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Abstract. The fractionation of D ané®C in HCO' was inves- 1. Introduction
tigated in the R Coronae Australis molecular cloud core. The . . .
distributions of H*CO™ and DCO" were found to be morpho- euterium enha_mcement n H@Qand other molecules is ex-
logically similar but their column density maxima were foun@eCted to occur in the coldest regions of molecular cloud§ (Wat-

s . son 1977). Consequently DGQOnaps have been used for iden-
to lie in different locations.

tifying dense cores at an early stage of evolution when heating

The H®CO*/HCO™ abundance ratio was found to VarX‘r m newly born stars is not significant (e.g. Loren et al. 1990
little from 10 within the mapped region, in excellent agreementO Wy ; ! 'gnif @g. ' )-
Besides being dependent on the temperature, the

with the 13CO/C!80 abundance ratios derived earlier towardl_s)CO+IHCO+ abundance ratio also depends on the abun-

the cloud by Harjung & Mattila (1996). This corroboratesdances of electrons and neutral species destroying their chem-
the close relationship between HE@nd CO predicted by the . i P . ying

. ical precursors K and H,D*. Due to this dependence the
chemistry models.

+ + rati i
The DCOF/HCO* abundance ratio ranges from 0.006 tDCO /HCOT ratio has been frequently used for estimates of

0.04, being lowest towards two locations near the embedc}bg electron abundance (e.g. &in et al. 1977, 1982; Watson

infrared source IRS 7 where the kinetic temperature, as deriveetoal' 1978; Wootten et al. 1982; Dalgamo & Lepp 1984). The

. . osmic ray ionization rate has usually been estimated from the
from methyl acetylene (CHCCH) observations, is somewhai 5 i
elevated. The variation of the degree of deuterium fractionati }1CO™1/[CO] abundance ratio (e.g. Wooten et al. 1979). In

n ) . : 4
o ) . . S recent studies these estimates have been improved by imple-
within the core is due to an increase in the kinetic temperaturh%min newly determined electron recombination rates fpr H
near the cluster of newly born stars. This temperature rise re- 9 n y -
. - ) T + and D' (Sundstom et al. 1994; Larsson et al. 1996) and
sults in two effects: Firstly, the reactiéih, D+ — H3 becomes

faster; and secondly, an intensified desorption from grain sd _mprghepglve chemistry model§ (Caselii et al. 1998, hereafter
: WTH; Williams et al. 1998; Bergin et al. 1999). Both the frac-
faces increases the abundance of neutral atoms and moleclles

in the gas phase leading to the destruction of &hd H,D* tional electron abundance and the cosmic ray ionization rate
ions B%th ;lnorocesses degrease the BQGCO* abundance ra- &€ important parameters in cloud dynamics: The former deter-

tio. Far from the active region the derived abundances of neutfd'©> the t_lme scale of ambipolar diffusion and the latter is the
major heating source of the molecular gas (see e.g. CWTH and

species indicate the presence of depletion onto grain surfac?s erences therein)
The observations suggest furthermore that the fractlongf ' . e

N . There have been few studies where the spatial distribution

electron abundance;(e™), is lowest in the dense clump near . . . ) . s

. . o qf the deuterium fractionation has been investigated within a

IRS 7. This region also exhibits a low degree of gas phasle

depletion. In fact, increased fractional abundances of neut %TUd (Gelin et al. 1982; Wootten et al. 1982, Bergin et al.

species such as atomic oxygen and CO lead to a decrease in 98). Such studies are, however, essential in disentangling the

€ . X -
[H}]/[HCO+] abundance ratio which is directly proportionaf ects of various processes, such as local heating and incresed
to x(e™).

urbulence 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;
Key words: molecular processes — ISM: abundances ~ lSﬁ:erltictT\stparlésl:ris\a\}ork we have investigated the variation of
clouds — ISM: molecules — ISM: individual objects: R CrA cor?he DCOHHCO 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-

Send offprint requeststd. Harju (jorma.harju@astro.helsinki.fi)



984 I.M. Anderson et al.. DCO&/H'3CO™ mapping of the R CrA core

after A97b). The effect of kinetic temperature on the degree tdble 1. The frequencies, half power beam widths, main beam effi-
DCO™ fractionation within the core was investigated and the reiencies and spectrometer channel separation (in velocity units) for the
sults were compared with the predictions of chemistry modegserved transitions.

