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Abstract. Molecular oxygen has not yet been observed in inter-
stellar clouds because of the opacity of the Earth’s atmosphere.
Due to its potential importance in interstellar chemistry, several
projets attempting to detect rotational lines of O, are being de-
veloped using millimeter and submillimeter receivers embarked
on satellites or stratospheric balloons: ODIN for the 119 and
487 GHz lines, SWAS for the 487 GHz line, PRONAOS-SMH
for the 368 GHz line and PIROG 8 for the 425 GHz line. As a
theoretical preparation to these projects and taking advantage
of recent developments in interstellar chemistry as well as re-
cent cross-section calculations of collisional excitation of O,,
we have used an interstellar cloud model to perform a non-LTE
calculation of O, rotational population. O, column densities
and emissivities of its rotational lines at (sub)millimeter wave-
lengths are predicted for various conditions in diffuse, translu-
cent and dense dark clouds, covering a range of visual extinction
from 1 to 30. The effects of density, temperature, external ul-
traviolet radiation field and gas phase elemental abundances on
the O, abundance and rotational excitation have been investi-
gated. Our results are confronted to the ones obtained by Black
& Smith (1984) who adressed initially the problem of the de-
tectability of interstellar O,. If density and temperature have
little influence on the O, abundance, it is not the case for the
UV radiation field which efficiently destroys O, so as to pre-
vent its detection in most clouds as soon as it is enhanced by
a factor of 1000 with respect to the local standard value. The
most drastic parameter that influences the abundance of O, —
as well as that of OH and H,O — is the gas-phase C/O abun-
dance ratio: for C/O ratio larger than 0.7, O, becomes unobserv-
able by all forthcoming missions except for the 119 GHz line
which remains observable in very opaque clouds (Ay ~ 20) up
to C/O = 1. The rate coefficient of the reaction O+OH—O,+H
which produces molecular oxygen has little influence on the
O, abundance in clouds sufficiently opaque to allow detection;
it however controls the OH abundance since it is the main de-
struction process of this molecule. Our model calculations also
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predict that the radiative de-excitation of O, rotational levels
could be an important cooling agent in cold molecular clouds
with an efficiency comparable to that of CO.
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1. Introduction

Because of the large cosmic abundance of oxygen, this element
plays a major role in the chemistry of interstellar molecular
clouds. Much theoretical work has been devoted to the synthe-
sis of oxygen-bearing molecules. At the same time, around 30
molecules containing oxygen, representing nearly half of the
molecules so far detected in space, have now been observed
in interstellar and circumstellar environments. Many of these
oxygen-bearing species are only trace compounds with very low
abundances but some of them are among the most complex or-
ganic molecules observed, revealing the surprisingly richness of
interstellar chemistry. The most abundant and famous oxygen-
bearing molecule is CO which is observed in a large variety
of physical conditions and used as a tracer of molecular gas in
galaxies. Chemical models of interstellar clouds, beginning with
the first ones dealing with steady-state abundance calculations
of the simplest molecules (Herbst & Klemperer 1973, Viala &
Walmsley 1976) predict that molecular oxygen O, has an abun-
dance comparable to that of CO deep inside molecular clouds
and plays an important role for controlling the abundance of
other molecules. This has been confirmed by further chemical
models, at least by those assuming steady-state equilibrium.
For these reasons, observation of molecular oxygen and
measurement of its abundance could permit to test the inter-
stellar chemistry and to give some insight on the total amount
of oxygen in the gas phase of molecular clouds. Despite the pre-
sumed importance of O, in the interstellar clouds, this molecule
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has not yet been observed. The presence of a large quantity of
molecular oxygen in the terrestrial atmosphere is a major ob-
stacle to the detection of interstellar O, by ground-based tele-
scopes. Its observation requires the use of receivers embarked on
balloons or satellites and four experiments are in course of devel-
opment to detect rotational lines within the ground vibrational
level. Our laboratory is involved in two of these experiments for
which we are developing two submillimeter heterodyne supra-
conducting (SIS) receivers. The first one will be borne by the
stratospheric balloon-borne observatory PRONAOS-SMH de-
veloped under the responsability of the CNES to search for the
N, J): (3,2) — (1, 1) line of O, at 368 GHz (Beaudin et al.
1994). The second one will equip the swedish-french balloon
PIROG 8 to search for the (3, 2) — (1, 2) line at 425 GHz. Two
other projects are: the US satellite SWAS which will observe
the (3, 3) — (1, 2) line at 487 GHz and the swedish satellite
ODIN, developed with the collaboration of Canada, France and
Finland devoted to a search for both the 119 GHz and 487 GHz
lines.

The main purpose of this paper is to make theoretical pre-
dictions of the emissivities of these O, lines and of some oth-
ers. To do this, radiative and collisional transfers between the
rotational levels of O, have been included in a model which
calculates chemical and thermal balance in molecular clouds.
Modelling the chemistry and rotational excitation of molecular
oxygen previously done by Black & Smith (1984). New data
about chemical and collisional processes led us to adress this
problem again and to make a more extensive study of the in-
fluence of several physical parameters on the abundance and
rotational excitation of O,. The model is presented in Sect. 2
including the determination of the spectroscopic parameters of
O, in its ground vibrational level which are needed to com-
pute its rotational population. Several parameters could affect
the abundance and the emissivity of O, such as total visual ex-
tinction, temperature, density, ultraviolet radiation field or C/O
elemental abundance ratio. The influence of these parameters
are discussed in Sect. 3. The effects of radiative cooling due
to O, have been accurately estimated and are presented in the
same section. Sect. 4 summarizes our main conclusions.

2. The cloud model. Chemistry and rotational excitation
of 02

2.1. The steady-state model

The model of molecular cloud used here is described in a de-
tailed way in Warin et al. (1996). It calculates chemical and
thermal balance by assuming steady-state equilibrium. It only
applies to quiescent interstellar molecular clouds, excluding
shocks and photodissociation regions. It takes into account vari-
ations of physical parameters with position within the cloud, and
particularly, the variations due to the attenuation of the ultravio-
let radiation field as it penetrates into the cloud. The abundances
of chemical species and the temperature profile throughout the
cloud are obtained by solving, in a self-consistent way, the ra-
diative transfer equation for ultraviolet photons (assuming plane
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parallel geometry and absorption by gas and dust), the chemical
balance equations and the thermal balance equation. The fine
structure excitation of C, C* and O and the rotational excitation
of H,, CO and its isotopes are also treated by solving the statis-
tical equations governing the population of the levels. For our
purpose, we have included the rotational excitation of O, and
160180. All processes susceptible to play a role in fine structure
or rotational excitation have been taken into account: chem-
ical processes, selective photodissociation of rotational levels
(for CO), UV pumping through excited electronic states (for
Hy), collisional excitation and de-excitation and radiative pro-
cesses, i.e. absorption, spontaneous and stimulated emission of
rotational transitions. Concerning radiative processes, the pos-
sibility that photons can be trapped within the medium when the
optical depths of the transitions between levels become large is
allowed for by the model. The chemical reaction scheme in-
volves 111 chemical species formed from C- and O- bearing
species and their '3C and '®0 isotopic substitutions and about
2,100 reactions. The heating of the cloud is due to cosmic ray,
H, formation on grains and collisions between gas and dust in
the core of the cloud. Photo-destruction, photo-electric effect
on dust, dissociation of H, and ionisation of Mg, Fe, Si, S and
C are efficient heating processes at the edge of the cloud. The
cooling is due to collisional excitation followed to radiative de-
excitation. At the edge of the cloud, the de-excitation of the fine
structure levels of C*, C and O is efficient; in the inner parts, the
de-excitation of rotational levels of CO, >CO, C'80 is domi-
nant. In some cases and as discussed in Sect. 3.4, cooling by O,
rotational lines can become efficient.

