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Abstract. We present results of chemical models for a variety of types of regions shown by SWAS observations
to contain less O2 and H2O than previously expected. We identify time-dependent models for which O2 and H2O
abundances meet the SWAS constraints and for which calculated abundances of other species are in harmony with
measurements made primarily at millimeter wavelengths. The phases of acceptable composition are transient in
these time-dependent models but are of very substantial length in many models for which CO and N2 are assumed
to be returned promptly and unaltered to the gas phase though other species, except for H2 and He, freeze-out
onto the dust. We also consider whether the presence of bistability in some steady-state models can account for
the SWAS and other observations.
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1. Introduction

It has often been asserted that water and molecular oxy-
gen are important reservoirs of the elemental oxygen in
the ISM. It is also frequently assumed that they provide
major sources of cooling. Atmospheric absorption impedes
ground based observations of both of these species and it
was not until the advent of SWAS (Submillimeter Wave
Astronomy Satellite) that direct detection of likely com-
ponents of the gas phase oxygen reservoir in dense cores
could be made. SWAS has been used in pointed observa-
tions of the ground state ortho-H2O and low energy O2

transitions towards regions of high and low mass star for-
mation and several clouds with little or no star formation.
These observations have given severe constraints for theo-
retical models of interstellar clouds (see the special issue of
ApJL, Vol. 539, Part II). On the other hand, ISO – SWS
observations (Vandenbussche et al. 1999) have provided
other constraints on the abundance of solid O2 which ac-
counts less than 6% of the total oxygen budget in the
dense interstellar clouds.

SWAS data show that in the Orion Molecular Cloud,
gaseous water and O2 are not the main reservoirs of el-
emental oxygen. Their abundances account for much less
than 1% of the total abundance of oxygen; the total is con-
strained by observations of diffuse clouds where the frac-
tional abundance of all the oxygen not locked in grains (in
silicates) is of the order of ∼3.2 10−4. In dense regions of
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interstellar space, however, a large portion of the oxygen
is found on grains as water ice.

Contrary to model predictions (e.g. Maréchal et al.
1997), the SWAS results also indicate that O2 and H2O
are not the major coolants in general for molecular clouds,
although in some localized regions, such as shocked, hot
regions, ISO has shown that the gas-phase fractional abun-
dance of water can be as high as∼10−4 (Harwit et al. 1998;
Nisini et al. 2000).

Bergin et al. (2000) summarized the constraints
yielded by SWAS and ISO as follows:

(1) regardless of the line of sight, the fractional abundance
relative to hydrogen nuclei of gaseous molecular oxy-
gen, X(O2), in dense molecular clouds is less than
∼10−6;

(2) in starless cores (such as core B in TMC–1) the frac-
tional abundance of H2O,X(H2O), is less than 7 10−8;

(3) in low density regions, such as those along the line
of sight towards Sgr B2, gaseous water is relatively
abundant (X(H2O) ∼ 10−6) while O2 is not detected;
X(O2) < 10−6. The fractional abundance of water
found by SWAS along the line of sight towards Sgr
B2 also confirms previous ISO results (Moneti et al.
2001). If low temperature gas phase chemistry is re-
sponsible for the gaseous H2O, this result is puzzling
as molecular oxygen and water formation are coupled
in the standard gas-phase chemistry: once H+

3 reacts
with neutral oxygen, rapid reactions will lead to the
formation of the ion H3O+. The latter dissociatively
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recombines with electrons to form, among other
species, OH and H2O. OH then reacts with atomic
oxygen to form molecular oxygen; if H2O is abundant,
one would expect O2 to be abundant also;

(4) in high density star formation regions gaseous
X(H2O) is ∼10−8;

(5) the fractional abundance of water ice is measured to
be ∼10−4 in dense cores (103 ≤ nH cm−3 ≤ 106 where
nH is the number density of hydrogen nuclei; Tgas <
50 K) (Shutte 1999).

Bergin et al. remarked that the low abundance of wa-
ter in star formation regions cannot be accounted for by
rapid photodissociation by intense UV radiation fields as
other species, such as NH3, would also be destroyed. Such
species are however observed to be abundant.

The constraints imposed by SWAS (and ISO) repre-
sent a challenge for theorists. Why do simple models pre-
dict large abundances at steady-state for gaseous H2O and
O2? Where is the oxygen in quiescent clouds, and in re-
gions of low-mass and high-mass star formation? Chemical
models must self-consistently reproduce: (i) the gas-phase
molecular oxygen and water abundances observed with
SWAS; (ii) the water ice abundance measured with ISO;
(iii) the abundances of simple and complex oxygen and
carbon bearing species observed with ground based tele-
scopes, and (iv) the observed abundances in a variety of
different environments such as regions of high and low
mass star formation and starless cores. We note, however,
that the SWAS beam is as large as 4 arcmin and that the
SWAS observations inevitably encompass a variety of in-
terstellar and circumstellar regions; in effect, the SWAS
results give averages over a variety of conditions.

In this paper we explore two theoretical approaches
which may provide solutions to the constraints imposed by
SWAS while still satisfying the constraints of observations
of other simple and complex species. Section 2 is dedicated
to the first approach: we investigate time-dependent mod-
els where gas phase species are allowed to deplete on to
the grains. Bergin et al. (2000) showed that the SWAS
data can be explained with low temperature gas phase
models only if the observed clumps are short-lived, and
we explore this point in detail. We show that “transient”
states in which the chemistry satisfies constraints arising
from SWAS and other observations are very long-lived in
models where most species freeze-out efficiently on to dust
grains except for CO and N2 which are returned promptly
to the gas phase. Section 3 concerns the applicability of
bistability solutions to the interpretation of the SWAS
results. The gas phase chemistries discussed in Sects. 2
and 3 are identical. Section 4 presents a discussion of our
findings.

