [Cii] 158 µm source is approximated by
area ∼ π R2

C II. A fractionχ
C II

of this intercepted stellar UV-
luminosity is radiated isotropically in the [Cii] 158µm line, so
that

χ
C II

ε
C II

= χ
C II

π

(

RC II

r

)2

R2
? FUV(Teff) (A9)

Hence, at distanceD, the observed line flux is

fC II =
χ

C II

4

(

RC II

D

)2 (

R?

r

)2

F (G0) (A10)

where the stellar UV-flux,FUV(Teff), has been expressed in
units ofG0 (1.6 10−3 erg cm−2 s−1). The source fills a fraction
fbeam of the Lws beam, i.e.π R2

C II/D2 = fbeam Ωbeam, so
that Eq. (A10) reduces to

fC II = χ
C II

fbeam

Ωbeam

4π
F (G0) (A11)

With the definition of̀ in Eq. (A4) one finds that

` = χ
C II

fbeam

Ωbeam

4π
R2

? FUV(Teff) (A12)

and

` = χ
C II

fbeam

Ωbeam

4π
r2 F (G0) (A13)

For given spectral type and luminosity class of the star and
for empirically determined values ofχ

C II
, values of` can be

obtained from Eq. (A12). These must satisfy` ≥ min ` for the
values ofmin fbeam implied by Eq. (A6) [root must be real],
yielding estimates offbeam. Values ofF (G0) are then given by
Eqs. (A4) and (A13). Similarly, the vectorr can be constructed
from Eqs. (A3) and (A5) and its direction cosine from Eq. (A6).
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