By employing a simplified chemistry model we have been able

to estimate the fractional abundances of electrons and neuffansition Frequency BW na  Avaos
agents taking part in the destruction of thé Bind H,D* ions (MHz) ) (km/s)
at several locations. H3CO" (1 - 0) 86754.330 57 0.75 0.145
The plan of this paper is as follows: in Sect. 2 we descritRFO" (2 —1) 144077.319 35 0.66  0.087
the observations and in Sect. 3 we present the observationaH@*0" (1 — 0) 85162.157 57 0.75 0.147
sults. In Sect. 4 we discuss théC and D fractionation ratios for DCO™ (3 — 2) 216112.605 25 0.61  0.058

HCOT and give estimates for the fractional electron abundan@;CCH(5, — 4,)  85455.622 57 0.75 0.147
In Sect. 5the results are discussed and in Sect. 6 the conclus@iigCCH(8: — 7:)  136725.397 37 0.67 0.092
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 W& Results
describe the method used in the determination of the rotatioréai 300+

(J=1-0)
temperature of methyl acetylene. andDCO™ (J — 2 — 1) observations
2. Observations The distributions of the KCO*(J = 1 — 0) and DCO'(J =

The observations were made over the period February I\/?ﬂy_ L) line emission towards the R CrA core are presented
) Figs[1 and2. These figures show three channel maps be-
1996 and in June 1997 with the SEI La Silla in Chile, The 1952 J b

= X ; tweeen 4, 5, 6 and 7 knT$ and the integrated intensit{f)
cloud was mapped over 982 positions with & spacingif ),n¢ in the velocity range 4 to 7.5 km’s superposed on the
simultaneously in the HCO"(J = 1 — 0) and DCO"(J =

> p vely in the f C!80(J = 1 — 0) emission map detailed in H93. Indicated in
2 — 1) transitions at 3 and 2 mm respectively in the frequengy, .o figures are the locations of some prominent young stars

switching mode with a frequency throw of8'MHz. The spacingnd Herbig-Haro objects. Although the“#€0O* and DCO"
was chosen so that t_he DCQ - 2—1) mapis fully sampled. maps are morphologically similar, the integrated intensity max-
During the obseryatlons the typical system temperat_ures of m% lie in different locations. The dense core near IRS 7 ‘A2’ in
3 and 2 mm receivers were 130 and 150 K, respectively. B%?) is markedly more intense in thé #CO* emission than in
SIS receivers were connected to a 2000 channel acousto-opigaln o emission. However, the northwestern clump south of
spectrometer which was split in two bands of 43 MHz eac Y _CrA (AL’ in H93) and especially the southeastern conden-
Safion (near the tip of ‘SW jaw’ in H93) are evidently regions of
strong DCO" emission. There is a DCOand H3CO™ emis-
sion void of somel.5’ x 1.5" centered or(45”, —130"), the

(041950.0 = 18h58m33.05, 51950.0 = —37001/43”). This is by
far the most comprehensive and detailed DCCHCO' map

done to date. feature being more evident in DCOThis void is near but not

% B B .
The HC O"(J =1-0)and DCO'(J = 3 —2) lines  .oincident with the ‘central hole’ detected in®(J =1-0)
were observed simultaneously with 3 and 1.3 mm SIS receiv 503

respectively, tqwards 12 positions in the frequency switching Siﬁce both transitions are probably optically thin, their in-
mode. The typical system temperature\at 1.4 mm was 220 o ated intensity ratio is proportional to the DE®I'3CO*

K. The CHCCH(Jx = 5k — 4K_) and (Jk = 8x — Tx)  column density ratio, provided that the excitation temperatures,
ladders at 3 and 2 mm, respectively, were observed towargs ¢, e o isotopomers are the same. For example, the pro-
E()rtionality factor ranges from 1.2 to 0.7 whég, rises from 5

to 10 K. Figs[1 and]2 thus suggest that the column density ra-
io DCO*/H!3CO varies over the mapped region. To confirm
s, estimates of the excitation temperature are required.

pOSitiOﬂ, with coordinate&wwo = 18h57m40.03, 01950.0 =
—37°05'00”, was chosen in the void near S CrA.
Calibration was achieved by the chopper wheel method. T.
pointing and focus were checked at 3-4 hour intervals in the
SiOw = 1, J = 2—1) maser line towards AH Sco and VX Sgr.
The pointing accuracy was typically found to dé 3.2.DCO™(J =3 - 2)
A summary of the observed lines, frequencies, an- andH0180+(J = 1 — 0) observations

tgnna half-power beam_ widths (!SW)’ main beam efﬁueqr—] order to determine excitation temperatures, 12 positions with
cies ar) and the velocity resolutionsNvaps) correspond- different DCO' (J = 2 — 1)/H3CO*(J = 1 - 0) intensity
ing to the channel separations of the spectrometers U%H‘;S were observed in DCQJ — 3 — 2). These positions

is given in Table 1. Further details of the equipment can . . .
. ) were observed simultaneously in HO(J = 1 — 0) to verify
be found in Booth et al. (1989) and in the SEST manuFr\]Iat the H3CO*(J — 1 — 0) emission was optically thin and,