2. Time-dependent chemical models

2.1. The model assumptions

In each of the models that we consider in this section phys-
ical and chemical conditions match those inferred from

observations during one epoch only; at other times, the
physical and chemical conditions in each model are such
that the source is undetectable with the sorts of obser-
vations already made. Cyclic models of the kind origi-
nally suggested by Norman & Silk (1980) have the po-
tential to provide such transient observable conditions
(e.g. Williams & Hartquist 1984; Charnley et al. 1988).
In this category of models, it is assumed that interstellar
and circumstellar gas is continually re-cycled from low to
high density, probably by the action of star formation it-
self. This approach has some attractions, given that the
link between interstellar chemistry and dynamics has been
frequently discussed.

We model the chemistry of regions of high and low
mass star formation and starless cores. For ease of com-
putation a cloud is represented as a single point within a
semi-infinite slab with a pseudo-time-dependent chemical
simulation. The UMIST chemical database (Millar et al.
1997) was used with some modifications (see Viti et al.
2000), particularly with regard to the gas–grain interac-
tion. In some models, we have included the freeze–out of
all gas phase species, except hydrogen and helium, on to
dust grains. All the species that deplete on to grains are
incorporated in mantles and it is assumed that they are
never released. The modified rate file contains 397 species
taking part in 4246 reactions (including freeze–out reac-
tions). In all models, except the oxygen poor ones (see
later), the initial elemental abundances by number relative
to hydrogen were taken to be 7.0 10−2, 2.2 10−4, 6.0 10−5,
4.6 10−4, 1.3 10−5, 7.0 10−9, 2.0 10−9 and 8.0 10−9 for
helium, carbon, nitrogen, oxygen, sulphur, magnesium,
sodium, and silicon respectively. As an initial condition
we also assumed that half the elemental abundance of car-
bon is locked in the carbonaceous grains. Our models are
time-dependent; this implies that the depletion of each el-
ement was not assumed but rather, was derived through
a computation of the non–steady state chemical evolution
of the gas/dust interaction processes.

We have performed computations for a grid of models.
A model is characterized by whether (i) the gas is static or
collapsing; the collapse is treated as a “modified” free-fall
as defined by Rawlings et al. (1992) where the density was
assumed to increase in a fashion governed by

dnH

dt
=B
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where t, B, G, and mH are the time, a numerical con-
stant, the gravitational constant, and the mass of a hydro-
gen atom respectively; in practice, we took B = 1, which
corresponds to a free-fall collapse. (ii) the final number
density, nH = n(H) + 2n(H2), is low (103 cm−3), medium
(104 cm−3) or high (105, 106 cm−3); (iii) the initial oxygen
abundance is standard or low; (iv) the freeze–out efficiency
of gas phase elements onto grains is zero, medium, or high;
(v) the temperature is low (10 K) or medium (30 K);
(vi) the visual extinction is moderate (2 mag) or high
(5 and 15 mag); (vii) the branching ratio for H3O+
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dissociative recombination with electrons is higher or
lower, according to recent determinations (see below).

Note that the initial density for the models where the
final density reaches 106 cm−3 is slightly higher (104 in-
stead of 103 cm−3) than employed for the rest of the
models where collapse occurs; this was necessary as, in
a free-fall collapse from the lower initial density, the final
densities are not reached until 1.7 Myr, by which time ev-
erything is already frozen on to the grains: this picture is
unrealistic. We can justify our choice of having a slightly
higher initial value of nH2 if we think of a high mass star
as the result of a denser small clump within a much bigger
and less dense cloud.

The ambient interstellar radiation field was taken to be
that defined by Habing (1968). For the models where col-
lapse occurs, it was assumed that a clump collapses gravi-
tationally within the molecular cloud and that the collapse
is a free–fall. When we allowed freeze–out to occur during
the collapse phase, gas–phase chemistry and freeze–out on
to dust grains with subsequent processing, such as hydro-
genation, were assumed to occur. For depletion, we used
the parameter FR where FR = 0 implies no freeze–out
and FR = 1 means that sticking occurs on every collision.
For most of the models we adopted the branching ratios
for dissociative recombination of H3O+ (main routes for
oxygen chemistry) measured by Vejby-Christensen et al.
(1997), but several selected models were also computed
with the branching ratios measured by Williams et al.
(1996). O’neill & Williams (1999) and Bergin et al. (2000)
noted that these two laboratory measurements produce
very different amounts of water.

For our “oxygen poor” models we have halved the
oxygen initial elemental abundance: the two initial abun-
dances we chose for oxygen are justified by the interstellar
oxygen abundances derived from 14 lines of sight by Meyer
et al. (1998, see their Table 2). The oxygen abundance that
we use as standard is taken from Snow & Witt (1996), who
presented elemental abundances derived from stars in the
solar neighbourhood rather than from the Sun.

Our choice of initial physical conditions is based on
the parameters suggested by Bergin et al. (2000) repre-
senting the various lines of sight observed with SWAS. A
total of 67 models have been evaluated, so that the param-
eter space described here has been thoroughly explored.
The results of some of these are presented in the discus-
sion below. A further 30 models, in which higher cosmic
ray ionization rates were adopted, were also evaluated but
their results are not reported here as none are in harmony
with the SWAS observations of the oxygen chemistry in
dense cores.

2.2. Models in which all massive species freeze-out

Table 1 gives the parameters defining all the computa-
tional models we constructed. The fifth and sixth column
indicate whether the cloud has undergone collapse (-c-)
or is static (-nc-) and whether the initial abundances are

standard (-s) or oxygen poor (-ns). In the seventh column,
“No” indicates that CO and N2 are assumed to return in-
stantaneously to the gas phase after freezing-out. The last
column indicates whether we adopted the branching ra-
tios measured by Vejby-Christensen et al. (1997, VB97)
or the ones measured by Williams et al. (1996, W96).
For our discussion we follow the constraints laid out in
Bergin et al. (2000), Sect. 4. Generally, SWAS results im-
pose an upper limit for the fractional abundance of molec-
ular oxygen of <10−6 (Goldsmith et al. 2000), averaged
over the SWAS beam, in all regions surveyed. The models
therefore need to be capable of satisfying that constraint,
together with (i) X(H2O) < 7 10−8 for starless cores,
(ii) X(H2O) ∼ 10−6 for low density gas, (iii) 10−9 <
X(H2O) < few ×10−8 in high mass star forming regions.

