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Abstract. We present imaging and spectroscopic observations of dust and gas (H,) emission, obtained with ISO, from the
western edge of the p Ophiuchi molecular cloud illuminated by the B2 star HD147889 (y ~ 400). This photodissociation region
(PDR) is one of the nearest PDRs to the Sun (d = 135 + 15 pc from the stellar parallax) and the layer of UV light penetration
and of H, emission is spatially resolved. It is therefore an ideal target to test the prediction of models on the integrated fluxes
but also on the spatial distribution. The emission from dust heated by the external UV radiation, from collisionally excited and
fluorescent H, are observed to coincide spatially. The spectroscopic data, obtained with ISO-SWS, allows us to estimate the
gas temperature to be 300-345 K in the H, emitting layer, in which the ortho-to-para H; ratio is about 1 or significantly smaller
than the equilibrium ratio (~3 at that temperature). We interpret this data with an equilibrium PDR model. In this low excitation
PDR, the gas heat budget is dominated by the contribution of the photoelectric heating from very small grains and polycyclic
aromatic hydrocarbons (PAHs). With the standard PAH abundance ([C/H]pay = 5 x 1073), we find that the H, formation rate
R; must be high in warm gas (~6 times the rate derived by Jura, 1975), in order to account for the observed H, emission. This
result and the spatial coincidence between the PAHs and H, emission suggest that H, forms efficiently by chemisorption on the
PAHs surface. If the latter interpretation is correct, the enhancement in Ry may also result from an increased PAH abundance:

assuming that R; scales with the PAH abundance, the observed H, excitation is well explained with Ry ~ 1 x 10716 cm® s~

3 ]at

Tgas = 330 K (~3 times the rate derived by Jura 1975) and [C/H]pan = 7.5 X 1073,
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1. Introduction

The edges of interstellar molecular clouds are excited and
photodissociated by stellar radiation. The transition zone be-
tween the dense, cold molecular gas and the tenuous, warm,
ionized gas closer to the star is called photodissociation or
photon-dominated region (for a recent review see Hollenbach
& Tielens 1999). The structure of a PDR is determined pri-
marily by the attenuation of the far-ultraviolet (FUV: 6 <
hv < 13.6 eV) radiation field, as one moves from the ion-
ization front into the PDR. The dominant process is the pho-
todissociation of Hy, the rate of which is determined by both
H, self-shielding and attenuation by dust. These photodisso-
ciation regions, which reprocess much of the radiation en-
ergy emitted by young massive stars and produce a rich spec-
trum of infrared (IR) lines, are privileged objects to study the
physical and chemical processes in the interstellar medium
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(ISM). Molecular hydrogen is the simplest and most impor-
tant molecule of the Universe, and although there is a consen-
sus that H, forms on the surface of dust grains (Hollenbach &
Salpeter 1971; Jura 1975; Duley & Williams 1984), the actual
mechanism is not understood and the formation rate remains
uncertain. ISO observations of the H, emission in PDRs may
be able to put constraints on the interstellar H, formation rate.

Observations of the dust emission and H, rotational lines
with ISO are bringing a new perspective on the structure and
physical conditions in PDRs. On the one hand, ISO enables us
to detect pure rotational transition lines of H,, which probe the
temperature and density structure of the gas, that are not easily
observable from the ground. On the other hand, the ISO camera
provides mid-IR images of the dust emission at high angular
resolution (3—6 arcsec) of illuminated edges of nearby molecu-
lar clouds (Abergel et al. 1999), which give strong constraints
on the penetration of UV radiation through these clouds and on
their small scale density structure.

In this paper, we present imaging and spectroscopic obser-
vations of dust and gas emission across the p Ophiuchi west
interface (Sect. 2). A detailed comparison between ISO obser-
vations of dust and gas, in conjonction with ground-based near-
IR imaging, and theoretical model calculations (Sect. 3) allows
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Fig. 1. ISOCAM map, with the LW2 filter (5-8.5 um), of the bright fil-
ament along the western edge of the p Ophiuchi main cloud (Abergel
et al. 1996). The filament is immersed in the radiation field of the
star HD147889 (see the star sign). The four SWS positions (small
squares), the LWS position (circle) and the CVF and ESO (more to
the south) map positions are marked (big squares). The symbol sizes
represent the field of view of each of these observations. The infrared
emission peak observed between the star and the filament may result
from a face-on PDR.

us to discuss important issues such as the penetration of ultra-
violet light, the H, formation rate and the abundance of small
dust grains. The paper conclusions are summarized in Sect. 4.

2. Observations

The p Ophiuchi main cloud L1688 is one of the nearest star
forming regions. It contains a large number of Young Stellar
Objects (YSOs) identified by ISOCAM and previous surveys
(Bontemps et al. 1998). In the mid-IR image of the dust emis-
sion made with the ISO camera (Fig. 1, Abergel et al. 1996),
the western edge of the L1688 cloud is delineated by a long fil-
ament located at the edge of the dense molecular gas as traced
by its 3*CO(1 -0) emission (Loren 1989). The p Ophiuchi West
interface, centered at & ~ 16h 25mn 57s and § ~ —24° 20" 50"
(Epoch 2000) and hereafter called p Oph-W, has an edge-on ge-
ometry with respect to the star HD147889 (see Fig. 1). Abergel
et al. (1999) have shown that emission from small-scale struc-
tures are mainly due to dust locally heated by embedded B
stars, while the large scale emission is due to external heating.
The B2 star HD147889, which appears to be the center of a
more-or-less spherical cavity, is the main heating source in this
region (Abergel et al. 1999; Liseau et al. 1999). The bright fil-
ament presents interlaced structures likely due to the irregular
shape of the edge of this cavity. We discuss the geometry and
the incident radiation field of the p Oph-W PDR in Sect. 3.1.

2.1. Imaging observations of dust and gas emission
2.1.1. ISOCAM imaging

An ISOCAM survey of the p Ophiuchi main cloud L1688
(0.5 square degrees) has been conducted in the broad-band
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filter LW2 (5-8.5 um) with an angular resolution of 6 arcsec
(Abergel et al. 1996). Figure 1 shows the ISOCAM map in the
LW2 filter of the p Oph-W PDR. The data processing method
used is described in Abergel et al. (1999). We removed the zo-
diacal emission at the time of the observations using the model
of Kelsall et al. (1998) based on the DIRBE/COBE data.

