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Abstract. The fractionation of D and13C in HCO+ was inves-
tigated in the R Coronae Australis molecular cloud core. The
distributions of H13CO+ and DCO+ were found to be morpho-
logically similar but their column density maxima were found
to lie in different locations.

The H13CO+/HC18O+ abundance ratio was found to vary
little from 10 within the mapped region, in excellent agreement
with the 13CO/C18O abundance ratios derived earlier towards
the cloud by Harjunp̈aä & Mattila (1996). This corroborates
the close relationship between HCO+ and CO predicted by the
chemistry models.

The DCO+/HCO+ abundance ratio ranges from 0.006 to
0.04, being lowest towards two locations near the embedded
infrared source IRS 7 where the kinetic temperature, as derived
from methyl acetylene (CH3CCH) observations, is somewhat
elevated. The variation of the degree of deuterium fractionation
within the core is due to an increase in the kinetic temperature
near the cluster of newly born stars. This temperature rise re-
sults in two effects: Firstly, the reactionH2D+ → H+

3 becomes
faster; and secondly, an intensified desorption from grain sur-
faces increases the abundance of neutral atoms and molecules
in the gas phase leading to the destruction of H+

3 and H2D+

ions. Both processes decrease the DCO+/HCO+ abundance ra-
tio. Far from the active region the derived abundances of neutral
species indicate the presence of depletion onto grain surfaces.

The observations suggest furthermore that the fractional
electron abundance,χ(e−), is lowest in the dense clump near
IRS 7. This region also exhibits a low degree of gas phase
depletion. In fact, increased fractional abundances of neutral
species such as atomic oxygen and CO lead to a decrease in the
[H+

3 ]/[HCO+] abundance ratio which is directly proportional
to χ(e−).
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1. Introduction

Deuterium enhancement in HCO+ and other molecules is ex-
pected to occur in the coldest regions of molecular clouds (Wat-
son 1977). Consequently DCO+ maps have been used for iden-
tifying dense cores at an early stage of evolution when heating
from newly born stars is not significant (e.g. Loren et al. 1990).

Besides being dependent on the temperature, the
DCO+/HCO+ abundance ratio also depends on the abun-
dances of electrons and neutral species destroying their chem-
ical precursors H+3 and H2D+. Due to this dependence the
DCO+/HCO+ ratio has been frequently used for estimates of
the electron abundance (e.g. Guélin et al. 1977, 1982; Watson
et al. 1978; Wootten et al. 1982; Dalgarno & Lepp 1984). The
cosmic ray ionization rate has usually been estimated from the
[HCO+]/[CO] abundance ratio (e.g. Wootten et al. 1979). In
recent studies these estimates have been improved by imple-
menting newly determined electron recombination rates for H+

3
and H2D+ (Sundstr̈om et al. 1994; Larsson et al. 1996) and
comprehensive chemistry models (Caselli et al. 1998, hereafter
CWTH; Williams et al. 1998; Bergin et al. 1999). Both the frac-
tional electron abundance and the cosmic ray ionization rate
are important parameters in cloud dynamics: The former deter-
mines the time scale of ambipolar diffusion and the latter is the
major heating source of the molecular gas (see e.g. CWTH and
references therein).

There have been few studies where the spatial distribution
of the deuterium fractionation has been investigated within a
cloud (Gúelin et al. 1982; Wootten et al. 1982, Bergin et al.
1998). Such studies are, however, essential in disentangling the
effects of various processes, such as local heating and incresed
turbulence due to star formation, on fractionation. It should be
noted that the cosmic ray ionization rate is likely to be constant
over length scales typical of molecular clouds (Strong 1987;
Bertsch et al. 1993).

In the present work we have investigated the variation of
the DCO+/HCO+ abundance ratio in the R Coronae Australis
(hereafter R CrA) cloud core, a nearby site of low to interme-
diate mass star formation which contains several dense clumps
(Wilking et al. 1997; Harju et al. 1993, hereafter H93; Ander-
son et al. 1997a, hereafter A97a; Anderson et al. 1997b, here-
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after A97b). The effect of kinetic temperature on the degree of
DCO+ fractionation within the core was investigated and the re-
sults were compared with the predictions of chemistry models.
By employing a simplified chemistry model we have been able
to estimate the fractional abundances of electrons and neutral
agents taking part in the destruction of the H+

3 and H2D+ ions
at several locations.

The plan of this paper is as follows: in Sect. 2 we describe
the observations and in Sect. 3 we present the observational re-
sults. In Sect. 4 we discuss the13C and D fractionation ratios for
HCO+ and give estimates for the fractional electron abundance.
In Sect. 5 the results are discussed and in Sect. 6 the conclusions
are summarized. In Appendix A we list the principal reactions
involved in the DCO+ - HCO+ chemistry and derive the for-
mulae used in the analysis of Sect. 4. Finally, in Appendix B we
describe the method used in the determination of the rotational
temperature of methyl acetylene.

2. Observations

The observations were made over the period February - May
1996 and in June 1997 with the SEST1 on La Silla in Chile. The
cloud was mapped over 982 positions with a spacing of15′′

simultaneously in the H13CO+(J = 1 − 0) and DCO+(J =
2 − 1) transitions at 3 and 2 mm respectively in the frequency
switching mode with a frequency throw of 8 MHz. The spacing
was chosen so that the DCO+(J = 2−1) map is fully sampled.
During the observations the typical system temperatures of the
3 and 2 mm receivers were 130 and 150 K, respectively. Both
SIS receivers were connected to a 2000 channel acousto-optical
spectrometer which was split in two bands of 43 MHz each.
The map was centred on the embedded infrared source IRS 7
(α1950.0 = 18h58m33.0s, δ1950.0 = −37◦01′43′′). This is by
far the most comprehensive and detailed DCO+ - HCO+ map
done to date.

The HC18O+(J = 1 − 0) and DCO+(J = 3 − 2) lines
were observed simultaneously with 3 and 1.3 mm SIS receivers,
respectively, towards 12 positions in the frequency switching
mode. The typical system temperature atλ = 1.4 mm was 220
K. The CH3CCH(JK = 5K − 4K) and (JK = 8K − 7K)
ladders at 3 and 2 mm, respectively, were observed towards
selected positions in the position switching mode. The OFF-
position, with coordinatesα1950.0 = 18h57m40.0s, δ1950.0 =
−37◦05′00′′, was chosen in the void near S CrA.

Calibration was achieved by the chopper wheel method. The
pointing and focus were checked at 3-4 hour intervals in the
SiO(v = 1, J = 2−1) maser line towards AH Sco and VX Sgr.
The pointing accuracy was typically found to be3′′.

A summary of the observed lines, frequencies, an-
tenna half-power beam widths (BW), main beam efficien-
cies (ηM ) and the velocity resolutions (∆vAOS) correspond-
ing to the channel separations of the spectrometers used
is given in Table 1. Further details of the equipment can
be found in Booth et al. (1989) and in the SEST manual
(http://www.ls.eso.org/lasilla/Telescopes/SEST).

1 SEST=Swedish-ESO Submillimetre Telescope

Table 1. The frequencies, half power beam widths, main beam effi-
ciencies and spectrometer channel separation (in velocity units) for the
observed transitions.

Transition Frequency BW ηM ∆vAOS

(MHz) (′′) (km/s)

H13CO+(1 − 0) 86754.330 57 0.75 0.145
DCO+(2 − 1) 144077.319 35 0.66 0.087

HC18O+(1 − 0) 85162.157 57 0.75 0.147
DCO+(3 − 2) 216112.605 25 0.61 0.058

CH3CCH(51 − 41) 85455.622 57 0.75 0.147
CH3CCH(81 − 71) 136725.397 37 0.67 0.092

3. Results

3.1. H13CO+(J = 1 − 0)
andDCO+(J = 2 − 1) observations

The distributions of the H13CO+(J = 1 − 0) and DCO+(J =
2 − 1) line emission towards the R CrA core are presented
in Figs. 1 and 2. These figures show three channel maps be-
tweeen 4, 5, 6 and 7 km s−1 and the integrated intensity (T ∗

A)
maps in the velocity range 4 to 7.5 km s−1, superposed on the
C18O(J = 1 − 0) emission map detailed in H93. Indicated in
these figures are the locations of some prominent young stars
and Herbig-Haro objects. Although the H13CO+ and DCO+

maps are morphologically similar, the integrated intensity max-
ima lie in different locations. The dense core near IRS 7 (‘A2’ in
H93) is markedly more intense in the H13CO+ emission than in
the DCO+ emission. However, the northwestern clump south of
TY CrA (‘A1’ in H93) and especially the southeastern conden-
sation (near the tip of ‘SW jaw’ in H93) are evidently regions of
strong DCO+ emission. There is a DCO+ and H13CO+ emis-
sion void of some1.5′ × 1.5′ centered on(45′′,−130′′), the
feature being more evident in DCO+. This void is near but not
coincident with the ‘central hole’ detected in C18O(J = 1− 0)
(H93).

Since both transitions are probably optically thin, their in-
tegrated intensity ratio is proportional to the DCO+/H13CO+

column density ratio, provided that the excitation temperatures,
Tex, for the two isotopomers are the same. For example, the pro-
portionality factor ranges from 1.2 to 0.7 whenTex rises from 5
to 10 K. Figs. 1 and 2 thus suggest that the column density ra-
tio DCO+/H13CO+ varies over the mapped region. To confirm
this, estimates of the excitation temperature are required.