In this subsection we consider models in which all
species containing an element more massive than helium
freeze out on collision with dust. We divide the remainder
of this subsection into three parts.

2.2.1. Starless cores or cores with little evidence
of star-formation

In cores with little evidence of star-formation such as
TMC-1 core B (nH ≥ 104 cm−3; Tgas = 10 K; AV >
10 mag) X(H2O) is found to be <7 10−8. For these envi-
ronments, we excluded collapse (a plausible assumption
for starless cores). In some models we included freeze
out but never with total efficiency. In reality some de-
pletion must occur as the fractional abundance of water
ice is observed to be high (∼10−4) also in starless cores.
From the grid, Models 1 to 4 were considered to rep-
resent starless cores, and Model 3 was found to be the
“best matching” model (defined as the one that best re-
produced the observed water and molecular oxygen). In
this model, we adopt a high (but not total) freeze out ef-
ficiency. In Fig. 1 the Model 3 fractional abundances of
selected species versus the logarithmic age of the clump,
are plotted. The species selected for inclusion in Fig. 1
correspond to species for which SWAS gave constraints
(H2O and O2) and species observed previously (see later).
In the models considered, X(O2) is <10−6 both at early
times (<1 Myr) (because of its slow formation) and at late
times (>1.7 Myr in these models) where freeze–out on to
grains is removing molecules from the gas. Between these
two times there is a “peak” in both species. The dura-
tion of these three phases, which we will call “formation”,
“equilibrium” and “depletion” stages, are model depen-
dent. Water follows a similar behaviour to that of O2 al-
thoughX(O2) often exceeds the limit placed by the SWAS
observations. A higher freeze–out efficiency would provide
a more efficient loss route for water; however, such a so-
lution would limit the lifetime of the clump to less than
3 Myrs as otherwise almost all molecular species would
be frozen out. As expected, an oxygen-poor gas favours
lower abundances of water and molecular oxygen, but
only by factors comparable to the change in total oxygen
abundance.
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Table 1. Model parameters: number densities are in cm−3; the gas temperature is in Kelvin; see text for a full explanation of
the nomenclature

nH2 Tgas FR AV X(O) CO–N2 H3O+

freeze-out branching ratio

1 104 10 0 15 nc s yes VC97
2 104 10 0.3 15 nc s yes VC97
3 104 10 0.7 15 nc ns yes VC97
4 104 10 0.3 15 nc ns yes VC97
5 104 10 0.3 2 c s yes VC97
6 104 10 0.3 5 c s yes VC97
7 104 10 1 5 c s yes VC97
8 104 10 0.3 15 c ns yes VC97
9 104 10 0.3 15 c ns no VC97∗

10 104 10 0.3 15 c ns no VC97
11 104 10 0.3 15 c ns yes W96
12 104 10 0.3 15 c s yes VC97
13 104 10 0.3 15 c s yes W96
14 104 10 0.3 2 nc s yes VC97
15 104 10 0.3 5 nc s yes VC97
16 104 10 0.3 5 c ns yes VC97
17 104 10 0.7 15 nc ns no VC97
18 104 10 0.7 15 nc ns yes W96
19 104 10 0.7 15 nc s yes VC97
20 104 10 0.7 15 nc s yes W96
21 104 10 0 15 nc ns yes VC97
22 104 10 0 2 c s yes VC97
23 104 10 1 15 c ns yes VC97
24 104 10 1 15 c s yes VC97
25 104 10 1 2 nc s yes VC97
26 104 10 1 2 c s yes VC97
27 104 10 1 5 nc s yes VC97
28 104 10 1 5 c ns yes VC97
29 104 30 0.3 2 nc s yes VC97
30 104 30 0.3 5 nc s yes VC97
31 104 30 1 15 c ns no VC97
32 104 30 1 2 nc s yes VC97
33 104 30 1 5 nc s yes VC97
34 105 10 0.3 2 nc s yes VC97
35 105 10 0.3 2 c s yes VC97
36 105 10 0.3 5 nc s yes VC97
37 105 10 0.3 5 c s yes VC97
38 105 10 0.7 15 nc ns no VC97
39 105 10 1 15 c s no VC97
40 105 10 1 2 nc s yes VC97
41 105 10 1 2 c s yes VC97
42 105 10 1 5 nc s yes VC97
43 105 10 1 5 c s yes VC97
44 105 30 0.3 15 c ns yes VC97
45 105 30 0.3 15 c s yes VC97
46 105 30 0.3 2 nc s yes VC97
47 105 30 0.3 2 c s yes VC97
48 105 30 0.3 30 c ns yes VC97
49 105 30 0.3 30 c s yes VC97
50 105 30 0.3 5 nc s yes VC97
51 105 30 0.3 5 c s yes VC97
52 105 30 1 15 c ns yes VC97
53 105 30 1 15 c ns no VC96
∗ After collapse, the gas is shocked for 200 years
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Table 1. continued

nH2 Tgas FR AV X(O) CO–N2 H3O+

freeze-out branching ratio

54 105 30 1 15 c s yes VC97
55 105 30 1 15 c s yes W96
56 105 30 1 2 nc s yes VC97
57 105 30 1 2 c s yes VC97
58 105 30 1 30 c s yes VC97
59 105 30 1 5 nc s yes VC97
60 105 30 1 5 c s yes VC97
61 106 30 0.3 15 c ns yes VC97
62 106 30 0.3 15 c s yes VC97
63 106 30 0.3 30 c ns yes VC97
64 106 30 0.3 30 c s yes VC97
65 106 30 1 15 c ns yes VC97
66 106 30 1 15 c s yes VC97
67 106 30 1 30 c s yes VC97