Spectral observations carried out with the Circular Variable
Filter (CVF) of the ISO camera show that the LW2 emission
is dominated by the dust features considered to be characteris-
tic of aromatic hydrocarbons emitting during temperature fluc-
tuations (Boulanger et al. 1998c¢). The interstellar particles at
the origin of this emission are hereafter referred to as PAHs
(Polycyclic Aromatic Hydrocarbons). This is a generic term
which encompasses large aromatic molecules and tiny carbona-
ceous dust grains containing up to a few 100 atoms and with
radii of a few A to a few tens of A. The emission at longer
wavelengths arises from grains with radii ranging from 10 to
100 A, called Very Small Grains (VSGs) which also fluctuate
in temperature (Désert et al. 1990; Dwek et al. 1997; Draine
& Li 2001; Li & Draine 2001). In the following, we will talk
about the small grains, a term which refers to both PAHs and
VSGs. Larger grains (radii > 0.01 gm) which are responsible
for the emission at A 2 50 um will be called big grains.

2.1.2. ESO observation

Using the European Southern Observatory (ESO) 3.6-m tele-
scope at La Silla, we have obtained an image in the 1-0 S(1)
emission line of Hy at 2.121 yum and in the adjacent continuum
filter over a small section of the bright filament (see Fig. 2).
The pixel size is 0.29” yielding a total field of ~1.5" x 1.5".
Observation and data reduction were performed using standard
procedures and routines for near-IR imaging. A set of frames
slightly offset in telescope position have been obtained. They
have been realigned and co-added to produce the final image.
The sky substraction was complicated by the presence of many
bright IR sources in the p Ophiuchi area. The off-positions used
for sky substraction contain several sources and non-exact can-
cellation of these sources between the two filters produce some
artefact in the final image: the bright spots at the bottom of the
image and to the east of the filament do not correspond to H,
emission.

The 1-0 S(1) H, emission is shown to delineate a surpris-
ingly smooth and well resolved filament spatially coincident
with the dust emission (see Figs. 2 and 5). This is unlike obser-
vations of the brighter PDRs NGC 7023 and NGC 2023 which
show contrasted structures down to scales as small as 75 AU
(0.5" at the distance of p Ophiuchi, Lemaire et al. 1996; Rouan
et al. 1997; Field et al. 1998).

2.2. Spectroscopic observations of gas emission
2.2.1. SWS observations

A significant contribution of ISO to our understanding of PDRs
is due to its ability to observe with the Short Wavelength
Spectrometer (SWS, Kessler et al. 1996) a series of pure rota-
tional transition lines of molecular hydrogen. Before ISO, only
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Fig.2. A map of the bright filament of the western edge of the
p Ophiuchi main cloud in the 1-0 S(1) H, emission line (in
107 ergs™' cm™2 sr™!) obtained at ESO (grey scale). Contours of PAH
emission in the LW?2 filter are superposed. The brightness profile along
the cut marked here is shown in Fig. 5.

the 0-0 S(1) and the S(2) lines had been detected towards a
PDR — the Orion Bar (Parmar et al. 1991).

The rotational (0-0 S(0) through to S(5)) and rovibrational
(1-0 Q(1), 2-1 O(3) and 3-2 O(4)) lines of H, have been ob-
served with the SWS across the p Oph-W PDR at positions
marked in Fig. 1. Figure 3 shows the line spectrum observed
towards position 2 and, in Table 1, we give the integrated line
intensities with 1o error bars. The resolving power ranges from
1500 to 2500 (Valentijn et al. 1996). We applied the SWS
pipeline version 7 for standard data reduction. Line intensities
and error bars were obtained by fitting a Gaussian and a lin-
ear baseline to the profiles. When the signal-to-noise ratio was
good enough, the fits were performed on unsmoothed data. The
H; excitation diagrams, derived from the line fluxes, are shown
in Fig. 4 at each SWS position, for the vibrational ground state
(v = 0). The data has been corrected for dust attenuation using
the extinction curve of 1989 and a model visual extinction of
10 (see Sect. 3).

The (v, J) excited states of H, can be populated by inelas-
tic collisions with gas phase species, UV pumping and by the
formation process on grains. For the physical conditions pre-
vailing in bright PDRs (ng 2 10%* cm™, Tgys ~ a few 100 K),
collisions are expected to maintain the lowest rotational levels
of Hy (v = 0, J < 5) in thermal equilibrium (Le Bourlot et al.
1999). The population of these levels is therefore a good indi-
cator of the gas temperature. We show in Fig. 4 the excitation
diagrams for the 2 < J < 7 rotational levels of H; at the var-
ious SWS positions. In these log-log diagrams, the population
of the upper level of the transition, N, is plotted against the
energy of the upper level, E,. When the lowest levels are ther-
malized by collisions, their populations should come a straight
line with a slope proportional to 1/7g,s. We see in Fig. 4 that the
rotational H; levels fall on a straight line for an ortho-to-para
ratio, Rop, equal to 1. This Ry, value is significantly smaller
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than the equilibrium ratio of 3 expected in gas at these temper-
atures. We discuss in Sect. 3.5 this low Hj ortho-to-para ratio.
The corresponding gas temperatures range from 280 + 30 K to
330+ 15 K.

Higher excitation states of H, (rotational states with J > 5
and rovibrational states, see Figs. 10 and 12) are predominantly
populated by the decay of electronically excited states which
are pumped through the absorption of FUV photons. Therefore,
the population of these levels does not depend much on the gas
temperature.

2.2.2. ISOCAM-CVF spectro-imaging

A small fraction of the bright filament has been observed with
ISOCAM in the CVF mode. The camera has been pointed to
@ = 16h 25mn 52s and § = —24° 19’ 08" (Epoch 2000) with
a pixel size of 6”, representing a total field of 3’ x 3’. The data
reduction method used is presented in Boulanger et al. (1996).