2.2. The chemistry of O,

As previous chemical models have shown, O, is mainly pro-
duced through the neutral-neutral reaction (1):

O+0OH — O, +H (1)
This reaction has been studied experimentally at room temper-
ature and above, in the range 250-515 K (Howard & Smith
1980); it has a rate coefficient k;=(3.8+£0.9) 10~ cm—3s~!
at 298 K and does not show any activation barrier in this
temperature range. To our knowledge, no measurements ex-
ist at lower temperature. We adopt here the rate derived by
Davidsson & Stenholm (1990) from theoretical calculations (ex-
tended Langevin model and quasi classical trajectory method):
k1=3.3 10719T04exp(-6.0/T) cm3s~! which applies in a range
10-300 K, more appropriate for interstellar cloud modelling.
The theoretical rate coefficient is in fair agreement with the
measured value at room temperature but is somewhat higher in
the range 10-50 K than the value recommended in the UMIST
database (Millar et al. 1996).

Photoionisation and photodissociation by UV photons are
very efficient destruction processes of the oxygen molecule.
From 912 A, the cut-off of the interstellar radiation field, to
1027 A, the photoionisation threshold of O,, the molecule can
be either ionised or dissociated and both processes occur through
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Table 1. Spectroscopic constants for the ground vibrational level of O,

MHz
B 43,100.460
D 0.14501
X 59,501.341
Al 0.05848
Y -252.586
1 -0.000247

Table 2. Line strengths of O, (N+2, N+1) — (&, N) calculated from
Egs. (60) and (61) of Tinkham & Strandberg (1955)

N Sul N Sul

1 0.04801 9 0.02035
3 0.03965 11 0.01742
5 0.03044 13 0.01522
7 0.02443 15 0.01352

broad and well-separated peaks; the photoabsorption cross-
sections and the ionisation and dissociation yields have been
taken from Kirby et al. (1979). From 1250 to 1770 A, O, is dis-
sociated through absorption of photons in the Schumann-Runge
(X3X~—B3?*%7) continuum; cross-sections come from Hudson
(1971). Absorption of photons in the range 17502000 A, in the
Schumann-Runge bands, can also dissociate O, since many ex-
cited ro-vibrational levels of the B*X ™ electronic state are pre-
dissociated (Gies et al. 1981, Yoshino et al. 1983, Cheung et al.
1993). The contribution to the overall photodissociation rate of
O, is however negligible due to the combined effect of low ab-
sorption oscillator strengths and decrease of the interstellar UV
radiation field in this wavelength range. In regions where UV
photons are excluded, O, is mainly destroyed by reactive col-
lisions with C*, H* and He". The library of chemical reactions
is extracted from Viala (1986) where only C and O compounds
have been kept; rate coefficients have been up-dated according
to the compilations by Anicich (1993) for ion-neutral reactions
and by Millar et al. (1996) for neutral-neutral reactions.

2.3. The rotational excitation of O,

To obtain the rotational population of O,, we take into ac-
count the following processes: spontaneous emission, stimu-
lated emission and absorption of the ambient background ra-
diation, collisional excitation and de-excitation. We consider
such processes between the first 24 rotational levels of O,
(Emax~500 K).

In the radiative terms of the statistical equilibrium (absorp-
tion and stimulated emission), the intensity within each line
connecting two levels is computed along the way described in
Warin et al. (1996) by adopted the escape probability approxi-
mation for a plane-parallel cloud of finite thickness.

2.3.1. Energies, frequencies and Einstein coefficients

The ground electronic state of O, is a *% state with two un-
paired electrons. Consequently its rotational levels are split into
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a spin triplet corresponding to the three possible space orienta-
tions of the electronic spin vector S . N designates the molec-
ular rotational momentum and J=N+S , the resulting angular
momentum. Since S=1, the possible values of J are N+1, N,
N-1. O, consists of two identical atoms obeying to the Bose-
Einstein statistics so that levels with even values of N do not
occur (Herzberg 1950). Rotational energy levels are obtained
from Gordy & Cook (1984) after correcting a misprint in the
expression of a:

E(N=JJ) =b
E(N=J+1,J) = Ya+o)+ ! [(a—o?+4d?]'"? @
E(N=J+1,J) = 2B — 2D) — 2(7o + 271)—

T +2A)
with
a = BJWJ — 1) = DJ2J — 12 +0(J — D)+ mJ(J — 1)+

[3 = 27 Do+ (T = D

BJ(J+1) —DJ*(J +1)> = [yo+mJ(J + D]+
Do+ NI+ 1)

B(J + 1)(J +2) — D(J + 1)*(J +2)*—

[Y0(J +2) + 71 (J + D(J +2)*] +

[2 = 27T o+ Ai(J + D(J +2)]

2V D+ M2+ T+ 1)]

>
1l

3

)
Il

d

The spectroscopic constants of O, used in the above equations
are listed in Table 1.

Since O, is a homopolar molecule, it has no permanent elec-
tric dipole moment. Hence only magnetic dipole transitions are
allowed; they obey the selection rules AN =0, +2 and AJ =
0, £1. The frequencies of the allowed transitions are obtained
from the energy level determinations (Eqgs. 2 and 3):

(1,1) — (1,0) v=(7+27)+2(N\o +2\1)
(N,N) = (N,N+1): v =i (N)
(N,N)—= (N,N —1): v=v_(N)

(N+2,N+1)— (N,N):
(N+2,N+1) - (N,N+1):

v=vrp(N+2)—v_(N+2)
v=vy(N)+vgr(N +2)—
v_(N +2)
(N+2,N+2) = (N,N+1): v=v,(N)+vr(N +2)

4)
with

vr(N) = (B=2D (N? = N+1) =y +3A) 2N — 1)

ve(N) = do+ 550 — 4+ (Mi+5m) (K +k+2) £
Fk)? %(k)k(_k(%l )+G12) [B—2D (K +k+1) —m+3M]}
F = @k+D[(B=3%) - (2D+,m)
(P A =R
+2A (k7 +k+
kG = Noﬁ: %k+1

&)
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Table 3. Upper level energies, frequencies and Einstein coefficients of the first 37 rotational lines of O,

upper level (N, J)  lower level (&, J)  upper level energy (K) v (GHz) AGTH
(L,D (1,2) 5.70 56.26476 5.82 1070
(1,0) 118.7503  4.46107°
(3,2) 1,1 23.39 368.4984 1.92107°
(1,2) 4247632 2401078
(3,3) (1,2) 26.39 4872494 8.45107°
(3,4) 58.44657 7.651071°
(3,2) 62.48626  9.10107'°
(5.4) (3,3) 60.72 7153933  6.44107°
(3,4) 773.8399 4371078
(5,5) (3,4) 63.62 834.1459 134 10°%
(5,6) 59.59091 830107 '°
(5,4) 60.30607 8.551071°
(7,6) (5,5) 114.56 1061.125 1.11107%
(5,6) 1120.715 6341078
.7 (5,6) 117.40 1179.880 1.821078
(7,8) 60.43483 87310710
(7,6) 59.16428 8.17 1071
9,8) (7,7 184.90 1406.373  1.60 1078
(7,8) 1466.808  8.30 10~%
(9,9) (7,8) 187.70 1525.132  2.32107°
(9,10) 61.15053  9.08 10~ 1°
9,8) 58.32383 7.87 107"
(11,10 9,9) 271.76 1751.256  2.08107°
9,10) 1812.407 1.02 107"
(11,11) 9,10) 274.53 1870.019 2.80 1078
(11,12) 61.80007 9.3910°1°
(11,10) 57.61253 7.601071°
(13,12) (11,11 375.13 2095.780 2.56 10~%
(11,12) 2157.580 1.221077
(13,13) (11,12) 377.86 2214.548 3.291078
(13,14) 6241119 9.68 1071°
(13,12) 56.96832 7.36107'°
(15,14) (13,13) 494.98 2439916 3.05107°
(13,14) 2502.328 1.421077
(15,15) (13,14) 497.68 2558.691 3.78 10~%
(15,16) 62.99790 9.97 107 '°
(15,14) 56.36344 7.141071°