Fig. 1. Fractional abundances (relative to hydrogen) of
selected species versus time (log) Model 3

Table 2. Fractional observed abundances, at AV = 15 mag,
with respect to hydrogen for selected species derived for the
column densities of Takano et al. (1998), Hirahara et al. (1992).
All the fractional abundances are derived for AV = 15 mag

Species

HC3N 2.4 10−9

NH3 1.7 10−8

CS 1.8 10−10

Also plotted in Fig. 1 are a few selected species de-
tected in core B of TMC-1 (same line of sights as SWAS).
Table 2 lists their observed fractional abundances: the
HC3N and NH3 have been calculated from the column
densities derived by Takano et al. (1998) at the NH3 peak
(core B) and CS from the column density observed by
Hirahara et al. (1992). We also plot the fractional abun-
dance of H2Oice which is of course entirely created by grain
surface chemistry when freeze out is included.

None of the models reproduces the observed abun-
dances of these species during the “formation” stage when

O2 and H2O are low. However during the “freeze–out”
stage, before everything is depleted, both HC3N and NH3

are close to their observational values. CS would also be
close to its observational value if we depleted it by a factor
of 100: it should be noted that the abundances of sulphur–
bearing species shown in this paper are overestimated be-
cause the solar abundance of sulphur has been used in
these calculations. Perhaps the actual value should be re-
duced by a factor of about 100 (e.g. Viti & Williams 1999).
However, as the mechanism for sulphur depletion is still
unknown (e.g. Ruffle et al. 1999) we have assumed sulphur
to have the solar elemental abundance rather than specify
an uncertain parameter.

Abundances close to the observed values appear in the
“depletion” phase. HC3N in particular increases signifi-
cantly when depletion is effective (cf. Ruffle et al. 1997).
Gwenlan et al. (2000) reached a similar conclusion when
discussing the chemistry of HC3N for TMC–1. We have
not attempted here to match precisely the abundances of
core B in TMC–1, but merely used them as indicative of
the chemistry in dark quiescent clouds. We conclude that
the general distribution of abundances in starless cores, in-
cluding those measured in the SWAS observations, could
be interpreted as a late–time chemistry in an object in
which freeze–out of molecules on to dust is occurring.
However, the consequence of this interpretation is that the
object has a limited existence, of duration of about 3 My.
The close match between our abundances and the SWAS
observations is however limited to a very short epoch: it
is unlikely that all the cores observed by SWAS are at
the same age; in a later section, we therefore explore a
modified solution where selective freeze out occurs and we
show that this would significantly extend the period over
which the abundances of observed species are well repro-
duced. In general, the implication is that there must be
(in this interpretation) a cycle of material in the interstel-
lar medium through stages such as those in the models,
on this timescale.
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Fig. 2. Fractional abundance (relative to hydrogen nuclei) of
selected species as a function of age for Model 8

2.2.2. Low density gas

Neufeld et al. (2000) reported observations with SWAS
along the line of sight towards Sgr B2 (nH ≤ 104 cm−3,
Tgas ∼ 10–30 K). This is a long, low–extinction path. They
found that water vapour in the foreground gas has a high
fractional abundance of ∼6 10−7, significantly higher than
found in dense cores. A low fractional abundance of molec-
ular oxygen, less than 10−6, was also found with SWAS
on these lines of sight.

To represent material along this line of sight, we have
concentrated our analysis on models of collapsing clouds,
as star formation may be present along this line of sight.
Model 8 is the model in which collapse is included and CO
and N2 freeze-out occurs with chemical results agreeing
most closely with those we consider appropriate for the
Sgr B2 line of sight; Fig. 2 shows results for Model 8.

The high visual extinction in this model favours a
higher abundance of water at early times because H2O
photodissociation is impeded. Water and molecular oxy-
gen are in harmony with the observed constraints for a
brief period around∼1.5 Myrs which is when the final den-
sity in the collapse is reached. After that brief period, the
H2O and O2 abundances rise quickly to unacceptably high
values. If the clump is initially oxygen–poor the formation
of O2 is delayed relative to H2O, probably because oxygen
is more easily locked into water than molecular oxygen so
a decrease in initial oxygen will delay the formation of O2.

In the foreground gas along the line of sight of Sgr
B2, many species have been observed. We have chosen to
compare our models to some of the observational results
of NH3 (Hüttemeister et al. 1993), CS and C3H2 (Greaves
et al. 1992), and HCO+, HCN and HNC (Linke et al.
1981) (see Table 3). Note that while the column densities
for NH3, CS and C3H2 are derived from observations of
cool components detected at ∼ −40 km s−1 the column
densities of HCO+, HCN and HNC are determined from
absorption depths in the ∼129 km s−1 feature of Sgr B2.

Table 3. Observed fractional abundances with respect to
molecular hydrogen for selected species. All are derived for an
assumed AV of 15 mag, and a standard AV to hydrogen nuclei
ratio

Species

NH3 3 10−8

CS 1.2 10−9

C3H2 1.1 10−10

HCN 1.1 10−9

HNC 2.6 10−9

HCO+ 8.75 10−10

This should not be a problem as although SWAS observa-
tions along the line of sight of Sgr B2 have distinguished
various regions kinematically (Neufeld et al. 2000), the
water abundances derived was averaged along the line of
sight.