3.2. DCO+(J = 3 − 2)
andHC18O+(J = 1 − 0) observations

In order to determine excitation temperatures, 12 positions with
different DCO+(J = 2 − 1)/H13CO+(J = 1 − 0) intensity
ratios were observed in DCO+(J = 3 − 2). These positions
were observed simultaneously in HC18O(J = 1 − 0) to verify
that the H13CO+(J = 1 − 0) emission was optically thin and,
in addition, to search for any indication of13C fractionation.
The latter eventuality would complicate the determination of
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Fig. 1. H13CO+(J = 1 − 0) chan-
nel maps and a superposition of
the H13CO+(J = 1 − 0) (con-
tour) and C18O(J = 1 − 0) (grey
scale) integrated intensity maps over
the velocity range 4.0 - 7.5 km/s.
The C18O data are from H93.
The coordinate offsets are relative
to the embedded infrared source
IRS 7 (α1950.0 = 18h58m33.0s,
δ1950.0 = −37◦01′43′′). The lo-
cations of IRS 7 and the infared
source HH100-IR are denoted by
stars, the T Tauri star T CrA (left)
and the Herbig Ae/Be stars R CrA
(right) and TY CrA (up) are de-
noted by asterisks and the Herbig-
Haro objects HH104A and B (east),
HH104 C and D (west), HH98 (cen-
tre), HH100 (southwest) and HH97
(further southwest) are denoted by
squares. The beamsizes are indi-
cated in the bottom right of each
map.

the HCO+ column densities from the H13CO+ data. The loca-
tions of the selected positions are indicated in the finding chart
presented in Fig 3.

The H13CO+(J = 1 − 0), HC18O+(J = 1 − 0),
DCO+(J = 2 − 1) and DCO+(J = 3 − 2) spectra towards
the 12 selected positions are shown in Fig. 4. For the two for-
mer transitions the beamsizes are similar, i.e.57′′. Since the
HC18O+ emission is comparatively weak, these spectra have
been smoothed once and multiplied by 5.5, the solar system
[13C16O]/[12C18O] abundance ratio. It is evident from Fig. 4
that the [H13CO+]/[HC18O+] abundance ratio in R CrA ex-
ceeds the solar system value. This indicates the presence of13C
fractionation (see Sect. 4.1).

The excitation temperatures for DCO+(J = 2 − 1) and
(J = 3 − 2) were derived from their integrated intensity ratios
assuming LTE and optically thin emission. The different beam–
source coupling efficiencies due to different beam sizes were
taken into account by assuming that the source fills the main
beam of the SEST at 2mm. The same assumption was used in
conversion fromT ∗

A to the radiation temperatureT ∗
R needed in

the derivation of the column densities.
If the derived excitation temperatures are valid for all the

observed isotopomers, then the DCO+, H13CO+ and HC18O+

column densities can be determined from their respective inte-
grated line intensities. In order to directly compare the DCO+

column densities with those of H13CO+, we have convolved the
DCO+(J = 2−1) data set to correspond to observations made
with a57′′ Gaussian beam, the HPBW for H13CO+(J = 1−0)
observations at SEST.

The results are given in Table 2, the columns of which cor-
respond to: (1) ID number of the position as denoted in Fig. 3;
(2) R.A. and Decl. offsets with respect to IRS 7 (α1950.0 =
18h58m33.0s, δ1950.0 = −37◦01′43′′); (3) excitation temper-
ature; (4), (5) and (6) DCO+, H13CO+ and HC18O+ column
densities, respectively; (7) H13CO+/HC18O+ column density
ratio; (8) DCO+ column densities derived from the convolved
data; (9) and (10) the column density ratios DCO+/H13CO+

and DCO+/HC18O+, respectively.
From Table 2 it can be seen that the calculated

H13CO+/HC18O+ column density ratios vary little over
the mapped region. With the exception of position 11 at
(210′′,−195′′) where the HC18O+ line is weakest, the
H13CO+/HC18O+ ratio lies between 6.7 and 13.6. The aver-
age ratio and its standard deviation, position 11 excluded, is
10.5 ± 2.2.

The convolved DCO+/H13CO+ ratios range from 0.3 at
(0′′, 0′′) and (−15′′,−30′′) (the dense core) to about 2 at
(240′′,−255′′). The highest values,1.4 − 2.0, are obtained
in the southeastern condensation. If the very uncertain value
at (210′′,−195′′) is omitted, the corresponding ratios between
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Fig. 2. Same as Fig. 1 but for
DCO+(J = 2 − 1).

Table 2. The excitation temperature, DCO+, H13CO+, HC18O+ column density, H13CO+/HC18O+ column density ratio, DCO+ column
density derived from the convolved data and its ratios with the H13CO+ and HC18O+ column densities towards selected positions.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
No. ∆α ∆δ Tex N (DCO+) N (H13CO+) N (HC18O+) [H13CO+] N (DCO+) [DCO+] [DCO+]

[HC18O+] (conv.) [H13CO+] [HC18O+]
·10−11 ·10−11 ·10−11 ·10−11

(′′) (′′) (K) (cm−2) (cm−2) (cm−2) (cm−2)

1 -210 210 6.0 14.2±0.4 12.1±0.3 1.0±0.2 12.6±2.3 11.8±0.4 0.98±0.06 12.4± 2.5
2 -150 90 7.2 19.5±0.3 19.0±0.2 1.8±0.1 10.8±0.7 18.6±0.4 0.98±0.03 10.5± 0.8
3 -105 -45 6.2 9.6±0.4 13.3±0.3 1.0±0.2 13.6±2.7 9.7±0.4 0.73±0.05 10.0± 2.2
4 -105 60 7.1 23.2±0.3 23.3±0.1 2.3±0.2 10.3±0.8 20.4±0.3 0.88±0.02 9.0± 0.8
5 -75 30 7.2 12.7±0.3 25.3±0.2 2.1±0.1 12.0±0.9 12.5±0.3 0.50±0.02 5.9± 0.6
6 -60 -15 7.3 11.1±0.3 25.8±0.2 2.5±0.1 10.4±0.7 10.1±0.3 0.39±0.01 4.1± 0.4
7 -15 -30 9.2 10.7±0.2 29.1±0.2 2.8±0.1 10.4±0.6 9.1±0.3 0.31±0.01 3.3± 0.3
8 0 -210 5.3 14.9±0.6 8.9±0.3 1.3±0.2 6.7±1.0 12.7±0.7 1.43±0.12 9.5± 1.6
9 0 0 8.7 7.6±0.2 22.7±0.2 1.8±0.2 12.4±1.1 6.8±0.3 0.30±0.01 3.7± 0.5

10 150 -180 6.1 18.5±0.4 8.7±0.3 1.1±0.2 7.8±1.8 16.3±0.5 1.87±0.11 14.6± 3.3
11 210 -195 6.6 19.3±0.4 11.4±0.2 0.5±0.2 25.2±9.5 17.2±0.4 1.51±0.06 38±15
12 240 -255 6.5 17.3±0.4 7.7±0.3 0.9±0.2 8.3±2.4 15.4±0.4 1.99±0.12 16.6± 4.6

DCO+ and HC18O+ range from 3.3 and 3.7 at(−15′′,−30′′)
and(0′′, 0′′) to 16.6 at(240′′,−255′′).

3.3. CH3CCH(J = 5 − 4) and(J = 8 − 7) observations

TheJ = 5 − 4, K = 0, 1, 2, 3 andJ = 8 − 7, K = 0, 1, 2, 3
transitions of CH3CCH were observed towards positions 1, 2, 4,
7, 9, 11 and 12. The lines were, however, not detected towards
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Fig. 3. The locations of the 12 positions selected for accurate column
density determination superposed on the DCO+(J = 2−1) integrated
intensity map. These identification numbers are used in Figs. 4, 5, 6 and
7 and Tables 2, 3 and 4.

positions 1, 11 and 12. The RMS noise level attained in these
locations were 0.015, 0.014 and 0.010 K, respectively. TheJ =
5 − 4 andJ = 8 − 7 spectra towards the four positions where
CH3CCH was detected are shown in Figs. 5 and 6. The Gaussian
fits to theK = 0, 1, 2 and 3 components and their residuals are
indicated in the figures.

The rotational temperatures,Trot, for CH3CCH were de-
rived from the combinedJ = 5 − 4 andJ = 8 − 7 data using
the rotational diagram method, as described in Appendix B. The
rotational diagrams and the results of the least-squares fits are
shown in Fig. 7. The derived values ofTrot and CH3CCH col-
umn densities (N ) are indicated in the top right and bottom left
of each diagram, respectively. The ‘Q-value’ i.e. the value of the
incomplete Gamma function, provides a quantitative measure
of the significance of the fit (see Press et al. 1986). The fit is
believable ifQ > 0.1, becoming progressively more credible
asQ approaches unity.

One can see in Fig. 7 that the values ofTrot, which closely
approximate the gas kinetic temperature (e.g. Bergin et al.
1994), range from about 17 to 30 K towards the four positions
where CH3CCH was detected. The temperature in the north-
western part of the R CrA core thus seems to be elevated with
respect to the typical dark cloud conditions. Locations 2 and
4, with high DCO+/C18O and DCO+/HC18O+ column den-
sity ratios, are, however, cooler than locations 7 and 9 with low
DCO+/C18O and DCO+/HC18O+ column density ratios.