The Einstein coefficient of spontaneous emission for the
transition u—l is:

64t 5 5 Su

Ay =
ul 3hC3V H gu

(6)
where v is the frequency of the transition, g,,=2.J,,+1 is the statis-
tical weight of the upper level, p is the magnetic dipole moment
(=2 Bohr magnetons) and the other symbols have their usual
meaning. The line strengths .S,,; for magnetic dipole transitions
O, have been calculated by Tinkham & Strandberg (1955). The
line strength values for (N+2, N+1) — (N, N) listed in Ta-
ble VII of Tinkham & Strandberg are incorrect; correct values
obtained from their equations (60) and (61) are listed in Table
2. The Einstein coefficients for absorption and stimulated emis-
sion B,; and By, are computed with the usual expressions. The
upper level energies, the frequencies and the probabilities of

spontaneous emission of the first 37 rotational transitions of O,
are listed in Table 3. The energy level diagram of O,, including
the first six levels is presented in Fig. 1. The balloon-borne or
satellite experiments and the lines they plan to observe are also
indicated on the figure.

2.3.2. Collisional rates

We take into account the excitation and de-excitation of O, by
collisions with H, and He, the most abundant species in parts
of interstellar clouds where O, abundance is significant. We
have used the theoretical calculations of the cross sections of
excitation of O, by inelastic collisions with He obtained by
Corey (1984), Orlikowsky (1986) and Corey et al. (1986). The
collisional transitions between the levels (1, 0) and (N, N) are
forbidden. For fixed AN, the collision rates are strongest for
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Table 4. Column densities of oxygen-bearing species and population of the first six rotational levels of O, and emissivities of O; lines in three
“standard” molecular clouds: Ay represents the visual extinction throughout the whole cloud.

Diffuse cloud Translucent cloud Dark cloud
Av=1 Ay=4 Av=11
ng=500 cm™> ng=10° cm™ ng=10* cm™
T7=50 K thermal T7=25K thermal 7=10 K thermal
equilibrium equilibrium equilibrium
O (cm™?) 1.7 107 1.7 10" 5.3 10" 5.3 10" 7.0 10" 7.0 10"
CO (cm™?) 5.9 10" 42108 1.6 10" 1.6 10" 6.8 10" 6.8 10"
0, (cm™?) 2.6 10" 1.8 10" 1.2 10" 8.5 10" 1.7 10" 1.7 10"
H,0 (cm™2) 1.110" 6.2 10" 3.4 10" 1.8 10" 5.6 10" 5.6 10"
OH (cm™?) 1.0 10" 6.6 10" 9.510" 6.8 10" 1.2 10" 1.2 10"
N@O)/QNH)+NMH) 13107 88107 151077 1.01077 84107 8410°°
N(Oz(N=1, J=0))/N(O;) 2.81072 401072 531072 761072 0.12 0.12
N(Ox(N=1, J=1))/N(O,) 7.71072 0.11 0.13 0.19 0.21 0.21
N(O>(N=1, J=2))/N(O,) 0.19 0.27 0.29 0.41 045 045
N(Ox(N=3, J=2))/N(O;) 441072 641072 641072 911072 541072 541072
N(O2(N=3, J=3))IN(0;) 9.01072 0.13 0.11 0.15 571072 571072
N(O2(N=3, J=4))/N(0,) 0.23 0.33 0.22 0.31 991072  9.91072
02:(1, )—(1, 0) 32107° 29107° 0.025 0.025 4.5 43
119 GHz (K km s 1)
0,:(3,2)—(1, 1) 821078 6.110°% 56107 1.8107* 0.065 0.053
368 GHz (K km s 1)
0,:(3,2)—(1,2) 7.71077 581077 52107 1.71073 0.59 0.48
425 GHz (K km s 1)
0::(3,2)—(1, 2) 421077 311007 23107 661074 0.17 0.14

487 GHz (K km s™1)

AN = AJ, i. e., for invariant spin (J=N+S). We consider the
collisional transitions AN=0, 2, 4 and 6. Collisional rates are
obtained from cross section determinations by using the follow-
ing formula, which approximates cross section integration over
a Maxwellian velocity distribution of collisional partners:

1/2
Olu

kiu =< o0 >~ (3KT/ 1) (7

where T is the temperature, i the reduced mass of the system
0O,-He and k the Boltzmann constant.

De-excitation rates are obtained by the reversibility law:
b= M enp (7 ®

Following Black & Smith (1984), we adopt a temperature
dependance for de-excitation rates as 7°-. For use in numerical
codes, it is practical to express collisional rates as simple func-
tions of temperature. The collisional de-excitation rates O,—He
are listed in Appendix A.

Bergman (1995) has used a close-coupling calculation to
compute the collisional cross-section O,—He for a temperature
range from 20 Kto 100 K. His collisional rates (private commu-
nication) differ from our ones by a factor 0.02 to 2. A comparison
between the O, line intensities obtained by Bergman and by our
model is presented in Sect. 3.1 hereafter.

As itis usually done in the absence of any other information,
H, is supposed to act, as a collision partner, in the same way
as He at low temperature. Collisional rates O,—H; have hence

been obtained by multiplying the corresponding O,—He rates
by the reduced mass factor: \/ Lke/ ph, ~ V2.

For purpose of comparison, we have run models using the
collisional rates adopted by Black & Smith (1984); the differ-
ences between the two sets of calculations are discussed here-
after.

2.3.3. Line emissivities

The simultaneous resolution of the statistical equilibrium equa-
tions for the rotational levels of O, and the chemical and thermal
balance equations give the rotational population of O,. Once
this is obtained, it is possible to compute the intensity and the
emissivity of rotational lines emerging from the cloud and to
make direct comparison with observations or predictions. The
main purpose of this paper is to compute, as a function of cloud
parameters and their environments, the emissivities of O, lines
that will be searched by the various balloon-borne and satellite
experiments planed in the future.

The emissivity of the line connecting the rotational levels u
and 1 and emerging normal to the cloud surface is obtained by
integrating, over the whole line frequency, the intensity which
is given by (e.g. Warin et al. 1996):

I\_ rext
Lu(@) = )

hv,; 1 Zmawx
! 5o Aurd(@) [ ( Sur(=))

€))
ni(2")exp (— Tu(z)¢(x)) d2’
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25+ N=3

20 +—

PRONAOS-!

J=N-1 J=N J=N+1

Fig. 1. The energy level diagram of the first six levels of O, and the
transitions between these levels: The upper number on an arrow repre-
sents the frequency (GHz) of the transition, the lower one the Einstein
coefficient of spontaneous emission (s~'). The coming missions are
also indicated.

where
23, [ guni(z) -
Sux=" ~1 (10)
c ginu(z)

is the source function at the current point z and

@=L (TN - N 11
Tul(2) = w z) — Ny(z

! Avp 8m12, : qi !

is the line optical depth integrated over the whole line frequency.
n;(z) is the local density of the molecule in the rotational level
i and N;(2) is its column density from the current point z to the
cloud surface. ¢(x) is the normalized line profile; we adopted
a Doppler profile including microturbulent broadening; all our
model calculations have been performed by adopting for the
most probable microturbulent velocity, a value v;-p = 1 km/s.
x = (v — vp)/Avp is the frequency distance to the line center
measured in Doppler widths. Throughout this paper, intensities
will be expressed in terms of brightness temperature 7 and
emissivities in K km s~! by using the Rayleigh-Jeans approxi-
mation T*=cI/2kv? and Av/v = Avlc.