The CVF mean emission spectra of the p Oph-W PDR
(Boulanger 1998) is dominated by the dust features. As shown
by Boulanger et al. (1998c) the CVF spectra can be very ac-
curately fit by a set of five Lorentz curves centered at the po-
sition of the 6.2, 7.7, 8.6, 11.3 and 12.7 um features. Due to
the low spectral resolution (~40), it is difficult to identify the
pure rotational lines of molecular hydrogen (0-0 S(2) to S(8)
transitions) within the CVF wavelength range. The 0-0 S(3) H,
line at 9.66 pm, which lies away from the PAH features, is the
easiest to extract from the CVF data. Information also exist on
other lines but we just present here the emission in the 0-0 S(3)
H; line. We obtain the flux of the 0-0 S(3) H, line by fitting a
Gaussian and a linear baseline to the line profile, after subtrac-
tion of the PAH features modelled by Lorentz profiles. Figure 5
shows the resulting 0-0 S(3) H; line profile along the cut go-
ing through the 4 positions of the SWS observations. The good
match between the CVF and SWS line profiles validates the
method described above to extract the 0-0 S(3) H; line flux.

In Fig. 5, we compare the brightness profile of the 0-0 S(3)
and the 1-0 S(1) H; lines to the PAH emission in the LW?2 fil-
ter. The H, rotational and rovibrational lines emission coincide
spatially with the PAHs emission. This coincidence, also ob-
served in other PDRs (Le Coupanec 1998; Joblin et al. 2000;
An & Sellgren 2001; Habart et al. 2002a), suggests that the
emission from aromatic dust heated by external UV radiation
and from collisionally and fluorescent H, are closely associ-
ated. Assuming that the ratio between the emission peak of the
1-0 S(1) H, line and of the PAH in the LW2 filter is constant
along the p Oph-W filament!, we have derived the 1-0 S(1)
H, line emission through the SWS positions (see Table 1 and
Fig. 11): it corresponds to the ESO brightness cut scaled by the
PAH emission, e.g. multiplied by a factor of 2/3 which repre-
sents the variation of the PAH emission in the LW?2 filter be-
tween the cut in the ESO map and the SWS cut.

! In other words, we assume that the physical conditions (incident
radiation field, gas density) are similar between the ESO and SWS
cuts. We believe that the variation of the PAH emission along the fila-
ment are mostly due to geometry effects.
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Fig. 3. The emission lines detected by ISO-SWS in its AOT2 observing mode towards position 2 in the p Oph-W interface. In each panel, the
line spectrum is shown as well as the local rms noise (for clarity, an arbitrary offset value has been added to the noise). The local rms noise has
been estimated from (UP-DOWN)/2: UP is the line scan where the wavelength increases with time and DOWN is the line scan where the line
decreases with time (De Graauw et al. 1996). With increasing wavelength, the first two panels show H, rovibrational lines. The next six panels
show pure rotational lines of H,. The last panel shows the 2p, 2 -2 P, s» fine-structure line of the silicon ion.

Table 1. H, line intensities observed towards the p Oph-W PDR.

Line T, A Intensity”

K) (um)  Pos. 1 Pos. 2 Pos. 3 Pos. 4
3-204) 17389  3.39 <23 <2.1 <1 <14
2-10(33) 11790 297 1.1[10] 1.7[13] <0.6 <1
1-0 S(1)¢ 6952 2.12 1.2[40] 3.1[16] 2.5[20] -
1-0Q(1) 6149 2406  3.5[30] 2.8[20] <1.1 <22
0-0S(5) 4587 6.91 <1.6 3.3[20] 1.5[22] <0.5
0-0S(4) 3475 8.02 1.3[6] 3.7[22] 1.4[14] <0.6
0-0S(3) 2504 9.66 7.8[10] 13.7[8] 4.4[12] 0.7[30]
0-0S(2) 1682 12.27  12.8[33] 41.9[16] 18.4[10] <3.8
0-0S(1) 1015 17.03  13.9[5] 28[19] 14.3[3] 3.3[10]
0-0S(0) 510 28.22  2.1[9] 5.4[22] 4.709] 1.8[22]

“ Energy of the upper level in Kelvin.
b Intensities in 107> erg s™! cm™2 sr™!
¢ For the intensity of 2.12 um line see text in Sect. 2.2.2.

3. Modelling the gas line emission

We now compare in detail the spectroscopic and imaging ob-
servations of the p Oph-W interface to the results of a theo-
retical model. We use an updated version of the PDR model
of Le Bourlot et al. (1993). The key ingredients of this model
are the incident radiation field at the cloud surface and the den-
sity profile across the PDR. In the following, we describe the
specific geometry of this PDR and how these parameters are

at each SWS positions with relative uncertainty in % (in between brackets).

constrained, in order to provide a realistic model of the p Oph-
W PDR and further to discuss the formation of H, in PDRs.

3.1. Geometry and physical conditions of the p Oph-W
PDR

The p Oph-W PDR is heated by the star HD147889 situated at

a projected distance of 0.4 pc. ISO observations (Abergel et al.

1999; Liseau et al. 1999) show that this star has created a cavity

in its surrounding due to its UV erroding radiation. Therefore,
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Fig. 4. The excitation diagrams of H, at each SWS position: &, is the
column density of the transition upper level, g, is the degeneracy of
the upper level and 7, is the upper level energy in Kelvin. The arrows
indicate upper limits and the error bars are small of size comparable
to the symbol size. The solid lines are rotational temperature (7')
thermal distribution for R, = 1.

we assume for the data modelling that the p Oph-W PDR is a
piece of spherical shell (Fig. 6).

The HD147889 star is a B2V star, with a luminosity of
~5300 Ly and an effective temperature of 22000 K (Liseau
et al. 1999). We characterize the radiation field with y, a scal-
ing factor which represents the strength of the radiation field at
A=1000 A in units of 1.6 x 107 ergs~! cm~2 (Habing 1968).
From the projected distance between the star and the interface,
dproj ~ 0.4 pc, and the spectral type of HD147889, we estimate
the strength of the UV exciting radiation field, y ~ 400.