3.4. PreviousC18O(J = 1 − 0) data

We have used the C18O(J = 1 − 0) mapping of H93 in order
to estimate the[HCO+]/[CO] ratios. The data set was con-

volved to correspond to a57′′ Gaussian beam, and interpolation
was used to determine the C18O column densities towards the
selected positions. H93 could determine the excitation temper-
atures from the pair C18O(J = 1 − 0)/C17O(J = 1 − 0) only
towards a few locations in the R CrA core because the emission
was found to be optically thin and noJ = 2 − 1 lines were ob-
served (see their Tables 2 and 3). Two of these locations lie close
our selected positions. These are(−240′′, 240′′) (near position
1) withTex = 13.8±3.1 K, and(40′′,−240′′) (near position 8)
with Tex = 14.5±5.8 K. We therefore assume thatTex = 14 K
towards positions 1 and 8.

Since C18O is probably thermalized in dense gas, we assume
that the excitation temperature towards positions 2, 4, 7 and 9
is equal to the kinetic temperature as derived from CH3CCH. It
is conceivable that the temperature is also elevated towards the
intermediate positions 3, 5, and 6 near the cloud centre, and we
assume there an excitation temperature of 17 K.

On account of its distance from any newly born stars, the
kinetic temperature towards the southeastern clump probably
approaches a value typical of dark clouds. The excitation tem-
peratures derived by H93 towards(80′′,−80′′) and several lo-
cations towards the ‘tail’ further southeast range from5.5 to
13.4 K, supporting the notion of low temperatures far from
the centre of activity. We assume an excitation temperature of
13 K towards positions 10, 11 and 12. A temperature slightly
higher than 10 K seems reasonable also on the basis of the
DCO+(J = 2 − 1)/(J = 3 − 2) line ratios (see below).

The assumed values ofTex are summarized in Column (3)
of Table 3. The other columns of Table 3 are: (4) the derived
C18O column density in the velocity range4 − 7.5 km s−1; (5)
the fractional CO abundance,χ(CO), derived using the relation
betweenN(H2) andN(C18O) determined in CrA by Harjunp̈aä
& Mattila (1996) assumingN(H2)/E(J − K) = 5.4 1021

cm−2mag−1) and an average [18O]/[16O] ratio of 560 ± 25 as
in the local ISM (Wilson & Rood 1994); (6) and (7) the column
density ratios DCO+/C18O and HC18O+/C18O, respectively.

The adopted linear relation between the C18O column den-
sity and the colour excessE(J − K) implies a practically con-
stant fractional CO abundance in the R CrA core:χ(CO) =
7 − 8 10−5. It should be noted, however, that the relation was
originally determined up to the colour excessE(J −K) = 5 or
visual extictionAV ≈ 26m, corresponding to a C18O column
density of about3 1015 cm−2. Therefore, the derived values of
χ(CO) are most reliable towards the southeastern part of the
core (positions 8, 10, 11 and 12), where the column densities
are about3 1015 cm−2. Towards the core centre and the north-
eastern clump, the C18O column densities are higher by a factor
of 2 or 3. Current gas phase chemical models where no depletion
occurs (e.g. Lee et al. 1996) predictχ(CO) = 1.5 10−4. How-
ever, CWTH showed thatχ(CO) is inversely dependend on the
depletion factorfD. Therefore, the C18O data suggest that CO is
indeed depleted by a factor of about 2 towards the coldest south-
ern core. Similar degrees of CO depletion have been recently
measured by Kramer et al. (1999) in the densest and coldest
part of the IC5146 molecular cloud. The possible deviations of
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Fig. 4. H13CO+(J = 1 − 0) (upper solid),
5.5× HC18O+(J = 1− 0) (upper dashed),
DCO+(J = 2 − 1) (lower solid) and
DCO+(J = 3 − 2) (lower dashed) spec-
tra towards 12 positions in the R CrA core.
The offsets are with respect to IRS 7, whilst
the numbers in the top left of each panel cor-
respond to the positions depicted in Fig. 3.

χ(CO) from the values derived here towards the northwestern
high column density regions is discussed in Sect. 5.

From Table 3 it can be seen that the column density ratio
DCO+/C18O ranges from0.7 ·10−4 at(0′′, 0′′) (towards IRS 7)
to 5.6 · 10−4 at (150′′,−180′′). The low ratios (2.0 · 10−4 or
less) are found near IRS 7 and the Coronet cluster (positions
6, 7 and 9) and in the northern clump near TY CrA and HD

176386 (position 1). The highest values (5.2 · 10−4 or higher)
are found towards the southeastern condensation (positions 10,
11 and 12).

The derived HC18O+/C18O column density ratios also vary.
However, there seems to be no clear difference between the ac-
tive regions and the supposed ‘quiescent’ regions further away
from the newly born stars. If position 11 is dropped, the ra-
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Table 3.The assumed excitation temperatures for C18O, the derived C18O column densities, fractional CO abundances, and the column density
ratios DCO+/C18O and HC18O+/C18O. The C18O and DCO+ data sets are convolved to correspond the57′′ beam used in the HC18O+

observations.

(1) (2) (3) (4) (5) (6) (7)
No. ∆α ∆δ Tex N (C18O) χ(CO) [DCO+] [HC18O+]

(C18O) (conv.) [C18O] [C18O]
·10−15 ·105 ·104 ·105

(′′) (′′) (K) (cm−2)

1 -210 210 14 5.91±0.07 7.9±1.1 2.0±0.1 1.6±0.3
2 -150 90 18 6.65±0.11 8.0±1.1 2.8±0.1 2.7±0.2
3 -105 -45 17 4.10±0.12 7.6±1.5 2.4±0.2 2.4±0.5
4 -105 60 17 5.63±0.08 7.9±1.1 3.6±0.1 4.0±0.3
5 -75 30 17 5.12±0.07 7.8±1.2 2.5±0.1 4.1±0.4
6 -60 -15 17 5.38±0.09 7.8±1.2 1.9±0.1 4.6±0.4
7 -15 -30 24 7.91±0.09 8.2±1.0 1.2±0.1 3.5±0.2
8 0 -210 14 3.37±0.06 7.3±1.4 3.8±0.3 4.0±0.5
9 0 0 30 9.28±0.06 8.3±0.9 0.7±0.1 2.0±0.2

10 150 -180 13 2.93±0.10 7.1±1.7 5.6±0.3 3.8±0.9
11 210 -195 13 3.25±0.08 7.3±1.5 5.3±0.2 1.4±0.5
12 240 -255 13 2.98±0.10 7.1±1.6 5.2±0.3 3.1±0.9

tio ranges from1.5 · 10−5 at (−210′′, 210′′) to 4.6 · 10−5

at (−60′′,−15′′) with an average and standard deviation of
(3.3 ± 1.0) · 10−5.

4. Chemical fractionation and electron abundances

4.1. 13C fractionation

The two isotopomers DCO+ and H13CO+ selected for this study
have frequently been used in deuterium fractionation studies.
The reason is that the most common isotopomer H12C16O+ is
usually optically thick whilst D13CO+ is difficult to detect be-
cause of its rarity. However, this selection does lead to a compli-
cation: As HCO+ is produced directly from CO and the reaction

13C+ + 12CO →12 C+ + 13CO + ∆E ,

is exothermic with∆E/k = 35 K (Watson 1977), substantial
13C fractionation is to be expected in cold, dense gas (Watson
1977, Smith & Adams 1984). A similar exchange reaction be-
tween the16O and18O isotopes is inhibited under interstellar
cloud conditions due to the high ionization potential of atomic
oxygen. Therefore, in the interiors of dark clouds, where se-
lective photodissociation (Bally & Langer 1982) is probably
prevented, the C18O/CO and HC18O+/HCO+ abundance ratios
should be equal to the interstellar [18O]/[16O] ratio.

In Sect. 3.2 the H13CO+/HC18O+ ratio in the R CrA core
was given as10.5±2.2. Harjunp̈aä & Mattila (1996) determined
the13CO and C18O column densities towards seven highly red-
dened background stars in the R CrA cloud. With the exception
of one location on the outskirts of the cloud, they found the mean
13CO/C18O abundance ratio over six positions to be9.2 ± 1.3.
Therefore, it would appear that the13C fractionation in CO
is manifest in HCO+, as predicted by ion-molecule chemistry.
Furthermore, this result shows that H13CO+ can be used reli-

ably for HCO+ abundance estimates only if the degree of13C
fractionation is known.

4.2. DCO+/HCO+ abundance ratios
and the fractional electron abundances

In the following we derive the HCO+ column densities
from H13CO+ rather than from HC18O+ because of the
higher signal to noise ratios of the former lines. The av-
erage H13CO+/HC18O+ ratio given above, and the average
[18O]/[16O] ratio in the local ISM (560 ± 25, Wilson & Rood
1994) are used in the conversion of the H13CO+ column densi-
ties to those of the common isotope HCO+ and for the derivation
of the DCO+/HCO+ column density ratios. Note that the result-
ing [HCO+]/[H13CO+] abundance ratio is 53, and thus fairly
close to the value of 60 used in several previous studies (e.g.
Wootten et al. 1982; Bergin et al. 1999).