3. Results of model calculations

Unless otherwise stated, in all model calculations presented
hereafter the clouds are assumed to be homogeneous and sub-
mitted to the interstellar UV radiation field of Mathis et al.
(1983); in some models this UV field has been multiplicated
by a scaling factor constant over the range 913—4000 A. The
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cloud temperature distributions are either taken as uniform or
obtained by solving the thermal balance equation. The cosmic-
ray ionization rate of hydrogen is (y=6.8 10~'8 s~!. For the
chemical model, we adopted for the H} electronic recombi-
nation rate ay:=9.75 1075779 cm’s~" (Adams et al. 1984)
much lower than the value typical for dissociative electronic
recombination rates of molecular ions, but still larger than the
negligibly low value (< 107! cm3s~!) argued by Adams &
Smith (1987). For the electronic recombination rate of H;O%,
we adopted o, 0+=4 1073795 cm?s~! with a branching ratio
of 0.66 and 0.33 for OH and H,O, respectively.

3.1. “Standard” diffuse, translucent and dark interstellar
clouds

Following what has been done for the rotational excitation of
CO (Warin et al. 1996), we first present the results of our model
calculations for three “standard” interstellar clouds: a diffuse,
a translucent and a dense dark cloud. For each cloud, we have
run an isothermal model and a model in which the temperature
distribution is obtained from the thermal balance. The cloud pa-
rameters, assumed to be representative of each type of cloud,
are listed in Table 4 together with the column densities of the
main oxygen-bearing species, the rotational population of O,,
expressed as the column density ratio N(O,(N,J))/N(O,) of the
first six rotational levels and the emissivities of the 119, 368, 425
and 487 GHz lines. For the elemental abundances, we adopted
the solar values from the compilation of Anders & Grevesse
(1989), i.e. H, He, C, O, S, Mg, Si and Fe respectively equal to
1,9.81072,3.6 1074, 851074, 1.6 107°,3.8 107>,3.5 1073
and 4.7 107> with the same depletion of 10 for C and O for
the three kinds of clouds, but an increasing depletion factor for
sulfur and metals of 10, 100 and 10* for diffuse, translucent
and dark clouds, respectively. The adopted depletions of carbon
and oxygen are consistent with what can be expected in dense
opaque clouds. The main reason to adopt the same depletion in
more diffuse clouds, where elements are probably less depleted
is to perform our model calculations with an identical C/O ratio
(see discussion later) for all kind of clouds. The adopted deple-
tion of sulfur is more questionable in view of recent observations
by HST (Savage & Sembach 1996). Preliminary calculations in-
cluding the chemistry of sulfur (and nitrogen) seems to indicate
that it has little influence on the abundance of O,.

As expected with the “normal” value C/O~0.4, the most
abundant oxygen-bearing species are O and CO. It is interest-
ing to point out that atomic oxygen remains the most abundant
oxygen bearer, even in dark clouds. After O and CO, molecular
oxygen becomes the most abundant oxygen-bearing species in
the translucent cloud and has an abundance comparable with that
of CO in the dark cloud. It must be noted that, with the sensitiv-
ity expected for the receivers of the forthcoming missions (see
below), O, will be observable only in dense molecular cloud;
its observation in diffuse or translucent clouds would need more
sensitivity. According to the line emissivities computed for dark
clouds (Table 4), and using the usual relation:

o = 2Ty /(BT)!/? (12)
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Fig. 2. Log(N(~, /g, 7)) as a function of the rotational level energy
of O, for the three isothermal standard clouds presented in Table 4

where o is the root mean square deviation, Tsy is the system
temperature, B the noise equivalent bandwidth per channel and
7 the integration time, a 5o detection of O, needs about 35 hours
of integration at 487 GHz with ODIN (Ty,=3000 K, B=1 MHz)
and 10 h with SWAS (T,,=2080 K, B=1.6 MHz), about 12 min
at 425 GHz with PIROG (Tsy=500 K, B=400 kHz), about 2 h
at 368 GHz with PRONAOS (T,,,=300 K, B=1 MHz) and less
than 1 min at 119 GHz with the HEMT receiver of ODIN
(Tsys=300 K, B=150 kHz), assuming no beam dilution (eg:
beamsize of ODIN ~ 9’ at 119 GHz).

A way to represent the rotational population of O, is shown
inFig. 2 where the variations of the quantity Log(N(x, 5/g(n,.7))
are plotted as a function of the rotational level energy. For the
diffuse and translucent clouds, the levels J = N+1, N, N-1
seem to behave as three separate populations not very far from
LTE but with slightly different rotational temperatures T.,;=
48, 42 and 34 K for the series J=N+1, J=N and J=N-1, re-
spectively, for the diffuse cloud with T};,=50 K, and T'.,;=26,
25 and 21 K for the same series in the translucent cloud with
Trin=25 K. In the dark cloud model, thermalization is achieved
for all rotational levels up to N=9 with T.,;=T};,=10 K.

For comparative purposes, we have calculated the rotational
population of O, with the collisional rates used by Black &
Smith (1984, hereafter “BS rates”). The comparison is shown
in Table 5 for the first fifteen levels of O,. For the diffuse cloud,
differences already appear from the first levels (N=1, 3) which
are more populated with the BS rates at the detriment of the
upper levels (N > 5). For the translucent cloud, the two series
of collisional rates give similar results for the levels N=1, 3. For
the dense cloud, except for the ground level (N=1, J=0), there is
a good agreement between the two sets of results which differ
by less than 30 % up to N=5: these levels are near the thermal-
isation. The ground level is underpopulated by nearly a factor
two when BS rates are used: this comes from the fact that colli-
sional transfer between the (N=1, J=0) and (N=1, J=1) levels is
allowed by Black & Smith (1984) and is efficient in destroying
the ground level; conversely, this transition is forbidden in our
model and thermalisation is completely achieved for the three
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N=1 levels (see Fig. 2). A glance at Table 5 also shows that us-
ing the BS rates leads to an underestimation of the population
of excited levels above (N=5, J=4): this is because collisional
transitions for AN >2 are not taken into account by Black &
Smith while they are present (see Sect. 2.3.2), allowing to pop-
ulate excited levels through collisional excitation of lower lying
levels.

To further compare our model calculations with previous
works, Table 6 displays the rotational line emissivities obtained
by Bergman (1995) and by us. For a translucent cloud, the two
models give similar results and Bergman’s line emissivities are
at most a factor 2 lower than ours, while, for a dark cloud in
which the thermalisation is completely achieved for the levels
N =1 and N = 3, the line emissivities are equal to within 15 %
in the two models.