In the region where the Model 8 water and molecular
oxygen agree with observations (between 1.5 and 2.1 mil-
lion years), results for NH3 and HCO+ are in reasonable
agreement with observations, HCN and HNC are slightly
overabundant while CS (depleted by 100) and C3H2 are
overabundant by about one half to 1 order of magni-
tude. As is the case for cores with little star formation
(Sect. 2.2.1), the chemistry of low density gas is very time-
dependent. The relatively high H2O abundance together
with the non–detection of O2 provides a severe constraint
which can only be met for rather short periods within
the scenario described here. High visual extinction and
freeze–out lead to better reproduction of the observed
abundances, although only for short periods of time. If
a typical clump survives for 10 Myr it is unlikely that
we would observe the same abundances towards different
lines of sight. The short epoch during which model re-
sults are compatible with observational results could im-
ply that the clumps are much shorter lived than 10 Myr;
perhaps, they are dispersed by stellar outflows or deple-
tion occurs rapidly enough that a clump quickly becomes
undetectable.

2.2.3. High–mass star–forming regions

These regions are characterized by the following physi-
cal properties: nH ≥ 105 cm−3; Tgas = 20−40 K; AV >
10 mag. The results from SWAS show that in these re-
gions the water fractional abundance is very low, 10−9 <
X(H2O) < few 10−8 (Bergin et al. 2000), and the up-
per limit on X(O2) is 10−6. We choose to represent this
material with some of the high density models. Figure 3
shows the results for selected species from Model 52 which
is the high density model with CO and N2 freeze-out giv-
ing the best agreement with water and molecular oxy-
gen observations for a period of up to 1.5 million years.
This timescale varies according to the initial and final
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Fig. 3. Fractional abundances (relative to hydrogen nuclei) of
selected species as a function of age for Model 52

Table 4. Fractional observed abundances with respect to hy-
drogen for selected species derived from fractional abundances
relative to CO from Bergin et al. (1999). We adopted a column
density for CO of 3 1018 cm−2 (from core Cepheus in Bergin
et al.) and we estimated its fractional abundance with respect
to hydrogen assuming a visual extinction of ∼15 mag

Species

CS 4 10−9

CH3OH 2 10−8

HC3N 2 10−10

SO 4 10−9

HCN 1.2 10−8

C 6 10−6 − 2 10−5

densities employed as it is a function of the gas-phase
species depletion on the grains.

We note however that none of models reproduce
the low water abundance observed with SWAS until
freeze–out begins to dominate. High visual extinction and
a final density of 105 cm−3 are favoured.

Bergin et al. (1997) presented results of an observa-
tional study covering three giant cloud cores. We use their
observational results to compare with our model results
for some species (see Table 4 for a list of the species se-
lected with their observational values). We find that there
is only a very small period of time during which most of
the measured abundances are matched by our models; the
best match is reached at t ∼ 1.5 Myrs, where HCN, CS,
C and HC3N model abundances are close to the observa-
tional values, although CH3OH and SO (depleted by some
depletion factor) appear to be underabundant.

Regions of high density are chemically and dynami-
cally very complex because of the effects of outflows and
shocks that excite or heat the gas and the grains: some
grain evaporation might occur leading to chemical differ-
entiation due to the different binding energies of the frozen
species. The simple studies presented here do not take into

account such effects, and cannot be expected to account
in any detail for averaged measurements represented by
the SWAS results. Nevertheless, one can infer that if the
basic chemistry is correct, then for the models to be valid
it means that the timescales in high–mass star–forming
regions must be very short.

2.3. Selective freeze-out

In all the cases considered so far, it has been assumed that
the nature of the gas–grain interaction is the same for all
species other than H2 and He, i.e every species colliding
with a grain sticks and is retained. Therefore, the sticking
probability has been assumed to be the same for all species
(except H2 and He). Such assumptions may be unjustified,
and there have been many studies of systems in which it
has been assumed that certain molecules are more readily
desorbed into the gas, and not retained on grain surfaces
(Millar & Nejad 1985; Hartquist & Williams 1990; Willacy
& Williams 1993; Willacy et al. 1994; Gwenlan et al. 2000).
The effect of retaining weakly bound molecules such as
CO and N2 in the gas phase is to prolong the epoch of
gas-phase chemistry in molecular clouds; the carbon and
oxygen in CO, for example, is re-cycled through hydrocar-
bons and water and these molecules ultimately freeze-out
permanently. In particular, the C:O ratio in the chem-
istry is changed during this phase, and the results are of
a chemistry in which [C]/[O] is close to unity (similar to
the cyclic models of Nejad & Williams 1992).

For models 10, 17, 53, 31, 38 (see Table 1) we assumed
that both CO and N2 are rapidly desorbed, so that the
atoms in those molecules feed a late chemistry. Results
for the abundances of some species are given in Fig. 4 for
Models 10, 17, 31 and 53.

Model 17 may be compared directly to Model 3 (cf.
Fig. 1), which we have used to represent starless cores.
The consequence of the selective freeze-out which main-
tains CO and N2 in the gas is that the period over which
the chemistry of observed species, such as H2CO, NH3 and
HC3N, is reproduced reasonably well by the models is ex-
tended considerably from about 1 My to several Myrs. The
Model 17 H2O and O2 abundances satisfy the observed
constraints for ages greater than ∼2 My (cf. Fig. 4). If
we increase the density of our clump (Model 38) the H2O
and O2 observational constraints are satisfied already by
0.5 My.

Model 10 may be compared directly to Model 8 (see
Fig. 2). The model water fractional abundance rises to
near 10−6, but the O2 fractional abundance exceeds the
SWAS limit by a factor of about 3 for at least part of
the chemical evolution. This demonstrates how closely the
H2O and O2 chemistries are linked. However, in warm
(mainly neutral) regions behind shocks the formation of
H2O is rapid while O2 remains a minor channel and it
is in fact destroyed in strong shocks. Hence, it is quite
possible that the relatively high water abundance observed
towards the Galactic Centre, X(H2O) ∼ 10−6, could be
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Fig. 4. Fractional abundances (relative to hydrogen) of selected species versus time for models where CO and N2 are immediately
released back into the gas after freezing-out

the result of one or more shocks along this line of sight.
This line of sight certainly passes through several star-
forming regions where shocks may be expected to occur,
and in which the H2O:O2 balance is strongly increased.
In warm post-shock gas, X(H2O) ∼ 10−4, and therefore
the fraction of the path towards the Galactic Centre that
would be required by the detection of H2O to be shocked
would be around 1%, corresponding to a column density
of warm H2 of ∼1021 cm−2.