The derived DCO+/HCO+ and HCO+/CO column den-
sity ratios and the fractional HCO+ abundances,χ(HCO+)
(≡ [HCO+]/[H2]), are presented in Columns (3), (4) and (5) of
Table 4, respectively. The fractional HCO+ abundances were
estimated by using the the fractional CO abundances,χ(CO),
derived in the previous subsection. The linewidths from Gaus-
sian fits to the DCO+(J = 2−1) lines, discussed in Sect. 5, are
given in Column (6) of Table 4, and in Column (7) the rotational
temperatures for CH3CCH are presented.

The DCO+/HCO+ abundance ratio varies from 0.006 to
about 0.04. The minimum value is towards(0′′, 0′′) (IRS 7)
and (−15′′,−30′′) (the dense clump near IRS 7, A97a). The
maximum is found towards the southeastern clump (positions
10, 11 and 12) further away from the cluster of newly born
stars. The ratio increases systematically with angular separation
from IRS 7. The results near IRS 7 are consistent with those of
Wootten et al. (1982) who derived a DCO+/HCO+ ratio of 0.008
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Fig. 5.CH3CCH(J = 5 − 4) spectra towards the positions 2, 4, 7 and
9 in the R CrA core. Gaussian fits to the spectra are indicated. The
residuals of the fits are plotted below the spectra. The LSR velocity is
correct only for theK = 0 component at the left, which was used as
the frequency reference.

and a kinetic temperature of 29 K at the offset(−7′′,−25′′) from
our map centre.

The HCO+/CO abundance ratio lies in the range2.0 10−5−
4.7 10−5. The highest values are found at locations 4, 5, 6 and
7.

The remaining parameters given in Table 4, in Columns (8)–
(12), were derived using the simplified chemistry model de-
scribed in Appendix A. This derivation was subject to the fol-
lowing constraints:

Fig. 6. Same as Fig. 5 but for CH3CCH(J = 8 − 7).

1) As discussed in Sect. A.1, the[H+
3 ]/[HCO+] abundance

ratio is likely to be less than unity. Recent studies show that
steady state values of about 0.1 are reached after∼ 105 yr
if the gas density is105 cm−3 or higher. Lower densities im-
plies a higher[H+

3 ]/[HCO+] ratio (which is approximately in-
versely proportional to the square root ofnH) and a stronger
time dependence. This abundance ratio introduces a severe lim-
itation to the derived fractional electron abundances,χ(e−),
sinceχ(e−) ∼ χ(H+

3 )/χ(HCO+) · 10−7 (Eq. A10).
2) The cosmic ray ionization rate of molecular hydrogen,ζ,

lies in the range10−18 − 10−16 s−1 (see Sect. A.2). Whatever
value is adopted, it probably remains constant within the studied
region since the projected distance between the NW and SE end
of the R CrA core is only 0.4 pc.
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Fig. 7. Rotational diagrams of the CH3CCH spectra towards positions
2, 4, 7 and 9. The lines represent linear least-squares fits to the data.
The rotational temperature (Trot) and the ‘Q-value’ derived from each
fit are given in the top right of each panel. The total CH3CCH column
density (N ) is given in the bottom left of each panel.

3) The combined fractional abundance of neutral atoms and
molecules other than H2 (i.e.χ(CO)+χ(O)+χ(C)+χ(N2)+
χ(HD) + ...) is likely to be lower than4.0 10−4 (Lee et al.
1996, CWTH). Hereafter we denote this combined fractional
abundance of neutralsincluding CO by χ(N ′), distinct from
χ(N ) introduced in Sect. A.2.

4) The combined fractional abundance of HD and D,
χ(HD) + χ(D), is between1.65 10−5 and 3.3 10−5 (see
Sect. A.2).

One further constraint is the number density of molecular
hydrogen,nH2 , which determines the ratio between the frac-
tional electron abundance and the cosmic ray ionization rate.

We have estimated the gas densities towards selected positions
from the observed DCO+(J = 2 − 1) and(J = 3 − 2) line
by using the Monte Carlo radiative transfer simulation program
of M. Juvela (Juvela 1997). The model cloud was assumed to
be a microturbulent homogenous sphere with a diameter of 30′′

(as seen from a distance of 130 pc). The collisional rate coef-
ficients were adopted from Monteiro (1985). The adopted ex-
citation temperatures for C18O listed in Table 3 were used as
kinetic temperature estimates. The fact that theJ = 3 − 2 lines
are relatively strong (the(J = 3 − 2)/(J = 2 − 1) ratio ranges
from 0.5 to 0.9) implies high densities: the derived values lie in
the range1−3 106 cm−3, except for position 7 (the dense clump
near IRS 7), where the intensity ratio(J = 3− 2)/(J = 2− 1)
is almost unity. This ratio suggests a very high density (∼ 5 106

cm−3 or larger), but its value is also very uncertain, and higher
transitions should be observed to determine the density more
accurately. In the following we assume that the characteristic
density towards the selected positions (corresponding to the
H13CO+ and DCO+ emission peaks) is106 cm−3.

The solution for the parameters was obtained by fixing the
fractional electron density towards position 12 such that the
ratio χ(H+

3 )/χ(HCO+) is of order 0.1 at all 12 selected loca-
tions. This ratio was allowed vary since chemistry models (e.g.
Lee et al 1996, Smith et al. 1994) indicate that it should. The
adopted value forχ(e−) at location 12 is2 10−8. The require-
ments presented in items 3) and 4) above imply then that the
ratio ζ/nH2 is about10−22 s−1cm3 which, with the assumed
density, corresponds to an ionization rate of10−16 s−1.

Substitution of the adopted value ofχ(e−) into Eq. (A10)
gives an estimate forχ(H+

3 ) at location 12, which can be further
substituted into Eq. (A27) to obtain a value for[H2D+]/[H+

3 ] ≡
R. Eq. (A18), along with the assumed value ofζ/nH2 , can be
used for deriving an estimate for the destruction rate,δ′, of
H+

3 in reactions with neutral species (see Sect. A.2). Finally,
Eq. (A19) gives an estimate for the neutral destruction rate,δ,
of H2D+, which together with the derived value ofδ′ implies, by
Eq. (A20), that the combined fractional abundance of HD and D
towards position 12 is1.8 10−5. A higher fractional abundance
would lead to unrealistically large abundances of neutral species
towards some locations (constraint 3).

Towards positions with temperature estimates (i.e. 2, 4, 7
and 9) and the two remaining positions in the southeastern core
(10 and 11), where the temperature is assumed to be 13 K, the
quantities[H2D+]/[H+

3 ], χ(e−), δ, δ′ andχ(H+
3 ) have been

solved by iteration. First, the ratio[H2D+]/[H+
3 ] (≡ R) has

been solved from Eq. (A27) assuming that the[H+
3 ]/[HCO+]

ratio is the same as for position 12. Thereafterχ(e−) has been
solved from Eq. (A10). The destruction ratesδ andδ′ have been
derived from Eqs. (A19) and (A20), and finally, an estimate for
χ(H+

3 ) has been obtained from Eq. (A18), which has been again
substituted into Eq. (A27) to get anew value for R, and the
process repeated. The fractional deuterium abundance,χ(D),
was solved from Eq. (A25), and the fractional abundance of
neutrals destroying H+3 and H2D+ ions,χ(N ′), has been derived
from Eq. (A16) by assuming that the rate coefficientk for all
such reactions is1.5 10−9 cm3s−1.
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In this calculation we have assumed thatnH2 = 106 cm−3,
ζ = 10−16 s−1 and χ(HD) + χ(D) = 1.8 10−5 are valid
throughout the cloud. The last assumption, i.e.χ(HD)+χ(D) ∼
constant, is based on the chemistry models of Brown & Rice
(1986) and Brown & Millar (1989) according to which the frac-
tional HD abundance varies little compared with other deuter-
ated species. Our results indicate that the fractional D abundance
is much smaller than that of HD and its variation has, therefore,
little effect on the combined abundance.

The derived parameters are listed in Columns (8), (9), (10),
(11) and (12) of Table 4. Towards position 9 (0,0) the esti-
mates for the parameters in Columns (8) to (12) failed since
the DCO+/HCO+ ratio is slightly toohigh for the derived ki-
netic temperature (the equilibrium constantK−1(T ) ≡ k−/k+
of the reaction H+3 + HD 
 H2D+ + H2 should bring this
ratio down in warm conditions). Therefore only upper limits
for the [H2D+]/[H+

3 ] ratio andχ(e−) derived from Eqs. (A8)
and (A11) are indicated. The elevated level of deuterium frac-
tionation towards IRS 7 may be attributable to the protostar’s
cool envelope: If the envelope contributes more strongly to the
low rotational transitions of DCO+ and H13CO+ than to the
methylacetylene emission used in the determination of the ki-
netic temperature then a ‘high’ level of deuterium fractionation
will be observed (see Wootten & Shah 1998).

Besides the variation in the DCO+/HCO+ ratio in Table 4,
the following tendencies can be discerned:

1) The derived[H2D+]/[H+
3 ] ratio is approximately three

times the[DCO+]/[HCO+] ratio. As discussed in Appendix
A this is due to the adopted rate at which deuterium atoms are
removed by collisions with grains.

2) The[H+
3 ]/[HCO+] ratios lie between 0.06 and 0.2, be-

ing lowest near IRS 7. The fractional H+
3 abundance increases

from about2 10−10 towards position 7 to5 10−10 towards po-
sition 12. These abundances agree rather well with the model
results of Lee et al. (1996). Likewise, the fractional electron
abundance,χ(e−), increases from0.6 10−8 near IRS 7 to
2 10−8 in the southeastern clump. This reflects the increase in
the [H+

3 ]/[HCO+] ratio (see Eq. A10) and the decrease in the
[HCO+]/[CO] ratio (Eq. A21) with distance from IRS 7.