3.2. O, abundance and line emissivities as a function of visual
extinction thoughout the whole cloud

3.2.1. The effect of the density

The first series of models represents homogeneous clouds of to-
tal hydrogen densities 7= 500, 10%, 10* and 10° cm™3 and the
temperature distributions are obtained from the thermal balance
equation. All the clouds are submitted to the UV radiation field
of Mathis et al. (1983) and all models were run with the ele-
mental abundances of the translucent cloud (see above) which
correspond to a “standard” C/O ratio of 0.4 and metals and
sulphur depleted by a factor 100 with respect to solar values.
Fig. 3 displays the abundances, in terms of the column density
ratio N(X)/(N(H)+N(H;)), of the main oxygen-bearing species
O, OH, H,0, O, and CO throughout clouds of various visual
extinction. It is interesting to note that the conversion of oxy-
gen into molecular form is not complete since atomic oxygen
remains the dominant species up to Ay=8-9 whatever the den-
sity and still represents between 20 and 30 % of the available gas
phase oxygen in the most opaque clouds computed here (Ay =
10 to 30); the atomic oxygen abundance is comparable to that
of CO and still larger than that of O,. Except for OH, the molec-
ular abundances are more sensitive to the density in diffuse and
translucent clouds than in more opaque clouds: as expected, the
general tendency is an increase of molecular abundances and a
corresponding decrease of atomic form with increasing density.
An important exception is OH whose abundances scales nearly
as n;II beyond Ay-=8; this is essentially due to its very efficient
conversion into molecular oxygen through reaction (1) which
is both the main destruction process of OH and the main for-
mation process of O,. The effect of varying the rate coefficient
of this reaction on both OH and O, abundances is discussed
later. Finally our model calculations confirm previous results
indicating the large amount of molecular oxygen produced in
opaque clouds: beyond Ay =10, O, takes between 20 and 35 %
of the gas phase oxygen. The abundance ratio O,/CO, not very
sensitive to density, ranges from 0.2 to 0.4 as Ay increases from
10 to 30 and stays constant around 0.4 for larger opacities.
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Table 5. Population of the first fifteen rotational levels of O, in three isothermal “standard” molecular clouds for the two series of collisional
rates: the one adopted here and those adopted by Black & Smith (1984) (BS84)

N(Oy(N=1, J=0))/N(0,)
N(O5(N=1, J=1))/N(O5)
N(Oy(N=1, J=2))/N(0,)
N(0y(N=3, J=2))/N(0,)
N(05(N=3, J=3))/N(05)
N(Oy(N=3, J=4))/N(0,)
N(O5(N=5, J=4))/N(05)
N(0y(N=5, J=5))/N(0,)
N(0y(N=5, J=6))/N(0,)
N(0y(N=7, J=6))/N(O,)
N(0y(N=7, J=T))/N(O5)
N(05(N=7, J=8))/N(0O5)
N(05(N=9, J=8))/N(0O5)
N(02(N=9, J=9))/N(0,)
N(02(N=9, J=10))/N(05)

Diffuse cloud
Av=1
ng=500 cm™* T=50 K

this model BS84
0.028 0.061
0.077 0.17
0.19 0.32
0.044 0.099
0.090 0.13
0.23 0.18
0.023 0.012
0.057 0.014
0.15 0.018
531073 92107*
0.021 1.11073
0.063 1.6 1073
84107 39107
49107  53107*
0.018 7.7107*

Translucent cloud

Ay=4
nu=10° cm™3 T=25 K
this model BS84

0.053 0.065
0.13 0.17
0.29 0.36
0.064 0.093
0.11 0.12
0.22 0.17
0.018 7.8e-3
0.033 8.5e-3
0.067 0.011
171073 1.2107*
421073 1.2107*
9.6107° 1.610~*
721077 1.1107°
25107% 131073
68107* 191073

Dark cloud
Av=11
nur=10* cm™3 T=10 K

this model BS84
0.12 0.076
0.21 0.17
045 0.51
0.054 0.059
0.057 0.063
0.096 0.11
2.11073 1.81073
211073 1.6 1073
34107 261073
12107°  5210°°
1.3107° 4510°°
20107°  6.810°°
43107% 421077
501078 3.61077
82107% 551077

Table 6. O, line emissivities (K km s™') in a translucent cloud and a dark one obtained by Bergman (B95) and by our model

Translucent cloud

ny=10° cm™> T=50 K
N(0,)=10" cm~2 AV=1 km/s

B95
(1, D—(1,0)  0.0099
(1, D—(1,2)  0.0035
(3,2)—(1,2) 0.0028
(3,2)—(1,1)  0.0003
(3,3)—(1,2) 0.0016
(3,3)—(3,2) 0.012
(3,3)—(3,4) 0.0036

this model
0.0114
0.0055
0.0039
0.0004
0.0018
0.012
0.0076

B95
2.08
1.14
0.62
0.07
0.22
1.32
1.14

Dark cloud
ng=210*cm ™ T=50 K

N(02)=10" ecm™% AV=1 km/s

this model

2.29
1.30
0.66
0.07
0.22
1.30
1.23
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Fig. 4. Emissivities of O, lines as a function of the total visual extinc-
tion throughout different kinds of clouds and as a function of density.
Horizontal lines give, for various integration times, the lowest emissiv-
ity that can be reached with a signal-to-noise ratio of 5 by the receivers
of the ODIN (119 GHz and 487 GHz), PRONAOS (368 GHz) and
PIROG (425 GHz) experiments

The predicted emissivities of O, lines at 119, 368, 425 and
487 GHz, defined as I = f I(v)dv, where I(v) is given by
Eq. (10) above, are plotted in Fig. 4. The horizontal lines on the
figure give, for various integration times, the lowest emissivity
that can be reached with a signal-to-noise ratio of 5 by the re-
ceiver of the ODIN (119 and 487 GHz), PRONAOS (368 GHz)
and PIROGS (425 GHz) experiments. They are obtained from
relation (12). Parameters Tgy, and B adopted for the receivers
have been given in Sect. 3.1.

The emissivities are nearly insensitive to density, except for
the 119 GHz lines in low opacity clouds but with values too low
to be accessible to observations. They however strongly depend
on the cloud visual extinction, exhibiting orders of magnitude
variations as Ay change by only a few units. Detection of O,
by PRONAOS and PIROG appears possible only in dense dark
clouds after an hour of integration, while 10 hours are required
for SWAS and more than 10 hours for the 487 GHz receiver of
ODIN. The 119 GHz receiver, much more sensitive, appears to
be able to detect O, in translucent clouds (Ay=5) with the same
integration time, provided there is no beam dilution.
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3.2.2. The effect of temperature

To study the effect of temperature, we have run a series of ho-
mogeneous cloud models (nz=10* cm~3) with various uniform
temperatures 7= 10, 25, 50, 75 and 100 K. All models were run
with elemental abundances of the dark cloud (i.e. C/O = 0.4 and
metals and sulphur depleted by a factor 10* with respect to solar
values). The abundances of the main oxygen-bearing species are
plotted on Fig. 5. The abundances are not very sensitive to the
temperature except for H,O and OH, the abundances of which
increase with increasing temperature in diffuse and translucent
clouds in the case of H,O and in all kinds of clouds in the
case of OH. Increasing the temperature increases the efficiency
of production of O* (throught the slightly endothermic charge
transfer reaction H*+O—O*+H) whose reaction with H, initi-
ates the formation of oxygen hydrides.

The predicted emissivities of O, lines at 119, 368, 425 and
487 GHz are plotted in Fig. 6 with the lowest accessible emis-
sivity (horizontal lines) as defined in Fig. 4. Unlike the overall
O, abundance, its rotational population (partly controlled by
collisions), and consequently the line emissivities, are quite sen-
sitive to the temperature. The population of the level (¥, J) =
(1, 1), from which the 119 GHz line originates, is maximum
near 7 K; the population of the (3, 2) and (3, 3) levels, from
which the three other lines originate, reach their maximum
at slightly higher temperature of 25 K and 28 K respectively.
Whatever the kind of cloud, the 119 GHz line has the strongest
emissivity; it however decreases as the temperature increases.
The three other lines show a maximum emissivity around 25 K;
the 368 and 487 GHz lines appear to be detectable by the re-
ceivers of PRONAOS and SWAS, respectively, after one hour of
integration in clouds with Ay, ~ 10. In the same conditions, the
PIROG 8 receiver is able to detect the 425 GHz in less opaque
clouds with Ay ~ 6-7.