To determine the gas density towards the p Oph-W PDR,
we model the LW?2 emission shown in Fig. 7. The brightness in
the LW2 band is due mostly to PAHs (Boulanger et al. 1998¢).
The emission of PAHs is expected to scale with the intensity
of the radiation field represented here by y (Puget et al. 1985;
Sellgren et al. 1985). The scaling law has been verified over
a wide range of y-values (y = 1 to 10°) with the help of
ISOCAM-CVF data Boulanger et al. (1998a). Moreover, the
PAH emission scales with the column density of PAHs. Then,
along a given line of sight, the PAH emission in the LW?2 filter
(in erg s~ cm™2 sr™!) can be written as:

Lo
oo = 37 2220 ) ()

i

with
r(i)
Juwa (i) = x exp (—O'UV f nH(l")di") X ny(i) X w2 )
0

where i labels the various layer crossed by the line of sight
(each layer is centered around one LW2 data point); (i) is the

0.05

0.1

z(pc)

Fig.5. a) ISOCAM-CVF brightness profile of the 0-0 S(3) H, line
(solid line) along the cut going through the SWS pointings. The
crosses represent the intensity of the 0-0 S(3) H, line measured by
SWS with error bars. b) ESO brightness profile of the 1-0 S(1) H; line
(solid line) along the cut shown in Fig. 2. The PAH emission in the
LW?2 filter along the same cuts is also shown (dotted lines). The star
HD147889 lies at z = —0.4 pc to the left of the data cut.

1G) —=

d,i=0.4pc

proj

HD147889

Fig. 6. Concave geometry used to model the p Oph-W PDR. Index i
labels the A,-layers of the PDR model (see Sect. 3.2).

length of layer i taken along the line of sight; (i) is the radial
depth of layer i with respect to the outer edge of the PDR fac-
ing the star (see Fig. 6), ny(i) is the gas density in layer i and
ouv (1.5%1072! cm? H™!) is the dust extinction cross-section at
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1000 A. Finally, € w> is the power emitted by PAHs per hydro-
gen atom in the LW?2 filter. With this geometry, the p Oph-W
PDR has a depth of 0.2 pc along the line of sight.

Equation (2) assumes that (i) the incident radiation field
is attenuated with an effective optical depth corresponding to
the dust extinction cross-section at 1000 A (this latter has been
taken constant across the PDR); (ii) the optical properties and
the abundance of PAHs are constant everywhere, i.e., e w> is
a constant across the PDR. To check the validity of the first
assumption, we performed the proper calculation which uses
the full wavelength dependence of the dust extinction (instead
of an effective value oyy): we found results very similar to
those obtained with Eq. (2) and conclude that this assumption
is fully valid.

Based on Eq. (2), the LW2 emission profile can be in-
terpreted as follows. From the illuminated edge of the shell
(within Tyy < 1), the brightness increase is due to a rising
density, while the brightness decrease in the direction opposite
to the star is due to the extinction of the incident UV radia-
tion field. The peak position and the brightness fall are well
reproduced with a density law ny(r) o« r>° corresponding to
1.5 x 10* cm™ at Ay =~ 0.5. The dotted line in the Fig. 7
corresponds to the profile computed with the density distribu-
tion shown in Fig. 8 and gw> =~ 3 x 1073 W/H. The precise
shape of the density profile is not critical for the modelling of
the H, line emission, which depends mainly on the density of
1.5x 10%* cm™3 at the emission peak. In fact to constrain the gas
density inside the PDR (Ay > 1, dashed line in Fig. 8), we have
used CSO observations in the CI and CO lines (Habart 2001).
The emissivity of aromatic particles in the LW?2 filter deduced
here (ecw2 =~ 3 x 10732 W/H) is roughly similar to the value
observed in the L1721 PDR also heated by a B2 star (Habart
et al. 2001). This agreement shows that the length of the PDR
(~0.2 pc) along the line of sight used in our spherical geometry
(Fig. 6) is reasonable.

3.2. PDR model

We now compare the present observations of gas line emission
(in particular H,) to the results of theoretical modelling based
on an updated version of the code described in Le Bourlot
et al. (1993). In this stationary model, a PDR is represented
by a semi-infinite plane-parallel slab with an incident radiation
field at the interface characterized by y. The input parameters
are (i) y, the scaling factor for the radiation field, and (ii) the
density profile. With these inputs the model solves the chem-
ical and thermal balances starting from the slab edge at each
Ay-step in the cloud. The H, abundance results from a balance
between the formation of H, on dust grains and the photodisso-
ciation of H, by FUV flux, which is attenuated by dust extinc-
tion and self-shielding in the H; lines. The H, formation rate,
Ry (cm?® s71), adopted here is a semi-empirical rate coefficient:

gas

100 K

0.5
Ry =y X ( ) X S (Tgas) (3)

with y a numerical factor in cm® s7!, T, the gas tempera-
ture and S the sticking coefficient of H, onto grains equal

E. Habart et al.: H, infrared emission in the p Oph-W PDR

0.025 T T

0.020 - ,

5

0.015

-2

-1

ergs cm sr

0.010 7

ILW2 (

0.005

0.000 | T
0 0.05 0.1
z(pc)

Fig.7. PAH emission (v/,(6.75 um)) in the LW?2 filter (5-8.5 um) as
observed (solid lines) and predicted (dotted lines, see text) as a func-
tion of distance, z, and the visual extinction, A, integrated from the
PDR outer edge. The stellar light is assumed to arrive with no extinc-
tion at z = 0 pc.

t0 1/(1 + Tgas/400 K + (Ta5/400 K)?) (Burke & Hollenbach
1983; Bertoldi 1997). The standard value of Ry inferred from
Copernicus data is 3 x 1077 cm3s™! (Jura 1975) at 70 K.
This corresponds to y = 4.3 x 107!7 cm? s~!'. The energy of
H; formation is assumed to be equally distributed between ki-
netic energy, internal energy of H, and heating of the grain.
The radiative transfer in the absorption lines of H, and CO is
treated in detail and the individual line profiles are described
with the prescription of Federman et al. (1979). For the dust
extinction properties, we use the analytical fit of Fitzpatrick
& Masse (1988) to the HD147889 star extinction curve. The
heating rate for the photoelectric effect on small dust grains
(PAHs and VSGs) is derived from the formalism of Bakes &
Tielens (1994). The exponent of the power law size distribu-
tion of the small grains is —3.5 while the lower and upper
limits of the grain radius are 4 and 100 A respectively. The
carbon locked up in PAHs (¢ < 10 10\) has an abundance of
[C/H]pan = 5 % 1077 inferred from the 12 um emission per hy-
drogen in typical Galactic cirrus (Boulanger & Perault 1988)
and PDR (Habart et al. 2001) and from comparison between
observations of dust galactic emission and extinction with de-
tailed model calculations (Désert et al. 1990; Dwek et al. 1997,
Li & Draine 2001).