3) The derived fractional abundances of deuterium atoms,
χ(D) and other neutral species,χ(N ′), vary markedly, the
former increasing and the latter decreasing as a function of
projected distance from IRS 7. The destruction rate of H+

3
in the reactions with neutrals,δ′ (corresponding toχ(N ′)) is
4.2 10−13 − 5.8 10−13 cm3s−1 in the northwestern clump, and
2.6 10−13 − 3.5 10−13 cm3s−1 in the southeastern clump.

It should be noted that the value of the electron abundance
towards position 12 was chosen somewhat arbitrarily based on
the predictions of earlier chemistry models. The derived values
of χ(e−) andχ(H+

3 )/χ(HCO+) towards other positions are
proportional to this value. The cosmic ray ionization should be
adjusted accordingly in order to keep the abundances of neutrals
within reasonable limits. This would, however, have little effect
on the relative abundances towards selected positions. Therefore
we believe that the numbers listed in Table 4 indicate the true
abundance variations within the cloud.

Fig. 8. The DCO+/HCO+ abundance ratio as a function of kinetic
temperature as predicted by a simplified chemistry model (see text).
The quantityχ(N ′) denotes the fractional abundance of neutral species
other than H2 (i.e. CO, O, C, HD, N2, CH4, N, H2O,...) taking part in the
destruction of H+3 and H2D+ ions. The reaction rate constants adopted
are from Lee et al. (1996). The observed DCO+/HCO+ ratios and their
error are also indicated. For the left-most data point, the temperature
is assumed.

The variation of the DCO+/HCO+ ratio as a function
of the kinetic temperature is predicted by chemical theory.
This variation occurs via the rate constants involved in the
destruction of H2D+, in particular the equilibrium constant
K−1(T ) (Herbst 1982). In Fig. 8 the dependence, as derived
from Eqs. (A7) and (A19), is graphed for the simplified case
where atomic deuterium has been omitted, which implies that
the DCO+/HCO+ ratio is about one third of the H2D+/H+

3 ratio.
The DCO+/HCO+ ratio is indicated for four values ofχ(N ′),
i.e. 1 10−4, 2 10−4, 3 10−4 and 4 10−4. The fractional abun-
dancesχ(HD) + χ(D) andχ(e−) are assumed to be2 10−5,
and1 10−8, respectively. A higher fractional electron abundance
would decrease the DCO+/HCO+ ratios for a particular value
of χ(N ′).

At low temperatures whereK−1(T ) is very small, the
DCO+/HCO+ ratio is governed by the fractional abundances
of electrons,χ(e−), and neutral species,χ(N ′). The decrease
towards the lowest temperatures is mainly due to the temperature
dependence of the rate coefficient for the proton transfer reaction
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Table 4. Chemical data towards 12 selected positions. The column density ratios DCO+/HCO+ (3) and HCO+/CO (4), the fractional HCO+

abundance (5), the Gaussian half power widths of the DCO+(J = 2 − 1) lines (6) and the rotational temperatures for CH3CCH (7) have been
derived directly from observations, whereas the abundance ratiosH2D+/H+

3 (8) andH+
3 /HCO+ (9) and the fractional abundancesχ(e−)

(10), χ(D) (11) andχ(N ′) (12) were derived using the chemistry model described in Appendix A. For the data presented here it has been
assumed that the cosmic ionization rateζ = 10−16 s−1, the combined fractional abundanceχ(HD)+χ(D) = 1.8 10−5 and the number density
nH2 = 106 cm−3.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
No. ∆α ∆δ [DCO+] [HCO+] χ(HCO+) ∆v Trot [H2D+] [H+

3 ]∗ χ(e−) χ(D) χ(N ′)
(′′) (′′) [HCO+] [CO] DCO+ CH3CCH [H+

3 ] [HCO+]
·105 ·109 (kms−1) (K) ·108 ·108 ·104

1 -210 210 0.018±0.006 1.9±0.5 1.5±0.6 0.89±0.02
2 -150 90 0.018±0.005 2.7±0.6 2.2±0.7 1.14±0.01 18.1±0.4 0.050 0.09 1.1 1.2 2.5
3 -105 -45 0.014±0.004 3.1±0.8 2.3±0.9 1.00±0.03
4 -105 60 0.016±0.005 3.9±0.9 3.1±1.1 1.32±0.02 17.4±0.4 0.044 0.06 0.6 0.8 3.2
5 -75 30 0.009±0.003 4.7±1.1 3.7±1.3 1.62±0.03
6 -60 -15 0.007±0.002 4.6±1.1 3.6±1.3 1.18±0.03
7 -15 -30 0.006±0.002 3.5±0.8 2.9±0.9 0.98±0.01 24.4±0.3 0.016 0.08 1.0 0.4 2.2
8 0 -210 0.027±0.009 2.5±0.7 1.8±0.8 1.01±0.01
9 0 0 0.006±0.002 2.3±0.5 1.9±0.6 1.53±0.03 29.7±0.5 < 0.017 - < 1.6 - -

10 150 -180 0.035±0.011 2.8±0.8 2.0±0.9 0.78±0.01 0.100∗ 0.17∗ 1.7∗ 4.3∗ 1.0∗

11 210 -195 0.028±0.008 3.3±0.8 2.4±1.0 0.85±0.01 0.080∗ 0.12∗ 1.1∗ 2.7∗ 1.4∗

12 240 -255 0.037±0.012 2.5±0.7 1.8±0.8 0.83±0.01 0.110∗ 0.20∗ 2.0∗ 4.9∗ 0.9∗

∗ assuming thatTkin = 13 K

given by reaction 2 in Table A.1. The use of a temperature inde-
pendent rate constant for this reaction (e.g.1.7 10−9 cm3s−1 as
used in several previous studies) would make the DCO+/HCO+

ratio higher for a particular value ofχ(N ′) and the curves would
be almost flat below 16 K. At high temperatures,K−1(T ) dom-
inates the denominator of Eq. A18 and draws the DCO+/HCO+

ratio down. Between 16 and 30 K, whereK−1(T ) ∼ χ(N ′),
the ratio has a very steep temperature dependence. Also indi-
cated in Fig. 8 are the DCO+/HCO+ ratios and their errors as
derived from the observations for the four locations where the
temperature has been determined and for position 12, where the
temperature is assumed to be13 ± 3 K. It can be seen that rela-
tively high abundances of the neutral speciesN ′ are required in
positions 2 and 4 in the northwestern clump with ratios slightly
below 0.02. In contrast, the high DCO+/HCO+ ratios in the
southeastern clump (positions 10, 11 and 12) would, according
to this model, require low values ofχ(N ′). This is also evident
in the numerical results presented in Table 4.

5. Discussion

5.1. Deuterium fractionation

The derived DCO+/HCO+ abundance ratios show an overall
tendency to increase with angular separation from IRS 7, the
centre of the current star formation activity in the cloud. The
values near IRS 7 are characteristic for warm clouds with em-
bedded infrared sources whereas in the southeastern clump the
ratios reach typical dark cloud values (e.g. Wootten et al. 1982,
Williams et al. 1998).

According to the discussion in the previous section, the tem-
perature changes via the equilibrium constantK(T ) alone can-

not explain the variation of the deuterium fractionation rate.
Although both northwestern and southeastern clumps are cool,
the deuterium fractionation rates in these two locations are sur-
prisingly different. The simple chemistry model outlined in Ap-
pendix A suggests that the difference is due to the variation in
the abundances of the species destroying the H+

3 and H2D+

ions. These destructive agents can be either electrons or vari-
ous neutral species reacting with the aforementioned ions. As
indicated by the variation of the HCO+/CO ratio, the fractional
electron abundance does change over the mapped region but
this occurs roughly in step with the DCO+/HCO+ abundance
ratio. Furthermore, the derived fractional electron abundances
are very low, i.e. of order1 10−8. Therefore, the most likely ex-
planation for the difference in the DCO+ fractionation between
the northwestern and southeastern clumps is a variation of the
abundances ofneutral species destroying the H+3 and H2D+

ions.
The H+

3 and H2D+ ions rapidly give up one proton to any
atom or molecule that has a proton affinity greater than that of
H2 (Smith et al. 1994). This reaction has the generic formH+

3 +
X → XH+ + H2. CWTH point out that according to chemistry
models atomic oxygen and CO are by far the most abundant of
such species. Also N2, which reaches a high relative abundance
at steady state (χ ∼ 10−5, CWTH) reacts willingly with H+

3 .
The reaction with molecular oxygen, O2, which has a similar
steady state abundance as N2, occurs slowly and probably has
a minor effect on the deuterium fractionation.