3.2.3. The influence of the UV radiation field

A series of homogeneous (ny = 10* cm™?) cloud models has
been computed in which the incident ultraviolet radiation field
is multiplicated by a factor fr;iy = 10, 100 and 10° to simu-
late molecular clouds near regions of star formation. All mod-
els were run with the dark cloud elemental abundances and the
temperature distributions are obtained from the thermal balance
equation. Fig. 7 displays the abundances of the main oxygen-
bearing species versus the visual extinction. As expected, the
increase of the UV field causes a drastic depletion of molecules,
by several orders of magnitude, until fairly large (Ay ~ 10-20)
cloud opacities are reached. For OH, H,O and O,, photodestruc-
tion remains important up to large visual extinction (Ay = 20).
The CO molecule is much more resistant to photodissociation
and its abundance is not sensitive to the intensity of the exter-
nal UV radiation field (at least up to fyryy = 1000) for cloud
opacities larger than 6. As discussed in Warin et al. (1996), self-
shielding is very efficient for CO which is destroyed through
absorption of photons within discrete lines towards predissoci-
ated levels of electronic Rydberg states.
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Fig. 6. Emissivities of O; lines as a function of the total visual extinction
throughout different kinds of clouds and as a function of temperature.
Horizontal lines have the same meaning than in Fig. 4
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Fig. 5a—e. Abundances, in terms of
NX)/(N(H)+N(H>)), of oxygen-bear-
ing species as a function of the to-
tal visual extinction throughout differ-
ent kinds of clouds and as a function
of temperature in homogeneous clouds
withny=10*cm*:a0,b OH, ¢ H,0,
dO0;,eCO
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Due to the reduced abundance, the predicted emissivities
of O, lines, plotted in Fig. 8, are seriously decreased so as to
become undetectable in most clouds. If the UV field is enhanced
by a factor of 1000, 10 hours of integration appears necessary
with the ODIN receiver to detect the 119 GHz line in clouds
with Ay = 10. With the same integration time, the three other
lines are observable only in larger opacity clouds (Ay = 20).
Such a large integration time is possible with satellites such
as ODIN and SWAS but appears excluded for balloon-borne
experiments such as PRONAOS and PIROG 8.

3.2.4. The influence of the C/O elemental abundance ratio

Up to now, our model calculations have been performed with
“standard” elemental abundances, i.e. with a carbon abundance
much lower (by more than a factor two) than that of oxygen.
This, together with the assumption of steady-state chemistry,
explains the rapid increase of the O, abundance, and, to a lesser
extent that of OH and H,O, with cloud opacity. Indeed, in the
steady-state, the conversion of gas-phase carbon into CO is
very efficient so that nearly all carbon is in form of CO be-
yond Ay = 5-10 (depending on the density and the UV field
as shown in Fig. 3e and 7e). If oxygen is more abundant than
carbon, there remains enough gas phase oxygen to build other
molecules, although the transformation of oxygen into molecu-
lar form is not complete since atomic oxygen remains abundant
(see above results). If, conversely, oxygen is less abundant than
carbon, the CO abundance is limited by the available gas phase
oxygen, so that there is no more oxygen to build other molecules.

To our knowledge, there is no systematic study of the in-
fluence of the C/O abundance ratio on the chemical compo-
sition of interstellar clouds except for a paper by Langer &
Graedel (1989) who computed the chemical composition of
dense molecular clouds for three values of the C/O ratio of 0.7,
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1.1 and 1.3. To compensate for this lack, we have run a series of
cloud models with various C/O ratios in the range 0.1 to 2, the
oxygen abundance being fixed as 8.5 107°. All models have
the same constant density (ng = 10* cm™3) and temperature
(T = 10 K) and metals and sulfur depleted by a factor 10*. Fig. 9
and 10 display, as a function of visual extinction and of the C/O
abundance ratio, the abundances of the main oxygen-bearing
species and the emissivities of the O, lines, respectively. The
strong dependence of the abundances on the C/O ratio is clearly
shown in Fig. 9 and this is true whatever the type of the cloud,
diffuse, translucent or dense. As the C/O increases, i.e. as the
carbon abundance increases since the oxygen one is fixed, the
CO abundance increases in the same proportion until C/O = 1;
beyond this value, CO continues to increase only in low opacity
clouds, while, in more opaque clouds, its abundance stays con-
stant nearly equal to that of the available gas-phase oxygen. At
the same time, the abundance of OH, H,O and O, decrease with
increasing C/O. The drop of their abundances is more or less
steep, depending on the cloud opacity and, above all, on the fact
that carbon is less or more abundant than oxygen. For a typical
dark cloud (Ay, = 10), as C/O increases from the standard value
of 0.4 to 1, i.e. a factor of two, the OH, H,O and O, abundances
drop by a factor 3, 100 and 150, respectively; another factor of
2 increase of C/O, from 1 to 2, causes an even larger drop of the
abundances of these three species by further factors 10, 25 and
240, respectively.

The effect of increasing the C/O ratio on O, line emissiv-
ities is shown on Fig. 10: with the sensitivity of the receivers
of the forthcoming experiments, none of the O, lines is de-
tectable with a C/O ratio around 1 or larger; the exception is
the ODIN satellite which could detect the 119 GHz in opaque
clouds (Ay ~ 20-30) up to C/O ~ 1 after 10 hours of integra-
tion; provided that C/O < 0.7, such clouds are accessible to the
PRONAOS or PIROG experiments with 1 hour of integration

tures are computed from thermal bal-
ance: a O, b OH, ¢ H,O, d O,, e CO

(K km s™1)
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Fig. 8. Emissivities of O, lines as a function of the total visual extinction
throughout different kinds of clouds and as a function of UV radiation
field. Horizontal lines have the same meaning than in Fig. 4
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and to SWAS with 10 hours of integration. Because of the very
strong sensitivity of the O, abundance which decreases by more
than four orders of magnitude as C/O increases from 0.4 to 2,
detection of O, lines could well help to determine the C/O ratio
and its possible variations throughout the interstellar medium.
Tentative detection of the 368 and 425 GHz lines in absorption
from the ground (at IRAM) have been performed by Combes
& Wiklind (1995) in an extragalactic molecular cloud where,
because of the redshift, lines are not absorbed by atmospheric
lines. These observations gave negative results with an upper
limit N(O,)/N(CO) < 0.046 (at 30 detection), somewhat lower
than previous determinations in extragalactic clouds. Interpret-
ing this as an overabundance of carbon with respect to oxygen
would give C/O > 0.7-0.8 according to Fig. 9. Apart from the
increase of the UV radiation field or a large C/O ratio, alterna-
tive models exist which can explain a very low O, abundance.
Chieze & Pineau des Foréts (1989) suggested a possible mixing
between the outer layers and the inner part of molecular clouds
due to turbulence. This would increase the abundances of ions
such as C* in the core of the cloud causing a efficient destruction
of O,. More recently, model calculations by Le Bourlot et al.
(1995) indicated the possible existence of two stable phases for
the chemical composition of molecular clouds, a low ionization
phase similar to that obtained in our model and a high ionization
phase with larger abundances of ions such as C* and H* and an
O, fractional abundance 100 times lower. Another possibility
to reduce the abundance of O,, as well as that of many other
molecules, is to allow them to freeze on the surfaces of cold
grains: the possibility to observe solid O, and other oxygenated
species such as H,O, CO and CO,, with ISO has been sug-
gested by Ehrenfreund et al. (1992). Up to now, presence of O,
adsorbed on grain surfaces has not been observed. Finally, the
clumpy structure of molecular clouds helps the penetration of
UV photons (Boissé 1990) so that the O, abundance can be re-

duced by a factor 3 with respect to uniform clouds as suggested
by recent models (Spaans 1996 and private communication).