Figures 8 and 9 describe the physical state of the gas, the
chemical stratification and the thermal budget of the plane-
parallel model as a function of depth into the PDR. In this
model, we have used y = 400 and the density profile discussed
earlier (see Sect. 3.1). In these conditions, we note that the gas
heating is dominated by the photoelectric effect on dust grains
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Fig. 8. Variation of the gas temperature, gas density and the fractional
ionization x = n./ny for the plane-parallel PDR model with y = 400
and with the density profile of Sect. 3.1. We also show the H/H, and
C*/C°/CO transitions for the same model characterised by a H, for-
mation rate inferred from Copernicus data (see text).

and that the hydrogen molecule is excited by the FUV inci-
dent flux (mostly rovibrational lines) and collisions (rotational
lines).

To compute the H; line intensities and the fine structure
lines, we assume that the results of our plane-parallel PDR
model apply along each radius of the shell (Fig. 6). As ear-
lier, the line intensity integrated along a given line of sight is
estimated from:

LOxBD
IV=Z%><Z(1)

i

“

with i labels the radial Ay-layers from the model which are
crossed by the line of sight; /(i) is the length of layer i on the
line of sight and J,(i) is the line emissivity (in ergs~' cm™)
extracted from the plane-parallel model and S the escape prob-
ability from layer i to the cloud edge along the line of sight.
For 8, we use the formalism of Tielens & Hollenbach (1985)
in their Appendix B with a turbulent Doppler width dvy =
1 kms~!. The H, rotational lines are optically thin, conversely,
opacity effects are important for the fine-structure lines (see
Sect. 3.6).

In the model, we impose a H, ortho-to-para ratio of 1 as
suggested by the SWS data (see Sect. 2.2.1). We compare in
Fig. 10 the H, line intensities as observed and as predicted at
the peak of the H, emission. With a H, formation rate corre-
sponding to 4.3 x 1077 cm?s™!, the observed H, line inten-
sities are not reproduced by the PDR model. The contribution
of the collisional excitation relative to UV pumping is under-
estimated by the model: for example the 0-0 S(3)/1-0 Q(1) line
intensity ratio is predicted to be only about 1 while a value of
~5 is observed (see Fig. 10). In fact, this model predicts that
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Fig. 9. Main heating and cooling rates for the same PDR model as in
Fig. 8.

hydrogen is mostly atomic in the warm gas at the origin of the
H; emission seen by SWS (Fig. 8). The H, fraction becomes
appreciable deeper into the PDR (Ay > 0.5) where the UV flux
has been strongly attenuated and where the gas temperature is
lower (T'gas < 250 K) than the excitation temperature indicated
by the SWS data.

High H, excitation temperatures have been reported in
other PDRs observed with ISO, e.g., S140 (Timmermann et al.
1996), NGC 7023 (Fuente et al. 1999), or NGC 2023 (Draine
& Bertoldi 2000). In their modelling of the H, excitation in
NGC 2023, Draine & Bertoldi (1996) used a H, formation rate
~1.7 times larger than the value of Ry inferred by Jura 1975. In
the next section, we discuss the effect of Ry on the H, excitation
and emission.

3.3. H, formation rate

The standard value of the H, formation rate, Ry, has been ob-
tained in diffuse cold clouds from H, absorption measurements
in the FUV with the Copernicus satellite (Jura 1975): the for-
mation rate found corresponds to y = 4.3x 1077 cm™3 s7!. The
value of Ry plays an important role in PDR modelling because
it controls the location of the H°/H, transition, i.e., the region
of the PDR where a significant H; fraction is present and where
the gas temperature is still high. Specifically, if Ry is increased,
the H/H, transition will move towards the PDR surface where
the gas temperature is higher. The enhanced formation rate re-
quires a higher photodissociation rate, i.e., lower Ay-values,
to be in keeping with the balance requirement between forma-
tion and destruction. For a PDR with moderate y, such as the
p Oph-W, the gas temperature profile is not much affected by



630

__00S@)H,

---1-0Q(1) H,

Emissivity (10%' erg s cm™)
o= N W » OO
T
L

01

I, (10*ergs™ cm®sr”)

T,(K)/10°

Fig. 10. Upper panel: line emission profiles as a function of gas tem-
perature for two H, formation rates corresponding to y = 2.6 X
1071 cm3 57! (set of curves to the left) and y = 4.3x 1077 cm?® s~ (set
of curves to the right) as a function of the gas temperature. The lower
rate Ry is the reference value inferred from Copernicus data. Lower
panel: the line intensities of H, with error bars as observed (crosses)
and predicted for the two H, formation rates (solid and dotted lines
for the highest and lowest rate respectively), as a function of the upper
level energy in Kelvin, at the peak of the H, emission (SWS posi-
tion 2).

the enhancement of Ry because the dominant heating and cool-
ing mechanisms (photoelectric heating and fine structure line
emission of O° and C*) do not depend on R;.

Figure 10 shows the effect of the H, formation rate on
the line emissivity. A PDR model with a fast formation rate,
y = 2.6 x 1071 cm3s™!, reproduces relatively well the H,
line emission observed: as expected the increase of Ry results
in stronger low rotational (higher T,s) and stronger high rota-
tional and rovibrational (higher UV flux) line emission. In this
latter model, characterised by a gas temperature profile very
similar to the profile presented in Fig. 8, the H’/H, occurs in
the hot gas at Ay =~ 0.2. Within the H, emission layer the exci-
tation of the first few H, rotational lines (J < 5) is dominated
by collisions (see Fig. 10). Outside this region the contribu-
tion of UV pumping followed by fluorescent cascade becomes
dominant even for the lowest energy levels. Qualitatively, the
contribution of collisional excitation relative to UV pumping
decreases inwards because the gas becomes too cold and out-
wards because the gas density drops. For the PDR model with
the fast formation rate, we note nevertheless that the higher UV
flux required to explain the emission from the high H, rota-
tional states (J = 6—7 mainly populated by UV pumping, see
text in Sect. 3.4 and Fig. 12) produces to much emission in the
H, rovibrational lines (v > 1).