In CWTH the abundance variation of neutral species is sug-
gested to be due to their depletion onto dust grain surfaces.
This process is described by the depletion factorfD with re-
spect to the gas phase elemental abundances adopted or derived
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in chemistry models (e.g Lee et al. 1996). Without desorption
mechanisms which release molecules from the grain mantles,
the degree of depletion should increase with time. Since it is not
likely that the NW clump would represent an earlier stage of
evolution than the SE clump, a natural assumption is that either
desorption mechanisms or mechanisms that prevent gas from
condensing are working more efficiently in the northwestern
part of the R CrA core. The elevated gas kinetic temperature
of the NW clump and its proximity to an active star forming
region suggest that desorption mechanisms are indeed efficient
there. The embedded infrared sources of the ‘Coronet’ cluster
heat the dust and probably cause enhanced turbulence through
their stellar winds (e.g. Wilking et al. 1985, Wilking et al. 1997).
The visually bright Herbig Ae/Be stars TY CrA and HD176386,
which illuminate the reflection nebula NGC 6726/7 in front of
the northwestern clump (Graham 1991), likely give rise to an
intensified UV radiation field impinging on the cloud.

According to Charnley (1997) a modest warming of the
dust grains will lead to thermal evaporation of the most
volatile molecules (H2, CO, O2 and N2) which then affect
the DCO+/HCO+ abundance ratio. Furthermore, increased tur-
bulence in dense gas causes frequent grain-grain collisions,
which can provoke mantle explosions due to frozen radicals
(d’Hendecourt et al. 1982; d’Hendecourt et al. 1985; Tielens &
Allamandola 1987; Shalabiea & Greenberg 1994). The DCO+

linewidths are larger in the NW clump (1.1 − 1.6 km s−1) than
those in the SE clump (0.8−0.9 km s−1, see Table 4). The colli-
sion velocity between grains is also probably slightly higher in
the former clump. It should be noted that the DCO+ linewidths
are not higher in the neighbourhood of IRS 7 (positions 6, 7 and
9) than in the NW clump. However, towards IRS 7 (position
9) where the DCO+/HCO+ ratio is lowest, the dust tempera-
ture is probably sufficient for rapid diffusion of radicals over
the grain surface, which can lead to efficient mantle ejection
(d’Hendecourt et al. 1982).

An alternative to desorption as a factor reducing the degree
of deuteration is the enhancement of non-thermal reactions (e.g.
the reverse of reaction 8 in Table A.1) occurring in magnetohy-
drodynamic waves caused by perturbations in weakly ionized
gas as presented by Charnley & Roberge (1992). This model
predicts that the degree of deuterium fractionation should be
highest in the molecular gas with the narrowest linewidths. Also
turbulent mixing of material between the inner and outer layers
of a cloud, which according to Xie et al. (1995) may sustain
large C and C+ abundances even in the interiors of dense cores,
can have a similar effect. According to the latter model the C/CO
ratio depends on the typical velocity and the length scale of the
turbulence, and may therefore be correlated with the line widths.
Although observations towards the SE clump seem to support
these ideas, the relation between the DCO+/HCO+ ratio and
the linewidth is not straightforward as discussed above. Also
CWTH found very weak correlation between the linewidths
and the degree of deuterium fractionation. Furthermore, in the
model of Xie et al. (1995) the chemical composition is modified
via transporting electrons and ions from the cloud surface and
therefore the enhanced abundance of C atoms should be accom-

panied with a higher electron abundance. In our data there is,
however, little evidence for an increased electron density in the
regions where the deuterium fractionation ratio is lowest.

5.2. The degree of ionization

The fractional electron abundance,χ(e−), is larger in the qui-
escent southeastern clump than in the neighbourhood of the
active region. This is reflected in the observed decrease of the
[HCO+]/[CO] ratio with the distance from IRS 7. Given that
CO is actually depleted by about a factor of two in the south-
eastern clump, the decrease of the[HCO+]/[CO] ratio towards
this region can only be attributed to a decrease in the HCO+

fractional abundance, probably caused by an enhanced electron
recombination rate. However, uncertainties related to the ob-
served abundances and abundance ratios (see Table 4) do not
allow us to build a simple relation between the[HCO+]/[CO]
ratio andχ(e−). Measurements of DCO+ and temperature es-
timates are also needed to determineχ(e−) more precisely in
cloud cores, as already stated by CWTH. We found higher elec-
tron fractions in those regions where depletion of neutral species
is higher. The reason for this tendency is mostly due to the fact
that H+

3 tends to increase with depletion because its destruction
rate decreases proportionally. However, the HCO+ formation is
little affected since the effect of an increase in H+

3 abundance
is largely nullified by a decrease inχ(CO). The net result is a
higher[H+

3 ]/[HCO+] abundance ratio or, equivalently, a higher
χ(e−).

As discussed in Sect. 3.4, the fractional abundances of CO,
χ(CO), derived from a linear relation between the C18O column
density and the colour excessE(J − K) (Harjunp̈aä & Mattila
1996) are valid only towards four positions in the southeast-
ern part of the R CrA core. Elsewhere the values ofχ(CO)
are derived from the extrapolation of the aforementioned rela-
tion. These fractional abundances are needed for estimates of
χ(HCO+) and, according to our test calculations, primarily af-
fect the derived electron abundances,χ(e−). If χ(CO) is in
reality smaller than estimated by a factor of two, say, towards
the northwestern clump (i.e. CO is depleted to a greater extent),
the derived values ofχ(e−) become equal to those in the south-
eastern clump, and the spatial gradient in the electron abundance
disappears. On the basis of the discussion above, a more likely
alternative is that the CO abundance is larger in the northwest.
In this case the derived electron abundances will be smaller by
an amount roughly proportional toχ(CO).

The fact that C18O may be tracing lower density regions than
DCO+ and H13CO+ produces another source of uncertainty
in the derived abundances. Depending on the cloud’s density
structure the HCO+/CO abundance ratios are likely to be lower
limits. Correcting for this would further lower the fractional
electron abundances (see Eq. A10). However, at the level of
ionization deduced for the R CrA core, changingχ(CO) or
[HCO+]/[CO] would not alter the derived neutral abundances
χ(N ′) significantly.
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6. Conclusions

We have observed the variation of the DCO+/HCO+ abundance
ratio over the R CrA cloud core. The ratio ranges from 0.006
to 0.04, being lowest towards two locations near the embedded
infrared source IRS 7 where the kinetic temperature is24 − 30
K. The difference in the DCO+/HCO+ ratio between two sep-
arate clumps within the core (which we have called the “north-
western” and “southeastern” clumps) cannot be explained by
the temperature difference alone, but in conjunction with the
supposition that the fractional abundance of neutral species is
larger in the northwestern clump. This increase is probably due
to enhanced desorption from grain surfaces arising from star
formation activity in the vicinity. The fractional D abundance is
anticorrelated with the combined abundance of neutral species
(CO, O, N2, etc.) which take part in the destruction of the H+

3
and H2D+ ions. This behaviour is in accordance with the re-
sults of chemical models including accretion on grain surfaces
(Brown & Millar 1989).

The electron fractionχ(e−) has been estimated from a sim-
ple chemical model where neutral species (besides CO) de-
stroy H+

3 and H2D+ and reactions with atomic deuterium are
included. We found that theχ(e−) is larger in the quiescent
southeastern clump than nearby the active star forming region.
This gradient in the electron fraction is detectable through the
observation of the [HCO+]/[CO] abundance ratio, which tends
to decrease with increasingχ(e−). Finally, higher gas phase de-
pletion implies a higher degree of ionization. An accurate mea-
surement ofχ(e−) therefore requires estimates of the amount of
depletion as well as of the gas temperature and volume density.

The average H13CO+/HC18O+ abundance ratio in the R
CrA core is10.5 ± 2.2, whereas the average13CO/C18O abun-
dance ratio towards the core has been found to be9.2 ± 1.3
(Harjunp̈aä & Mattila 1996). This agreement supports the pre-
diction of chemistry models that predict that the main formation
channel of HCO+ is the direct protonation of CO. It also em-
phasizes the fact that the degree of13C fractionation should be
determined when H13CO+ is used for HCO+ column density
estimates.

Further examination of the influence of various possible pro-
cesses on the chemical composition of the R CrA core would be
aided by an accurate temperature measurements in the south-
eastern clump where the DCO+/HCO+ ratio is large. A search
for direct evidence of effective desorption mechanisms near
IRS 7 and the northwestern clump may also yield useful infor-
mation on the chemical composition of the core. Species like
NaOH (Tielens & Allamandola 1987) and D2CO (Ceccarelli et
al. 1998) which probably only form on grain surfaces, would
be well suited for such a survey. Moreover, the high abundance
of atomic oxygen predicted by simple chemical considerations
could possibly be traced by the far-infrared fine-structure lines
of OI.
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Appendix A: deuterium fractionation in the formyl ion

In the following we outline the DCO+ - HCO+ chemistry model
and detail the method used for determining the electron abun-
dance from the observed abundances of HCO+, DCO+ and
CO. The basis for the model is the theory of Dalgarno & Lepp
(1984, hereafter DL), which involves atomic deuterium, with
modifications to accommodate more recently determined elec-
tron recombination rates for H+3 and H2D+ (Sundstr̈om et al.
1994, Larsson et al. 1996). The leading reactions and their rate
constants are listed in Table A.1.

A.1. Production and destruction ofDCO+

andHCO+ and the electron density

The main formation channel of HCO+ is proton transfer from
H+

3 to CO (reaction 1 in Table A.1). The production of DCO+

is assumed to proceed primarily through reactions 2 and 3 in
Table A.1. In reaction 2, the branching ratio2 : 1 in favour
of the formation of HCO+ reflects the isotopic ratios in the
H2D+ ion. Chin et al. (1996) estimated that the contribution
of reaction 3 to the formation of DCO+ increases from 36%
to 56% when the temperature rises from 10 to 30 K. In early
deuterium fractionation studies (e.g. Guélin et al. 1977, 1982;
Wootten et al. 1979, 1982) reaction 3 was neglected because
of the assumed low abundance of D atoms in dense gas. Both
HCO+ and DCO+ are destroyed in recombination reactions
with electrons (reactions 4 and 5 in Table A.1).