Model 53 can be compared directly with Model 52 (see
Fig. 3). The consequent chemistry has a much extended
duration in the case of Model 53 to about 6 My (Fig. 4).
However, the freeze-out of CS (which is largely unaffected
by this late-phase chemistry) is so rapid at these high den-
sities that it would be undetectable at the levels shown in
this model. We have, therefore, examined a very similar
case to Model 53, but for a lower density gas (Model 31).
Note however that a density of 104 cm−3 may not be repre-
sentative of many high mass star forming regions. Model
31 shows that from about 2 My onwards the H2O and
O2 abundances satisfy the SWAS constraints, while other
species such as H2CO, HCN, NH3, CS and HCN have lev-
els that are generally around the levels detected; SO and
CH3OH however still remain too low, and this suggests

that their chemistries are associated with processes not
included in these models.

2.4. The branching ratios for H3 O+ electronic
recombination

We have studied the effect of varying the branching ra-
tios for H3O+ dissociative recombination with electrons.
We have chosen one model per scenario and we have re-
computed them with the Williams et al. (1996) branching
ratios for the dissociative recombination of H3O+ with
electrons. The models computed with the Williams et al.
(1996) branching ratios are models 11, 13, 18 and 20.

The effect of lowering so dramatically the branching
ratio for the main formation channel for water is, as ex-
pected, to reduce water abundance for all the three sce-
narios: for cores with little star formation, this consti-
tutes an improvement as we require water to be very low.
However, for low density gas such as along the line of
sight of Sgr B2, water is observed to be quite abundant
and therefore the SWAS requirements are more poorly
matched by this model. For high mass star forming regions
a decrease in water formation is desired so models with a
low branching ratio are well suited. However, we also ob-
tain a decrease in methanol and SO which is not desired;
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Fig. 5. Steady state stable solutions for a range of densities
between 100 and 105 cm−3 when ζ = 1.3 10−17 s−1 (lower x
axis) and for a range of densities between 400 and 4 105 cm−3

when ζ = 5.2 10−17 s−1 (upper x axis). a) standard elemental
depletion of oxygen; b) non standard elemental depletion of
oxygen. The dotted horizontal lines correspond to the observed
upper limit for O2 and H2O. The short-dashed line corresponds
to the observed fractional abundance of water towards Sgr B2

however, as noted above, these species are not well de-
scribed in these models. Very recently, new measurements
of the H3O+ branching ratios by Jensen et al. (2000)
have been published. Their measurements yield a higher
branching ratio for OH formation and a lower branching
ratio for H2O formation but both agree within a factor

of 1.2 with the Vejby-Christensen et al. (1997) measure-
ments.

Although the use of different branching ratios of H3O+

reduces the production of water and O2 dramatically,
it does not alter the general chemical behaviour of the
clump and therefore our previous discussions are not af-
fected.

3. Steady state chemical models and bistability

3.1. General considerations

The same gas phase chemical network has been used for
determining the steady state solutions of the atomic and
molecular species in the gas phase. This is performed by
solving dX/dt = 0 where X is a vector representing
the abundances of all the gas phase species considered
in the chemical network. No surface reaction, except for
the formation of H2, has been introduced. Le Bourlot et al.
(1993) have shown that the intrinsic non linearities present
in the chemical equations may lead to a non linear be-
haviour of the phase space of the chemical solutions. For
a given value of the control parameters (density, tempera-
ture, cosmic ionization rate, elemental abundances, etc.),
the steady state solutions depend on the initial conditions,
(on the atomic, ionic and molecular fractional abundances
of oxygen, carbon, sulphur etc.). Then, two stable and one
unstable steady state solutions can appear for a given set
of control parameters, corresponding to an identical physi-
cal state of the gas. This behaviour is known as bistability
and is a well known property of open thermodynamical
systems. The two stable states have very different chemical
properties. The Low Ionization Phase (LIP) solution cor-
responds to the standard solution found in most chemical
models where the fractional ionization is low (10−8−10−7)
and is provided mainly by molecular and metallic ions. On
the other hand, the High Ionization Phase (HIP) solution
involves a larger fractional ionization (10−5−10−6) domi-
nated by atomic ions (H+, C+, etc.). Comparison between
the LIP solutions and the time-dependent results obtained
in the previous section (in the FR = 0 model), integrated
to late times leads to identical results, within the numer-
ical accuracy. In fact, the steady state solutions depend
only on the nH to ζ ratio (Lee et al. 1998). So, we may
display the stable steady state solutions for two different
values of the cosmic ionization rate on the lower and up-
per abscissae axis by simply scaling the proton density
abscissae axis by the same factor as the cosmic ioniza-
tion rate if the temperature is assumed to be identical.
Figure 5 shows the stable steady state solutions found for
molecular oxygen and water within a range of densities
between 102 and 105 cm−3 with a fixed temperature of
10 K for a cosmic ionization rate of 1.3 10−17 s−1 on the
bottom x axis whereas the same values correspond to a
range of densities comprised between 400 and 4 105 cm−3

for a cosmic ionization rate that is four times larger, as
shown on the upper x axis. Figure 5a displays the results
obtained with the standard depletion of oxygen whereas
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Fig. 5b refers to the non standard depletion of oxygen (see
previous section).