In Fig. 11 we show the emission profiles of the 0-0 S(3) and
1-0 S(1) lines of H; across the interface and compare them with
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Fig. 11. Intensity of the 0-0 S(3) and 1-0 S(1) H; lines as observed
(solid lines with crosses) and predicted by PDR models with a high,
y=26x10" cm’s™!, and low, y = 4.3 x 1077 cm®s™!, Ry (solid
and dotted lines respectively), as a function of distant and of visual
extinction from the PDR outer edge. The 1-0 S(1) H, line brightness
(shown in Fig. 5) has been scaled by the PAH emission assuming that
the ratio of the H, to PAH emission is constant along the filament (see
Sect. 2.2.2).

PDR models corresponding to a slow (y = 4.3 x 1077 cm?s71)
and fast (y = 2.6 x 107'¢ cm? s7!) H, formation rate. Again,
these profiles cannot be explained by a model with a slow Ry:
they rather require a fast R;. However, even in this latter case,
the model profile does not reproduce the spatial extent of the
emission into the PDR (Fig. 11). We believe that this discrep-
ancy results from the simple spherical geometry adopted in our
modelling (Fig. 6). Two filaments appear well separated at sev-
eral places along the interface. For the observations we have se-
lected the narrowest interface section, where the two filaments
appear closer on the sky but probably not exactly aligned along
the line of sight. Projection effects resulting from sub-structures
might be not negligible and could explain the width of the H,
line emission profile.

The high Ry value found here rules out a formation process
where two hydrogen atoms physisorbed on the surface of a big
grain recombine to form H,. Such a mechanism is efficient only
in regions moderately irradiated (y < 100) where the equilib-
rium temperature of big grains drops below ~20 K (Pirronello
et al. 1997, 1999; Katz et al. 1999). In the case of the p Oph-
W interface, the high temperature of big grains (~35 K) favors
thermal evaporation and maintains the physisorption rate of hy-
drogen at a low value. This suggests that formation of H, on big
grains (at least in PDRs) involves chemically attached H-atoms.
In this second process, H, could form by (i) a prompt reaction
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of free H atoms from the gas phase with chemisorbed H atoms
(Duley 1996; Parneix & Brechignac 1998) or through (ii) the
recombination of a physisorbed H with a chemisorbed H atom
(Habart 2001; Habart et al. 2002b; Cazaux & Tielens 2002).
Considering the fact that small carbonaceous grains make a
dominant contribution to the total grain surface and have nu-
merous chemically bonded hydrogen atoms, it is plausible that
they play a dominant role in H, formation by chemisorption.
For H, chemisorption formation, the H, formation rate can be
as high as 107'% cm® s™' when Ty, ~ 300 K (Habart 2001;
Habart et al. 2002b; Cazaux & Tielens 2002). Another pos-
sible way of forming H, is through the dissociation of PAHs
induced by UV light. Léger et al. (1989) have shown that the
absorption of a UV photon can sufficiently heat the molecule to
cause the ejection of a H, fragment. Recent laboratory results
(Joblin et al. 2001) on the photodissociation of PAHs isolated
in ions traps exposed to UV light are encouraging in this re-
spect. However, if PAHs contribute efficiently to the formation
of H,, they must be continously rehydrogenated: this could be
the case for larger PAHs where the energy per degree of free-
dom is lower (Boulanger et al. 1998b; Verstraete et al. 2001).

The spatial distribution of PAHs and H, emission is another
important hint concerning the coupling of PAHs with H in the
ISM. The present spatial correlation found between the PAH
and H, emission could result not only from the fact that both
H, and PAHs are excited by UV photons but also from the fact
that the illuminated PAHs produce H;.

3.4. Effect of the abundance of PAHs

In photodissociation regions, dust is intimately coupled to the
evolution of gas. First, the grain photoelectric heating is a
strong component of the gas heat budget. Second, the for-
mation of H, necessarily occurs on dust grains. These pro-
cesses are sensitive to the size distribution, the nature of the
dust grains and, especially, to the abundance of the small parti-
cles. Recent theoretical (Bakes & Tielens 1994; Weingartner &
Draine 2001) and observational (Habart et al. 2001) work has
shown that the photoelectric heating is dominated by the con-
tribution of the small grains (radius < 100 A). Furthermore,
former studies have shown that there are abundance variations
of the small grains in interstellar clouds (Boulanger et al. 1988;
Boulanger et al. 1990; Bernard et al. 1993) and that they have
an important impact on the gas heating rate (Habart et al. 2001).

We first estimate the PAH abundance across the p Oph-W
interface. Based on the LW2 brightness (see Sect. 3.1) we can
determine the PAH abundance across the p Oph-W interface.
First, we need to derive the total power emitted by PAHS, epap,
from the LW2 (5-8.5 um) emission. This can be done from the
CVF spectra in the 2-15 um wavelength range of the p Oph-W
PDR. We find epay ~ 2X w2 =~ 6x10732 W/H for the emission
of PAHs heated by a B2 star (T = 22000 K) and with y =
1. The PAH abundance can now be obtained if we know the
power absorbed (or emitted) per C-atom in a PAH, Pc. Using
the PAH absorption cross-section of Verstraete & Léger (1992)
and the size distribution described in Sect. 3.2, we find Pc =~
1.5 x 10727 W/C in the radiation field of HD147889 and with
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Fig. 12. The line intensities of H, with error bars as observed (crosses)
and predicted by models (lines), as a function of the upper level energy
in Kelvin, at the peak of the H, emission (SWS position 2). Dotted
and solid lines correspond to models with a standard H, formation
rate inferred from Copernicus data and a carbon abundance in PAHs
equal to 0.5 and 1 x 107* respectively. The model with a H, formation
rate corresponding to 1.3 X 107'¢ cm? s™! and an carbon abundance in
PAHs equal to 0.75 x 10~ is represented by the dashed line.