Assuming that reactions 1–5 dominate the formation and
destruction of DCO+ and HCO+, one obtains the following
equilibrium conditions:

2
3
k2[H2D+][CO] + k1[H+

3 ][CO] = α4[e−][HCO+] +

+k3[D][HCO+] (A1)
1
3
k2[H2D+][CO] + k3[D][HCO+] = α5[e−][DCO+] , (A2)

where[ ] denotes the abundance or number density in cm−3. By
dividing these equations one arrives at the following equilibrium
DCO+/HCO+ abundance ratio (DL, Eq. (14)):

α5

α4

[DCO+]
[HCO+]

=

1
3k2[H2D+][CO] + k3[D][HCO+]

k1[H+
3 ][CO] + 2

3k2[H2D+][CO] − k3[D][HCO+]
. (A3)

To facilitate the solution of forthcoming equations we adopt
the following definitions of DL:

r ≡ [DCO+]
[HCO+]

and R ≡ [H2D+]
[H+

3 ]
. (A4)
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Table A1. Principal reactions of the DCO+ - HCO+ chemistry

No. Reaction Rate coefficient∗

(cm3s−1)

1 H+
3 + CO

k1−→ HCO+ + H2 k1 = 6.2 10−10(300/T )0.5

2 H2D+ + CO
k2−→ HCO+ + HD [67%] k2 = 6.2 10−10(300/T )0.5

DCO+ + H2 [33%]

3 HCO+ + D
k3−→ H + DCO+ k3 = 1.0 10−9

4 HCO+ + e− α4−→ H + CO α4 = 2.0 10−7(300/T )0.75

5 DCO+ + e− α5−→ D + CO α5 = 2.0 10−7(300/T )0.75

6 H+
3 + e− α6−→ H2 + H [25%] α6 = 1.15 10−7 (300/T )0.65

H + H + H [75%]
7 H2D+ + e− α7−→ H + H + D [73%] α7 = 610−8 (300/T )0.65

HD + H [20%]
H2 + D [7%]

8 H+
3 + HD

k+

k−

H2D+ + H2 k+ = 1.5 10−9

k− = 2.0 10−9 (300/T )0.8 exp(−230/T )

9 H+
3 + D

k9−→ H2D+ + H k9 = 1.0 10−9

10 H+
2 + H2

k10−→ H+
3 + H k10 = 110−9

∗ The reaction rates are adopted from Lee et al. (1996) and from CWTH (for reactions involving deuterium).

Furthermore, we defineξ by

ξ ≡ k3

k1

[D]
[CO]

[HCO+]
[H+

3 ]
. (A5)

By dividing the numerator and denominator of the right hand
side of Eq. A3 byk1[H+

3 ][CO] and using the above defined no-
tation, Eq. A3 can be expressed as

α5

α4
r =

1
3

k2
k1

R + ξ
2
3

k2
k1

R + 1 − ξ
. (A6)

Substituting the rate coefficients adopted from Lee et al. (1996)
(i.e.k2 = k1 andα5 = α4) into Eq. A6 leads to

R =
3 [r − (1 + r)ξ]

1 − 2r
. (A7)

The termξ represents the contribution attributable to free deu-
terium atoms. This contribution, the size of which is essentially
determined by the abundance ratio[D]/[e−] (see below), is not
negligible. If this term is omitted, however, it can be seen that
R ≈ 3 r . This approximation has been frequently used in ear-
lier studies (e.g. Gúelin et al. 1982). The requirement thatξ be
equal to or greater than zero gives an upper limit forR:

R ≤ 3r

1 − 2r
. (A8)

The electron density,[e−], can be derived from Eq. A1:

[e−] =
k1

α4

[H+
3 ]

[HCO+]
[CO]{1 +

2
3

k2

k1
R − ξ} . (A9)

This method of estimating the electron abundance, starting from
the equilibrium equation for HCO+, was first used by Wootten et

al. (1979). The transformation to fractional abundances relative
to molecular hydrogen,χ, can be made by dividing both sides
by [H2].Furthermore, substitution of the solution forξ from
Eq. A7 into Eq. A9 gives the following formula for the fractional
electron density:

χ(e−) =
k1

α4

χ(CO)
χ(HCO+)

χ(H+
3 )

1 + R

1 + r
. (A10)

With the aid of Eq. A8, one can then obtain the following upper
limit for the fractional electron abundance:

χ(e−) ≤ k1

α4

χ(H+
3 )

χ(HCO+)
χ(CO)
1 − 2r

. (A11)

The explicit temperature dependence of the fractional elec-
tron abundance is rather weak. From the rate constants given in
Table A.1,k1/α4 = 1.3 10−3 (T/10K)0.25. The fractional CO
abundance,χ(CO), is usually found to be of order1 10−4. This
is also the case in CrA (Harjunpää & Mattila 1996). The product
k1/α4 χ(CO) is, under typical dark cloud conditions, of the or-
der10−7. Sincer andR are both small, the term including them
on the right hand side of Eq. A10 is always close to unity. In the
locations examined in the present study,χ(HCO+) varies from
1.5 10−9 to 3.7 10−9. According to the time-dependend chemi-
cal model calculations of Smith et al. (1994) for dense molecular
clouds, the higher values correspond to abundances at an early
stage of chemical evolution. Smith et al. (1994) furthermore
predict that the fractional H+3 abundance,χ(H+

3 ), lies in the
range2 − 4 10−9 so that the ratioχ(H+

3 )/χ(HCO+) decreases
with time from 0.9 to 0.3. Lee et al. (1996) derive considerably
lower values for this ratio. In their standard model forT = 10
K, nH = 104 cm−3, conditions which correspond to those in
Smith et al. (1994), the ratioχ(H+

3 )/χ(HCO+) decreases from
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0.6 to 0.2, the latter number representing steady state. As ex-
plained in Sect. 4.2, recent gas phase chemical models predict
a ratio of about 0.1 whennH2 = 105 cm−3. This ratio turned
out to be roughly inversely proportional to the square root of
the density. Thus, depending on the adopted H+

3 /HCO+ ratio,
the fractional electron abundance is of the order10−8 − 10−7.

A.2. Production and destruction ofH+
3 andH2D+

The H+
3 ions are produced at the rateζ[H2] by the cosmic ray

ionization of H2 followed by the reaction 10 in Table A.1. The
cosmic ray ionization rate,ζ, has been estimated to be in the
range10−18 − 10−16 s−1 (e.g. Wootten et al. 1982; Guélin et
al. 1982; Duley & Williams 1984; Williams et al. 1998). The
H2D+ ion is formed through reactions 8 (Watson 1977) and 9
(DL) of Table A.1. The former reaction is reversible in dense
interstellar gas due to large abundances of both reactants on
the right hand side. The forward reaction 8 is largely exother-
mic, which causes the equilibrium constantK ≡ k+/k− to
be strongly dependent on the kinetic temperature. In the fol-
lowing we need the inverse ofK, K−1(T ) = k−/k+, for
which Lee et al. (1996) have recently determined the relation
K−1 = 1.33 (300K/T )0.8 exp(−230K/T ) (see Table A.1).

The destruction of H+3 and H2D+ proceeds via dissociative
electron recombination (reactions 6 and 7) and via reactions with
neutral molecules, primarily reactions 1 and 2 with CO and the
reverse of reaction 8. Reactions with such neutral species as N2,
O, O2 and H2O may also have a significant contribution (e.g.
Guélin et al. 1982; CWTH). The gas phase abundances of H2O
and N2 are, however, low under dark cloud conditions (Herbst
& Leung 1989; Herbst et al. 1994; Womack et al. 1992), and the
reaction with O2 is very slow (Gúelin et al. 1982). Therefore,
besides CO, atomic oxygen might be one of the most important
destroyers of H+3 and H2D+ (CWTH).

In the following we denote the destruction rate for H+
3 and

H2D+ due to reactions with neutral species other than those
mentioned in Table A.1 byk[N ] and the fractional abundance
of neutrals involved byχ(N ).