The two cases show a specific range of densities where
bistability does occur. The LIP phase corresponds to
the high density regions and leads to large fractional
abundances of molecular oxygen and water. Such a result
is in agreement with the various model results found in the
literature (cf. Bergin et al. 2000). However, we find a range
of densities where a high ionization phase is simultaneously
present: the range is between 200 and 1000 cm−3 with the
standard depletion of oxygen (respectively 800–4000 cm−3

for a cosmic ionization rate of 5.2 10−17 s−1) whereas it is
shifted in the range 1300–5200 cm−3 (respectively 5200–
16 000 cm−3 for a cosmic ionization rate of 5.2 10−17 s−1)
with the non standard depletion of molecular oxygen. This
latter situation offers a possible solution to the SWAS ob-
servations if the initial molecular state of the cloud (and
the control parameters) are such that a HIP solution is
obtained.

Since the beam of the SWAS satellite is as large as 4
arcminutes, it should also be kept in mind that the two
chemical phases can be spanned in the same beam. Then,
the resulting averaged fractional abundance could be a
mixture of the two phases. It is, however, not possible
to describe precisely the occurrence of such cases since
various physical effects are neglected in these isothermal
models, such as the possible coupling of the two phases via
radiative transfer. Higher spatial resolution is then clearly
required to derive more definitive conclusions. A prelim-
inary suggestion of the presence of two chemical phases
has indeed been found by Gerin et al. (1997) from ob-
servations of CS, SO and deuterated species in the high
latitude cloud MCLD 123.5+24.9 at much higher spatial
resolution.

3.2. Chemical discussion

At this point, a chemical discussion on the formation and
destruction processes of both molecular oxygen and water
is interesting. Table 5 displays the main formation and
destruction processes of H+

3 , O2 and H2O which occur in
both phases. In Table 5, we consider the solutions obtained
for nH = 5000 cm−3 where both LIP and HIP solutions
coexist, using the non standard value of oxygen depletion
(O/nH = 2.14).

A first conclusion of our analysis is that very few reac-
tions, amongst the 4000 reactions involved in the chemical
network, are really important for a given molecule.

3.2.1. H3
+

H3
+ plays a key role in the chemistry of oxygen com-

pounds. Indeed, H3
+ + O gives OH+ which subsequently

reacts with H2 giving H2O+. In dense cloud conditions
H2O+ reacts immediately with H2 giving H3O+. Then
H3O+ dissociatively recombines with electrons giving both
OH and H2O, as discussed in the previous section. The

channel leading to H2O represents the entire gas–phase
formation process for water whereas the subsequent re-
action of OH with atomic oxygen gives molecular oxygen
with a 100% contribution. The formation of H3

+ is only
due to the reaction between H2

+ and H2. However H2
+ is

formed from the impact of cosmic rays (CR) on molecular
hydrogen through a direct photoionization process:
H2 + CR ⇒ H2

+ + electron with a ionization rate α×ζ.
There is another possible channel for this reaction involv-
ing dissociative ionization of H2:
H2 + CR ⇒ H+ + H + electron with a ionization rate
(1− α) × ζ.

The branching ratio between the two channels has
been measured by Shah & Gilbody (1982) for keV pro-
tons and the relevant astrophysical value has been calcu-
lated by Cravens & Dalgarno (1975). The latter value of α,
0.97, is well within the range of measured values. We find
it worthwhile to recall the difficulty of interpreting with
standard models the low fractional abundance of H+

3 de-
tected in dense interstellar clouds by McCall et al. (1999).
We have to keep in mind that cosmic rays are also critical
for destruction of both O2 and H2O. Indeed, the analysis
reported in Table 5 involves secondary UV photons (gen-
erated by the excitation of H2 by secondary electrons pro-
duced after the interaction of cosmic rays and molecular
hydrogen) which contribute significantly to the destruc-
tion of O2 and H2O. The difficulties encountered in in-
terpreting the SWAS data may then be linked to the H+

3

puzzle.

3.2.2. The O + OH reaction

The O + OH reaction is the dominant O2 formation pro-
cess. Davidsson & Stenholm (1990) predict, on the basis of
an extended Langevin model for the calculation of the rate
coefficient, that the reaction is rapid at very low tempera-
tures. However, the reaction rate coefficient is not known
experimentally at very low temperatures. Smith & Stewart
(1994) have found that the reaction proceeds rapidly for
temperatures down to 158 K. To extrapolate the value at
low temperatures as is done in the present model is how-
ever highly uncertain. To this purpose, we have studied
the possible influence of an activation barrier in the reac-
tion rate coefficient. Figure 6 displays the fractional abun-
dances of O2 and H2O for a proton density nH of 104 cm−3

with different values of the activation barrier. When the
activation barrier is of the order of 80 K, the fractional
abundance of O2 drops to values lower than 10−6 whereas
no sensible influence is found for the H2O fractional abun-
dance. It is clearly highly desirable that new experiments
or calculations address this reaction at very low temper-
atures. This would also affect the fractional abundance
of molecular oxygen predicted in the models presented in
Sect. 2.
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Table 5. Formation and destruction reactions relevant to H3
+, O2 and H2O

Phase Formation reaction percentage Destruction reaction percentage

LIP H3
+ H2

+ + H2 100% H3
+ + CO 44%

H3
+ + O 15%

H3
+ + N2 13%

H3
+ + electron 12%

O2 O + OH 100% O2 + secondary photons 44% (dissociation)
O2 + C+ 21%
O2 + S+ 7%

O2 + secondary photons 7% (ionization)
O2 + S 7%

O2 + H+ 5%

H2O H3O+ + electron 92% H2O + H3
+ 47%

H3O+ + CS 8% H2O + HCO+ 17%
H2O + secondary photons 13%

H2O + C+ 9%

HIP H3
+ H2

+ + H2 100% H3
+ + electron 77%
H3

+ + CO 10%
H3

+ + O 6%
O2 O + OH 100% C + O2 82%

S+ + O2 8%

H2O H3O+ + electron 100% H2O + C+ 71%
H2O + secondary photons 11%
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Fig. 6. Steady state fractional abundances of O2, H2O and OH
for a proton density of 104 cm−3 as a function of the activation
barrier in the O + OH reaction. The vertical line corresponds
to the actual value used in the chemical network. The dotted
horizontal lines correspond to the observed upper limit for O2

and H2O towards starless cores. The full horizontal line corre-
sponds to the observed abundance of water towards Sgr B2