X = 1. Finally, the PAH abundance is given by [C/H]pan = F2
and we find [C/H]pan =~ 4 x 1073, which is consistent with the
standard value derived in the ISM (see Sect. 3.1).

We now investigate the effect of the PAHs abundance on
the H, excitation. First, we place ourselves in the extreme case
where the PAH emission profile over the p Oph-W interface
(see Fig. 7) only reflects variations of the PAH abundance. In
this case, the LW2 emission profile is reproduced if we assume
a low constant density distribution, ny(r) = 5 x 10° cm™ (for
which the LW2 emission profile is not affected by dust extinc-
tion), and a PAH abundance which varies by a factor 5 from the
cloud edge to the emission peak ([C/H]pag = 0.2to 1 X 1074).
The H, line emission of the corresponding PDR model under-
estimates the observed fluxes by a factor about 5. In fact, al-
though the gas temperature is enhanced because of the large
PAH abundance, the lower density yields a H, abundance too
small to account for the SWS observations. We therefore con-
clude that the PAH abundance cannot vary greatly across the
p Oph-W interface. Second, assuming that the PAH abundance
is constant, we test the impact of the [C/H]payg value on the
H; emission lines. Increasing the PAHs abundance by a fac-
tor 2 in the PDR modelling ([C/H]pag ~ 2 X 5 X 1079), we
obtain the result diplayed in Fig. 12. The populations of the
lowest rotational levels (J < 5) of H, have been strongly en-
hanced: this is a result of an enhanced photoelectric heating rate
which translates into a higher gas temperature (by a factor 2)
in the H/H, transition. On the other hand, the populations and
emission from the higher rotational (J > 5) and rovibrational
states of Hy which are UV pumped have not been much af-
fected. In the hypothesis where H, forms on PAHs, the H, for-
mation rate R; should scale with the PAH abundance as does
the photoelectric heating rate. We therefore run a model where
Ry changes proportionally to the PAH abundance. This model
withy = 1.3x 107" cm?s™! and [C/H]pan = 0.75 X 107* re-
produces well the spectroscopic data (see Fig. 12). However,
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as it is unclear how H, forms in the ISM, this plausible relation
between the H, formation rate and the PAH abundance is not
warranted.

We conclude that a H, formation rate of at least Ry ~
1x 1071 cm?s~! at 330 K (e.g,y ~13x 10710 em3s7! or
~3 times that of Jura 1975) is required to account for the ob-
served H, emission lines.

It must be emphasized that this conclusion was reached
in the case of a static, equilibrium PDR. In reality, advection
motions (due to the propagation of the photodissociation front
and/or the presence of turbulent velocity fields) may exist in
the p Oph-W interface. Recent modeling of out-of-equilibrium
PDRs has shown that the H; line emission can be enhanced by
factors about 3 for an advection velocity of 1 kms™!' (Stoerzer
& Hollenbach 1998).

We discuss below the importance of advection qualitatively.
In the case of the p Oph-W PDR, the dissociation front propa-
gates at a maximal velocity v, ~ 0.7 kms™' (Bertoldi & Draine
1996). Thus, for the H, abundance profile reproducing obser-

vations, we can estimate the advection rate Ug.—V)nm (which is
equivalent to a local H, formation rate). Because of the relative
high density gradient of the interface, the advection rate in the
H, emission layer, F)a.vnﬂg ~ 107° cm™3s7!, is much larger
than the H, photodissociation rate, Rgiss ~ 1078 cm3s7L If
this were the case the H°/H, transition would occur at very low
optical depth where the gas is hot (Tg,s > 500 K, see Fig. 8).
Since the H, emission we observe comes from a colder layer
(Tgas ~ 300-345 K), we believe that advection motions cannot
play a major role in the formation of line intensities. However,
out-of-equilibrium modeling for the p Oph-W PDR physical
conditions is warranted to estimate quantitatively the effect of
advection. In addition, observations at high spatial and spectral
resolution should be used to trace the velocity field of advec-
tion motions.

3.5. Ortho-to-para H> ratio

The ortho-to-para H; ratio Ry, suggested by the spectroscopic
data (see Sect. 2.2.1) is much lower than the equilibrium value
computed in the model ~3 for Ty ~ 300-345 K. This dis-
crepancy points at the importance of out-of-equilibrium pro-
cesses. The mechanisms which control the ortho-to-para ratio
in PDRs are:

1. gas-phase spin exchange reactions: in warm gas, this con-
version arises from reaction between H and H,, and in cool
gas by the reaction of H, with H* and HJ;

2. Hj-grain collisions (Le Bourlot 2000);

3. formation of H, on grain surfaces is expected to lead to
Rop equal to 3. But if the newly formed H, resides long
enough on the grain, process (2) might be more important
(Chrysostomou et al. 1993).

Our low R, confirms former studies on photodissociation re-
gions where the gas is excited mostly by starlight. ISO-SWS
observations towards other PDRs (as NGC 2023 or NGC 7023,
Moutou et al. 1999; Fuente et al. 2000), have provided evidence
of non equilibrium R,,. Presently, two scenarios are proposed
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to explain the observed low R,, values. First, fast conversion
of ortho-H; in para-H; can occur on the surface of non mag-
netic, non metallic grains (Le Bourlot 2000). The fraction of
H; converted depends on the ratio of the characteristic conver-
sion time (of the order of one minute) to the residence time of
physisorbed H,, which critically depends on the grain temper-
ature and the adsorption binding energy of H,. Alternatively,
the low R, observed can be the legacy of rapid advection of
molecular cold gas (Tgs < 90 K) from the shielded region
into the surface zone. For the physical conditions in the H,
emitting layer of the p Oph-W PDR, the dominant conversion
process between ortho and para H, in the gas is the reaction
with H" and HJ characterised by a time scale of 1.9 x 10* yr
(Schofield 1967). Therefore, based on the 0.02 pc thickness
of the H, emitting layer of the plane-parallel model, we find
that the advection speed has to be of the order of 1 kms™! or
larger to deviate R, from its equilibrium value. This is a rea-
sonable value which could be accounted for by turbulent mo-
tions and/or progression of the photodissociation front into the
cloud (see Sect. 3.4). Again, modeling of out-of-equilibrium
PDRs and high spectral resolution observations are required to
discriminate the two above scenarios for non-equilibrium R,
values.