3.3. The influence of the reaction O + OH — O, + H

For this reaction, which is the main way to form O,, we have
adopted a theoretical determination of its rate coefficient (see
Sect. 2.2) which seems to indicate the presence of a small ac-
tivation barrier: kj« exp(-Ea/T) with E5 = 6 K. Up to now, no
measurements have been performed down to interstellar temper-
atures so that the presence of a larger activation barrier cannot
be excluded. To check this, we have run dense cloud models
(ng = 10* cm™3) by assuming an activation barrier of 60 K for
the reaction (1); we also adopted a low temperature (7' = 10 K)
for which the presence of an activation barrier, even low, has
more importance for the chemistry. The abundances of OH,
H,0 and O,, computed with Ex = 6 and 60 K in clouds of vari-
ous extinctions are plotted in Fig. 11 (O and CO, not sensitive to
EA, are not plotted). We confirm the result pointed out by Black
& Smith (1984) that the O, abundance is fairly insensitive to
the exact value of k; in opaque clouds, beyond Ay = 6. This is
because, in dense opaque clouds, reaction (1) is also the main
destruction process of OH with the consequence that its local
density scales as 1/k; so that the production rate of O,, pro-
portional to kjnpy, becomes independant of k;. At 10 K, the
decrease of k| by a factor 200 as E, increases from 6 to 60 K
is nearly exactly compensated by the corresponding increase
of the OH abundance by the same factor (Fig. 11a) and the
O, abundance is pratically unchanged (Fig. 11c). As shown in
Fig. 11a, as the opacity of the cloud decreases, going to translu-
cent and diffuse clouds, the OH abundance becomes less and
less sensitive to the rate coefficient of the reaction (1) which is
progressively replaced by reactions with H*, C* and C to de-
stroy OH; reaction (1) remains however the main route to O,
whose abundance decreases with k;, but becomes too low to be
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Fig. 10. Emissivities of O lines as a function of the total visual ex-
tinction throughout different kinds of clouds and as a function of C/O
ratio for constant oxygen abundance (Xo=8.5 107>). Horizontal lines
have the same meaning than in Fig. 4

detected through observations in the millimeter or submillime-
ter range. Our previous conclusions about the detectability of
O, are not altered by the exact value of the rate coefficient of
reaction (1). The sensitivity of the OH and O, abundances on
a possible activation barrier on reaction (1) depends of course
on the cloud temperature. At higher temperatures, e.g. 7=50 K,
larger activation barriers Ex = 200 and 300 K should be neces-
sary to reduce the OH abundance in opaque clouds by a factor 30
and 100 respectively, the O, abundance remaining essentially
unaffected.

3.4. Cooling efficiency of O, lines and their influence on the
thermal balance of molecular gas

Our model calculations show that under favourable conditions
(C/O < 1 and a not too high UV field), O, appears to be one
of the most abundant interstellar molecules, with an abundance
comparable to that of CO in dense opaque clouds. Furthermore,
the excitation energies of its first rotational levels are low enough
to be collisionally excited even at low interstellar cloud tem-
peratures. At last, our calculations indicate that the O, lines
are optically thin. Therefore, O, must be an efficient cooling
agent of molecular gas, at least in dense and cold clouds. This
is clearly shown on Fig. 12 where the cooling rates by O, and
CO are plotted as a function of optical depth within clouds of
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Fig. 11a—c. Abundance of OH (a), H>O (b) and O (c) for dense cold
clouds (n =10* cm ™3 and T=10 K) as a function of the total visual
extinction throughout different kinds of clouds and as a function of the
activation barrier E of the rate coefficient of the reaction OH+O—O,+H
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Fig. 12. Cooling rates of O, and CO for opaque clouds (Ay ~ 30) as
a function of the optical depth and the hydrogen density. The cooling
rate of a species is divided by nz.

various densities. Cooling by C, C* and O are not represented
because they are negligibly low as soon as 7, > 0.5. As soon
as the optical depth is larger than 4, the O, cooling becomes
comparable to that of CO, to within a factor 2. Typically, in a
core of a dense dark cloud, the (1, 1)—(1, 0), (3, 2)—(1, 2) and
(3, 3)—(1, 2) lines at 119, 425 and 487 GHz contribute to 10, 52
and 22 %, respectively, of the cooling by O,.

Of course, as for its abundance, the O, cooling efficiency
will strongly depend on the C/O abundance ratio. This is il-
lustrated in Fig. 13 where are plotted, as a function of optical
depth within a dense dark cloud (ngy = 10* cm—3), the CO and
O, abundances, their cooling rates and the resulting tempera-
ture, for two extreme values C/O = 0.1 and 1. With the low C/O
ratio, O, becomes the dominant species and cooling agent in the
core of the cloud, lowering the temperature down to 7 K, nearly
3 K below the temperature obtained when CO dominates the
cooling. As expected and due to its low abundance, O, however
does not play any role when C/O = 1.

Despite its potential importance, O, cooling has often been
neglected in models of interstellar clouds, except for the work
done by Goldsmith & Langer (1978, hereafter GL78) who made
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Table 7. Comparison of the cooling efficiencies of O, and CO obtained
in Goldsmith & Langer (1978, refered to as GL78) and in our model
(Av ~ 30)

A(O02)/m(02) A(CO)/n(CO)
(ergs™ (027" (ergs™' (CO)™)
nu=10° cm™® GL78 6.0 1072 1.3107%
our model 6.4 1072 53107
ng=10* cm™* GL78 151072 1.3107%
our model 5.1 1072 3.9107%
ng=10° cm™* GL78 8.010~ % 3.8107%
our model 2.6 102 1.8107%#

extensive calculations of cooling rates due to various interstel-
lar molecules. To make a direct comparison between their re-
sults and ours and get rid of differents of molecular abundances
between the two sets of calculations, we compare the cooling
efficiency per molecule defined as the ratio A(X)/n(X) where
A(X) is the cooling rate per unit volume of gas due to the species
X. Cooling efficiencies of O, and CO computed at the center of
molecular clouds of various densities by GL78 and in our model
are listed in Table 7. Typically, our values are three times lower
than those of GL78; this is due to different collisional rates,
but also to different expressions of the escape probability of the
cooling photons: GL78 used the LVG approximation while we
assume a static cloud where photons emitted in line wings have
a larger probability to escape the cloud than those in the line
center.

4. Conclusion

Several projects are planned in the near future to detect rotational
lines of O, using millimeter and submillimeter receivers em-
barked on satellites or stratospheric balloons: ODIN for the 119
and 487 GHz lines, SWAS for the 487 GHz line, PRONAOS-
SMH for the 368 GHz line and PIROG 8 for the 425 GHz line.

P. Maréchal et al.: Chemistry and rotational excitation of O in interstellar clouds. I

30
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Fig. 13. The abundance and cooling rate
of O, and CO and the temperature pro-
file throughout dark clouds (Ay = 11) at
ng = 10* cm™> and X¢ = 3.6 107> for
L N C/Oratio of 0.1 and 1 as a function of the
y optical depth
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As a theoretical preparation to these projects, we have used an
interstellar cloud model to compute the abundance and rota-
tional populations of O, in order to predict the intensities of its
main rotational lines. The model, which assumes steady-state
equilibrium, solves a coupled set of equations: 1) The chemical
balance equation for 136 species, mainly the simplest C- and
O-bearing compounds and their '*C and '30 substitutions, lead-
ing to the distribution of their fractional abundances throughout
the cloud. 2) The statistical equilibrium equations leading to
the rotational population of the molecules H,, CO and O, and
the fine structure population of C, C* and O. 3) The thermal
balance equation with gives the gas temperature distribution.
4) The transfer equation for the UV photons giving the photo-
destruction rates of the chemical species as a function of depth
within the cloud. The cloud model has been adapted from the
one developed by Warin et al. (1996) by including the first 24
rotational levels of O,. Their population is computed by using
recent calculations of the collisional rates O,—He from which
we estimated O,-H; rates; we also computed the spectroscopic
parameters (energy levels and line strenghts) necessary to ob-
tain the radiative rates. The main conclusions of this work can
be summarized as follow:

— With the standard C/O abundance ratio of 0.4, the abundance
of molecular oxygen increases very sharply with cloud vi-
sual extinction, so as to be comparable to that of CO, with
0,/CO ranging for 0.25 to 0.4 as Ay increases from 10 to
30, whatever the temperature and the hydrogen density. It
must be noted that, even in the densest and most opaque
clouds computed here, atomic oxygen remains more abun-
dant than O, and represents between 20 and 30 % of the
available gas phase oxygen.