The equilibrium conditions for H+3 and H2D+ are:

ζ[H2] = α6[e−][H+
3 ] + k1[CO][H+

3 ] +
+k+[HD][H+

3 ] +
+k9[D][H+

3 ] + k[N ][H+
3 ](A12)

k+[HD][H+
3 ] + k9[D][H+

3 ] = k−[H2][H2D+] +
+α7[e−][H2D+] +
+k2[CO][H2D+] +
+k[N ][H2D+] . (A13)

From Eq. A12 the following formula can be obtained for the H+
3

abundance:

[H+
3 ] =

ζ[H2]
α6[e−] + k1[CO] + k+[HD] + k9[D] + k[N ]

. (A14)

Similarly, by arranging terms in Eq. A13 one gets forR, the
H2D+/H+

3 abundance ratio (DL Eq. 15),

R =
k+[HD] + k9[D]

k−[H2] + α7[e−] + k2[CO] + k[N ]
. (A15)

By using the definitions

δ′ ≡ k1χ(CO) + k+χ(HD) + k9χ(D) + kχ(N ) (A16)

and

δ ≡ k− + k2χ(CO) + kχ(N ) , (A17)

and dividing by[H2], Eqs. A14 and A15 can be written in terms
of fractional abundances as follows:

χ(H+
3 ) =

ζ/nH2

α6χ(e−) + δ′ , (A18)

R =
k+χ(HD) + k9χ(D)

α7χ(e−) + δ
. (A19)

The quantitiesnH2 δ and nH2 δ′ denote the destruction rate
(s−1) of H2D+ and H+

3 ions, respectively, in reactions with
neutral species. They differ only by the term containing the
combined fractional HD and D abundances and the termk−
(which is negligible at low temperatures i.e. below 20 K):

δ′ − δ = k+χ(HD) + k9χ(D) − k− . (A20)

Note that when one assumes that[D] = 0 and thatR ≈ 3r
(see Eq. A8), then Eq. A19 becomes equivalent to Eq. (1) of
CWTH. Eq. (2) of CWTH can be derived by solving the ratio
χ(HCO+)/χ(CO) from Eq. A10, and substitutingχ(H+

3 ) from
Eq. A18. Assuming that the term containingR andr on the right
hand side of Eq. A10 is of order1, one obtains the formula:

χ(HCO+)
χ(CO)

=
k1ζ/nH2

α4χ(e−)(α6χ(e−) + δ′)
. (A21)

The abundance of HD is far greater than that of other deuter-
ated molecules (see below). However, according to the model
of DL the relative abundance of atomic deuterium may be of
significance. Therefore, it seems advisable to assume that prac-
tically all deuterium is in the form of HD and free D atoms.
The atomic D/H ratio in the solar neighbourhood is1.65 10−5

(Linsky et al. 1995) indicating that the combined abundance of
HD and D is very small compared with molecular hydrogen. If
it is assumed that all hydrogen is in molecular form then the
combined HD and D abundance is given by:

χ(HD) + χ(D) ≈ 2
[D]
[H] local ISM

= 3.3 10−5 . (A22)

A.3. Production and destruction ofD

Atomic deuterium is produced in reaction 5, and in the dissocia-
tive recombination of H2D+ (reaction 7, Larsson et al. 1996).
The contribution of this reaction to the production of D was
neglected in DL due to the fact that Smith & Adams (1984)
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determined a very lowupper limit of 2 10−8 cm3s−1 for the
dissociative recombination rate of H+

3 , and thus also for H2D+.
Larsson et al. (1996) determined forα7 = α(H2D+) a value
of 6 10−8 cm3s−1 at 300 K, which is about one half of the cor-
responding recombination rate for H+

3 at the same temperature
(Sundstr̈om et al. 1994). Forα(H+

3 ) the temperature depen-
dence ofα(H+

3 ) = 4.6 10−6 T−0.65 cm3s−1 (Sundstr̈om et al.
1994). Assuming a similar power law forα7, its value at 95 K
is 1.3 10−7 cm3s−1, i.e. one half ofα(DCO+) = α5.

According to DL atomic deuterium is destroyed by reactions
3 and 9 and in collisions with dust grains at rate2kg[H2]. DL
suggest thatk9 ≈ 1.7 10−9 cm3s−1. Estimates forkg range from
5 10−18 to 5 10−17 cm3s−1, the most commonly used value
being3 10−17 cm−3s−1 (Duley & Williams 1984). In their OD
study, Croswell & Dalgarno (1985) adopt a slightly lower value
of kg = 1.5 10−17 cm−3s−1.

In equilibrium, the abundance of D is given by

[D] =
α5[e−][DCO+] + 4

5α7[e−][H2D+]
2kg[H2] + k3[HCO+] + k9[H+

3 ]
. (A23)

The factor 4
5 in front of α7 comes from the branching ratios

of reaction 7 as determined by Larsson et al. (1996). Eq. A23
differs from the corresponding expression in DL (their Eq. 12)
by the latter term in the numerator.

DL derive estimates for the fractional electron abundance
as a function ofr by subsituting the counterpart of Eq. A23
into that of Eq. A6. With the modifications introduced here this
procedure becomes a little bit more laborious. By defining the
quantitiesβ andγ by

β ≡ 2kg + k9χ(H+
3 )

k3χ(HCO+)
and

γ ≡ 2kg + k3χ(HCO+)
k9χ(H+

3 )
, (A24)

Eq. A23 can be rewritten as

χ(D)
χ(e−)

=
α5

k3

r

1 + β
+

4
5

α7

k9

R

1 + γ
. (A25)

Combining Eqs. A5 and A10, the following expression forξ is
obtained:

ξ =
k3

α4

χ(D)
χ(e−)

1 + R

1 + r
= { r

1 + β
+

4α7

5α4

R

1 + γ
} 1 + R

1 + r
.(A26)

In this expression we have made use of the rate constant equal-
ities in Lee et al. (1996):k2 = k1, k9 = k3, andα5 = α4.
Substitution of Eq. A26 into Eq. A6 leads to a quadratic equa-
tion for R:

aR2 + bR − c = 0 , (A27)

where

a =
4α7

5α4

1
1 + γ

,

b =
1
3

+
1
3

1 − 2β

1 + β
r +

4α7

5α4

1
1 + γ

and

c =
β

1 + β
r . (A28)

Eq. A27 can be solved by assuming certain values for the H+
3

abundance and the rate constantkg. The solution can then be
used in Eq. A10 to obtain an estimate for the fractional electron
abundanceχ(e−). This can be further substituted into Eq. A19
to derive an estimate forχ(N ), and finally, an estimate of the
quantityζ/nH2 can be derived from Eq. A14.

The derived values ofχ(e−) andζ/nH2 depend directly on
the assumed ratioχ(H+

3 )/χ(HCO+), whereas estimates forR
are sensitive to the rate constantkg. For larger values ofkg, i.e.
10−17 −10−16 cm3s−1, R lies close to its upper limit∼ 3r, but
remains well below it near the lower boundary of the probable
range (∼ 10−18 cm3s−1).

If the reaction rate constants and the combined abundance of
HD and D are assumed to be known, the model described here
contains five unknowns (R, χ(e−), χ(D), χ(H+

3 ) andζ/nH2)
and five independent equations: (A10), (A18), (A19), (A25)
and (A27). Bearing in mind that the derived set of equations
probably does not fully describe the true situation (e.g. metal
abundances and interaction with grains are omitted) no attempt
at their proper solution has been made. Instead, we have used
results from previous studies to obtain reasonable initial values
of some parameters and solved the set of equations in an iterative
manner as described in the text.

Appendix B: estimation of temparatures
with the rotation diagram method

The rotational diagram method for a symmetric top molecule
is based on comparison of the intensities of the spectral line
components arising from rotational levels with different ener-
gies but lying close to each other in frequency. More detailed
description of the method can be found e.g. in Churchwell &
Hollis (1983) and Bergin et al. (1994).

Assuming optically thin emission, the integrated brightness
temperature of a spectral line component as a function of the
column density of the molecules in the upper transition level,
Nu, is:∫

TB(v)dv =
1
η

∫
T ∗

A(v)dv

=
2π2

3
νµ2

kε0

SJ,K

2J + 1
{1 − F (Tbg)

F (Tex)
} Nu , (B1)

whereη is the beam–source coupling efficiency,ν is the line rest
frequency,µ is the permanent dipole moment of the molecule,
k is the Boltzmann constant,ε0 is the vacuum permittivity,Tbg
is the (cosmic) background radiation temperature andTex is
the excitation temperature of the transition being observed. The
quantity SJ,K is the so called line strength of the transition
(J, K) → (J − 1, K) defined as

SJ,K ≡ J2 − K2

J
. (B2)

The functionF (T ) is defined by

F (T ) ≡ 1
ehν/kT − 1

, (B3)
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whereh is the Planck constant. Note that the integration is per-
formed with respect to the radial velocityv.

Assuming rotational equilibrium at a temperatureTrot, the
column densityNu can be obtained from the total column den-
sity of the moleculeN according to:

Nu = gJgKgI
e−Eu/kTrot

Z
N , (B4)

where gJ and gK are the statistical weights due to angular
momemtum and its projection onto a given axis, respectively
(gJ = 2J + 1; gK = 1 when K = 0, andgK = 2 when
K 6= 0). The statistical weightgI takes account of the spins of
the three hydrogen nuclei (each havingI = 1

2 ) and takes the
value 4 whenK = 0, 3, 6, ... and 2 whenK = 1, 2, 4, 5, ... (see
Ch. 3 and Table 3-6 in Townes & Schawlow 1975). The partition
function,Z, is given by

Z =
∞∑

J=0

J∑
K=0

gJgKgI e−E(J,K)/kTrot . (B5)

By combining Eqs. B1 and B4, and assuming that
F (Tbg) � F (Tex) one obtains

ln{
∫

T ∗
Adv

ηνSJ,KgIgK
} = ln{2π2

3k

µ2

ε0

N

Z
} − 1

Trot

Eu

k
. (B6)

The unknowns in Eq. B6 are the total column densityN and the
rotational temperatureTrot, both of which can be determined by
observing several transitions belonging to differentK–ladders:
In LTE Trot is constant and the observed values of the left hand
side should lie on straight line when plotted as a function of
Eu/k. The slope of this line is determined by the reciprocal of
Trot, and its intersection with theEu/k = 0 axis gives the ratio
N/Z.
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