3.6. Fine structure lines

The gas in PDRs is cooled by far-infrared fine-structure lines,
such as [CII] 158 um, [OI] 63, 146 um, [Sill] 35 um, [CI] 609,
370 pum, and by molecular rotational lines, particularly of H,
and CO. To test our understanding of the gas cooling in PDRs,
we also confront predicted and observed fine structure line in-
tensities. In the PDR model, we use recent gas phase elemen-
tal abundances measured in the diffuse interstellar medium:
He/H = 0.1, C/H = 1.4 x 107* (Cardelli et al. 1996), O/H =
3.19 x 107* (Meyer et al. 1998), and Si/H = 1.78 x 107°
(Cardelli et al. 1994). In Table 2, we compare the observed line
intensities of the major coolants diluted in the ~80” beam of
LWS (see Fig. 1) to the predictions of the different PDR mod-
els presented in Sects. 3.2, 3.3 and 3.4. Agreement is gener-
ally good between observations and model predictions. Note
that the [O°] 63 um emission is particularly sensitive to the
cloud geometry and total opacity (see Sect. 3.2). This depen-
dence arises from transfert effects on this line, which is opti-
cally thick for A, > 0.3, with a turbulent Doppler width of
1 kms™! (Tielens & Hollenbach 1985). The fine structure line
intensities are not affected by changes of the H, formation rate,
but depend on the abundance of small dust grains. In the model
where the PAH abundance is increased by a factor 2, the C*, o°
and Si* lines emission are enhanced by ~50% at most. As such
variations fall within our error bars on the gas cooling lines
(~30% on the observed flux more uncertainties on the opac-
ity correction), the confrontation between fine-structure lines
emission as observed and as predicted cannot permit us to dis-
criminate between these different PDR models. The compari-
son of the power radiated by PAHs and gas allows us to mea-
sure the PAHs photoelectric efficiency. We find epan ~ 4%,
which is in good agreement with recent theoretical estimates
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Table 2. Average intensities radiated by gas coolants and PAHs towards the p Oph-W PDR (all the SWS intensities have been diluted in the

~80” beam of LWS).

Species Intensity’: ~ Observed Model A!  B? c D*

[C*] 158 um (LWS) 30£03x10*  25x10* 24x10* 3x10™ 2.7x 107
[0°] 63 am (LWS) 65+23%x10°5 61x10° 59x10° 9.1x10°5 7.1x 107
[0°] 146 um (LWS) 14204%10% 22x10* 25x10* 34x10% 29x10™*
[Si*] 35 um (SWS) 32+03x107° 12x10* 1.0x10™* 17x10* 13x10™
Hy? (SWS) 65+07x10% 28x10% 87x10% 55x10° 7.7x10
Total gas cooling 1.2x1073 09x107% 1.5x107% 14x10°3 15%x1073
Ipan(2-15 pym) ISOCAM) 0.03 0.028 0.028 0.056 0.042

€pE 0.04 0.032 0.053 0.025 0.036

“Inergs'em2srl.

b Sum of the H, lines observed.

! Model withy = 4.3 x 1077 cm?®s™! (see Sect. 3.2) and [C/H]pan = 0.5 x 107*.

2 Model withy = 2.6 x 107'% cm? s7! and [C/H]pag = 0.5 x 107*.
3 Model withy = 4.3 x 1077 cm?® s~ and [C/H]pag = 1 x 107*.
4 Model withy = 1.3 x 107" cm?® s~ and [C/H]pan = 0.75 x 107%.

(Bakes & Tielens 1994; Weingartner & Draine 2001) and ob-
servational values (Habart et al. 2001). Note that the spatial
correlation between emission from PAH and from collision-
ally excited H, (see Sect. 2.2) points out the role of UV light
through photoelectric effect on small grains in heating the gas.

4. Conclusion

We study the gas and dust emission across the edge of the
o Ophiuchi main cloud illuminated by a B2 star (y ~ 400).
Imaging observations of dust and gas have been obtained with
the ISO camera and the ESO ground-based telescope at La
Silla. ISO-SWS and -LWS measurements provide the emission
of rotational and rovibrational lines of H, and of fine structure
lines of C* and O°. Thanks to its proximity, its relative simple
geometry and its moderate gas density (ny ~ 10* cm™3), the
structure of the p Oph-W PDR is resolved and we observe a
spatial correlation between the small dust and the collisionally
excited as well as the fluorescent H, emission.

The comparison between observations and model predic-
tions allows us to test our understanding of the physics of
photodissociation regions. At small scale within the cloud
(~0.005 pc), we have been able to connect the geometry, the
physical conditions and the penetration of the ultraviolet light
through the cloud to the dust and gas emission profiles. The
PAH emission profile gives constraints on the gas density at
the edge of the molecular cloud. We derive the gas temperature
from the Hj rotational level populations: T = 300-345 K
prevail in a portion of the PDR where significant H; is present.
The strong constraints provided by ISO on the physical condi-
tions (ny, Tg,s) enable us to study in detail the dominant phys-
ical processes at work in PDRs. In particular, a high H, forma-
tion rate in warm gas, Ry > 1 X 10710 cm3s7! at Teos = 330K
(e.g.,y 2 1.3 x 10716 cm? s™! or 23 times that of Jura 1975),
is required to account for the H, emission lines. It suggests
that H, forms via chemisorption on the surface of PAHs. In

this interpretation of the H, excitation the spatial correlation
observed between the PAH and the H, emission results not
only from the fact that both particules are excited by UV pho-
tons but also from the fact that the illuminated PAHs would
produce H,. A consequence of this scenario is that both the
photoelectric heating rate (of PAHs) and the H, formation rate
could scale with the PAH abundance. In particular, increasing
the PAH abundance would lead to a higher gas temperature and
would bring the H°/H, transition closer to the PDR: this could
significantly enhance the fluorescent and rotational emission
of H,. Theoretical and laboratory studies on the H, formation
process, in conjonction with observations of H, and dust emis-
sion in the ISM, are currently underway and will provide in-
sight into the formation of molecular hydrogen, a key quantity
for our understanding of the ISM.
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