3.2.3. The role of the C/O ratio

The C/O ratio available in the gas phase is subject to large
uncertainties. However, infrared observations with the ISO
satellite have allowed the sampling of the abundances
of oxygen and carbon found on the ice mantles towards
some specific sources like W33A and the Galactic Centre
(Gibbs et al. 2000). Combining these results with gas
phase observations we can deduce the C/O ratio which is
found to be between 0.4 and 0.67. The largest uncertainty
lies in the actual gas phase oxygen abundance. We have
performed several steady state calculations for various val-
ues of the C/O ratio by keeping the gas phase abundance
of total carbon constant and varying only the oxygen el-
emental abundance. Figure 7 presents the corresponding
fractional abundances of O2 and H2O for a proton den-
sity nH of 5000 cm−3. We find a region of bistability in
the range 0.49−0.66 of the C/O ratio for the considered
density. It is clearly seen that the HIP solutions lead to
low values of both O2 and H2O fractional abundances.

3.2.4. Comparison with the observations

The HIP solutions offer a natural means to interpret,
within steady state models, the low observed upper limit
of molecular oxygen towards the different lines of sight.
Concerning water, we find that the observed high abun-
dance towards Sgr B2, a region of relatively low density,
is equally compatible with some steady state solutions.
Finally, it appears that there is no possibility to explain
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the low abundance of water observed in high density star-
less cores. However, this sole interpretation is far too naive
as different chemical phases are likely to be present in the
large beam of the SWAS telescope. Then a combination
of the different chemical phases can be considered, and
would allow an explanation from the steady-state point
of view of the low abundance of O2 and the large abun-
dance of water towards Sgr B2. Another point is that HIP
and LIP solutions exist, not only at steady state, but also
for “early times”: the two solutions usually diverge from
t > 106 yr. However, the actual temporal dependence is
very dependent on the chosen initial conditions and no
general conclusions may be derived. Clumpy models, such
as those described by Spaans & van Dishoeck (2001) may
offer an alternative explanation although they would fail
for starless cores and for sources with weak UV fields (e.g.
Ophiuchus).

Concerning the lack of observations of gas phase wa-
ter towards starless cores, we should keep in mind that
only the ortho component of water is probed by SWAS
and that no definitive conclusion about water abundance
should be derived before being able to detect para-H2O.
Unfortunately, the lowest transition of para-H2O is at
1113 GHz, a range which is outside present capabilities
of space observatories.

4. Conclusions

In the present study we have extensively investigated the
chemistry of clump formation in low and high star for-
mation regions and in starless cores. By comparing our

theoretical predictions with observations we conclude that
in dense environments (n(H2) ≥ 1000 cm−3) freeze–out of
gas phase species on to grains must take place in some
degree. For each scenario, we find at least one model able
to reproduce the majority of the observations; however,
this is true only for a limited period of time, implying
the clump may be transient. Its lifetime is model depen-
dent. This result can be explained with the aid of a “cyclic
model” for molecular clouds where star formation is oc-
curring: some regions within the molecular cloud collapse
into dense small clumps and form stars; once the star is
born, the clumps are easily destroyed due to a total gas
depletion and/or external activities such as shocks and
outflows. The material they return to the ISM is then
re-processed to form new clumps. Star-less cores such as
TMC–1 however might not undergo a collapse phase. In
this case, for the cyclic model to be valid, depletion must
be the main cause of the loss of H2O and O2.

The period for which the H2O and O2 abundances de-
termined by SWAS and the molecules observed by other
telescopes, are matched reasonably well by the models, is –
in general – rather brief. The consequences of this brevity
on the cycle-time required in molecular clouds would be
severe. However, this period can be considerably extended
if it is assumed that CO and N2 are not retained on grain
surfaces during the freeze-out process, but are, in fact,
returned promptly to the gas where they initiate a late-
phase chemistry. This chemistry persists for an apprecia-
ble fraction of the likely age of the molecular clouds; it also
reflects a C:O ratio of close to unity. A similar approach
has been suggested by Bergin et al. (2000) where CO, N2

and CH4 are allowed to evaporate because the tempera-
ture of the dust grains is maintained at 30 K. They, too,
find that this approach reproduces the low abundances
of H2O and O2. The main difference in our approach is
that, by retaining CH4 on the grains, we do not increase
the abundances of hydrocarbons and cyanopolyynes in the
gas phase (Nejad & Millar 1988). While no attempt can
be made to produce a precise fit for any particular object,
given the nature of the SWAS observations, it is clear that
the overall results of the SWAS mission can be interpreted
in terms of time-dependent chemistry, and that this inter-
pretation is strengthened if selective freeze-out occurs.

We have also shown that the range of physical con-
ditions considered is appropriate to the occurrence of
bistable steady state solutions. The so-called HIP phase
offers a natural explanation for low abundances of O2 and
H2O, even at steady state. Also, the intrinsic uncertain-
ties in the chemical network, even for the simple molecu-
lar species discussed here, are compatible with a bistable
behaviour. The possibility that the two chemical phases
contribute to the observed column density is most likely
and a combination of different chemical phases still may
explain both the large abundance of water towards Sgr
B2 and the ubiquitous low abundance of molecular oxy-
gen. The upper limit found for gas phase H2O in starless
cores is much more striking. However, the SWAS results
refer only to the ortho form and a definitive conclusion
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should wait for a comparable study of the para form of
water. This is still for the future.
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