— With the sensitivities expected for the receivers of the forth-
coming missions, the detection of interstellar O, will be
limited to dark clouds, with a possible exception for the
ODIN receiver which could observe the 119 GHz line in
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Table 8. Analytic fit of the O,—He collision de-excitation rate (in cm3sfl): kuw = aoT"3

(N, Ju) (N1, Jh) ao (N, Ju) (N1, Jh) ao
(1,1 (1,2) 1.1(-11) (7,6) 3,2) 4.0(-12)
(1,2) (1,0) 2.4(-12) 3,3) 1.1(-12)
3,2) (1, 1) 4.0(-12) 3,4 1.8(-13)
(1,2) 4.0(-12) 5,4) 1.4(-11)
(1,0) 3.8(-12) 5,5 1.7(-12)
3,3) (1, 1) 6.8(-12) (7,7 (1, 1) 5.4(-13)
(1,2) 4.8(-12) (1,2) 4.4(-13)
3,2 3.0(-12) 3,2 2.8(-13)
3,4) 4.5(-12) @3,3) 4.0(-12)
(3,4) (1,1 1.6(-12) 3,4 1.0(-12)
(1,2) 9.2(-12) 5,4 7.9(-13)
(1,0) 9.4(-13) 5,5) 1.4(-11)
(3,2) 1.5(-12) (5,6) 1.5(-12)
5,4) (1,1 2.0(-12) (7, 6) 4.6(-12)
(1,2) 1.7(-12) (7, 8) 5.0(-12)
(1,0) 1.5(-12) (7,98) (1, 1) 6.5(-14)
3,2 1.2(-11) (1,2) 8.7(-13)
3,3 3.8(-12) (1,0) 3.9(-14)
(3,4) 1.0(-12) 3,2) 4.8(-14)
5,9 (1,1 2.8(-12) 3,3 2.7(-13)
(1,2) 2.1(-12) 3,4 5.0(-12)
(3,2) 1.7(-12) 5,5 7.5(-13)
A3,3) 1.2(-11) 5,6) 1.5(-11)
3,4) 3.2(-12)  (9,8) 5,4 6.5(-12)
(5,4) 4.6(-12) 5,5) 2.0(-13)
(5,6) 5.0(-12) (7, 6) 1.6(-11)
(5,6) (1, 1) 5.7(-13) ,7) 1.1(-12)
(1,2) 4.1(-12) (9,9 5,5) 5.2(-12)
(1,0) 3.5(-13) (7, 6) 6.4(-13)
3,2) 4.1(-13) 7,7) 1.6(-11)
(3,3) 1.5(-12) (7,8) 1.1(-12)
3,4) 1.5(-11) 9, 8) 4.6(-12)
(5,4) 4.8(-13) 9, 10) 5.0(-12)
(7, 6) (1,1 4.1(-13) (9, 10) 3,4 8.7(-13)
(1,2) 2.3(-13) 5,6) 5.9(-12)
(1,0) 3.3(-13) ,7) 4.4(-13)

translucent clouds (Ay ~ 5) provided the temperature is
less than 50 K.

— Unlike the overall abundance of O,, its rotational popula-
tion, and consequently the intensity of its rotational lines are
fairly sensitive to the temperature. The 368 GHz receiver of
PRONAOS and the 487 GHz receivers of ODIN and SWAS
are able to detect O, in opaque clouds (Ay > 10) with
temperatures 7' ~ 25-50 K, somewhat larger than usually
expected in dark clouds. Due to larger line intensities, the
PIROG 8 receiver could detect the 425 GHz line in less
opaque clouds (Ay ~ 6-7) in the same range of temper-
atures.

Because O; is rather easily photodissociated, the regions
submitted to an intense UV radiation field are very un-
favourable to the detection of O,. Typically, if the external
UV radiation field is enhanced by a factor 1000 with re-
spect to the local standard value, only the ODIN receiver at
119 GHz is able to detect O, in dark clouds with Ay ~ 10,

(Nu, Ju) (Nl, Jl) ao
9,100  (7,8) 1.7¢-11)
(11,10)  (7,6)  9.0(-12)
9,8 1.8(-11)
9,9  29(-13)
A1L,11) (1,7 6.4(-12)
9,8 4.8(-13)
9, 9) 1.7¢-11)
9, 10) 9.0(-13)
(11,10)  4.6(-12)
(11,12)  5.0(-12)
(11, 12) 5,6) 8.7(-13)
(7, 8) 6.8(-12)
9,100 1.8(-11)
(13, 12) 9, 8) 1.2(-11)
(11,10)  2.00(-11)
(13,13) (9,9  7.6(-12)
(11, 10)  3.2(-13)
(1,11)  1.8¢-11)
(11,12)  7.0(-13)
(13,12)  4.6(-12)
(13,14)  5.0(-12)
(13,14)  (7,8)  87(-13)
9,10)  7.7(-12)
(11,12)  2.0(-11)
(15,14)  (11,10)  1.4(-11)
(13,12)  2.2(-11)
(15,15)  (11,11)  8.8(-12)
(13,12)  1.6(-13)
(13,13)  1.9(¢-11)
(13, 14)  5.0(-13)
(15,14)  4.6(-12)
(15,16) 5.0(-12)
(15, 16) 9, 10) 8.7(-13)
(11,12)  8.6(-12)
(13, 14)  2.2(-11)

while the three other lines will be observable in more opaque
clouds (Ay ~ 20).

The most drastic parameter that controls the abundance of
O, (as well as that of OH and H,0) and, consequently,
the detectability of its rotational lines, is the C/O elemental
abundance ratio in the gas phase. The molecule CO is so
easily formed in interstellar clouds and so stable that its
abundance is very rapidly limited by the available gas phase
carbon or oxygen depending to wether C < O or C > O.
As the carbon abundance increases and approches that of
oxygen, the amount of oxygen available to produce oxygen-
bearing molecules other than CO is considerably reduced.
For typical dark cloud conditions, as C/O increases from the
standard value of 0.4 to 2, O being fixed, the O, abundance
drops by a factor ~ 4 10*; at the same time, the H,O and
OH abundances are also decreased, but to a lesser extent, by
a factor 2500 and 30, respectively. If C/O~1, the 119 GHz
line of O, appears accessible to the ODIN receiver only in
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very opaque clouds (Ay ~ 20), the three other lines being
unobservable as soon as the C/O ratio is larger than 0.7.
Because of this strong sensitivity to C/O, the detection of O,
could serve to constrain the carbon and oxygen abundances
if parameters like density, temperature, UV field... could be
derived by another way; it must be however noted that the
amount of O is very sensitive to other physical conditions
such as the ionization degree, as indicated by alternative
model calculations.

— In regions where the O, column densities are large
enough to be detectable, the rate coefficient of the reaction
O+OH—0,+H, the main route to O,, has little influence
on its abundance. It however controls the OH abundance
since it is the main destruction process of this molecule. An
experimental study of the O+OH—O;,+H reaction at low
temperatures would be of great interest for this problem.

— Our model calculations also predict that radiative de-
excitation of O, could be an important cooling agent of cold
molecular gas, to be included in models. Under favourable
conditions for the formation of O,, its cooling efficiency
is comparable to that of CO mainly because the lower line
strenghts of the O, lines are compensated by their lower
opacities.

Acknowledgements. Model calculations have been performed on the
computers of the Service Informatique de 1’Observatoire de Paris.

Appendix A: the collisional rates O,—He
See Table 8.
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