(http:/fwwwls.eso.org/lasilla/Telescopes/SEST). in addition, to search for any indication &fC fractionation.
1 SEST=Swedish-ESO Submillimetre Telescope The latter eventuality would complicate the determination of
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240 ;475 km /s
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120 F
60 |
0r Fig. 1.H'3CO*(J = 1 — 0) chan-
—60 F nel maps and a superposition of
_1o0 L the H*CO"(J = 1 — 0) (con-
180 L tour) and G®O(J = 1 — 0) (grey
[ scale) integrated intensity maps over
—~ —240 a the velocity range 4.0 - 7.5 km/s.
 —300 F The C®0 data are from HO3.
i i P 1 The coordinate offsets are relative
2 240 [ 6—=7 km/s 1 N 4+ to the embedded infrared source
180 b 1 IRS 7 (oso0 = 18"58™33.0°,
120 7 6195()‘0 = —37001/43”). The lo-
[ cations of IRS 7 and the infared
60 a source HH100-IR are denoted by
0r stars, the T Tauri star T CrA (left)
—60 F and the Herbig Ae/Be stars R CrA
_120 L (right) and TY CrA (up) are de-
_180 b noted by asterisks and the Herbig-
[ Haro objects HH104A and B (east),
—240 a HH104 C and D (west), HH98 (cen-
—300 |- tre), HH100 (southwest) and HH97
— — B o (further southwest) are denoted by
360 240 120 0 —120 =240 360 240 120 0 —120 =240 squares. The beamsizes are indi-
O cated in the bottom right of each
Ao ( ) map.

the HCO" column densities from the HCO™ data. The loca- column densities with those of fiCO™, we have convolved the
tions of the selected positions are indicated in the finding ch®€O™ (J = 2 — 1) data set to correspond to observations made
presented in Fif]3. with a57” Gaussian beam, the HPBW fof#CO™ (J = 1-0)

The H3CO"(J = 1 — 0), HC¥*O*(J = 1 — 0), observations at SEST.
DCO"(J = 2 — 1) and DCO'(J = 3 — 2) spectra towards  The results are given in Table 2, the columns of which cor-
the 12 selected positions are shown in Elg. 4. For the two faespond to: (1) ID number of the position as denoted in[Hig. 3;
mer transitions the beamsizes are similar, 5&.. Since the (2) R.A. and Decl. offsets with respect to IRS @1 §50.0 =
HC!'80* emission is comparatively weak, these spectra hav&"58™33.0°, d1950.0 = —37°01'43"); (3) excitation temper-
been smoothed once and multiplied by 5.5, the solar systatare; (4), (5) and (6) DC®, H'3CO+ and HC30O* column
[3C160]/[*2C'0] abundance ratio. It is evident from Fig. 4densities, respectively; (7)'H¥ICOT/HC'8O* column density
that the [H3CO*]/[HC'®8O*] abundance ratio in R CrA ex- ratio; (8) DCO" column densities derived from the convolved
ceeds the solar system value. This indicates the presei¢€ ofdata; (9) and (10) the column density ratios DG83 CO*
fractionation (see Sect. 4.1). and DCO/HC!80O", respectively.

The excitation temperatures for DCQJ = 2 — 1) and From Table 2 it can be seen that the calculated
(J = 3 — 2) were derived from their integrated intensity ratio$1'*CO"/HC!80O* column density ratios vary little over
assuming LTE and optically thin emission. The different beanthe mapped region. With the exception of position 11 at
source coupling efficiencies due to different beam sizes wegd0”, —195”) where the HCG3OT line is weakest, the
taken into account by assuming that the source fills the maih3*CO*/HC!3O™ ratio lies between 6.7 and 13.6. The aver-
beam of the SEST at 2mm. The same assumption was usedde ratio and its standard deviation, position 11 excluded, is
conversion fronil’; to the radiation temperatuf€; needed in 10.5 £ 2.2.
the derivation of the column densities. The convolved DCO/H'3CO™ ratios range from 0.3 at

If the derived excitation temperatures are valid for all the”,0”) and (—15",—30") (the dense core) to about 2 at
observed isotopomers, then the DE@H'3CO™ and HC8O™ (240", —255"). The highest valuesl.4 — 2.0, are obtained
column densities can be determined from their respective inte-the southeastern condensation. If the very uncertain value
grated line intensities. In order to directly compare the DCQat (210", —195") is omitted, the corresponding ratios between
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Table 2. The excitation temperature, DCQH'3CO", HC'®*O™ column density, FCO*T/HC!®O* column density ratio, DCO column
density derived from the convolved data and its ratios with th&a@©" and HC®O™ column densities towards selected positions.

(1) (2 3) (4) (5) (6) (1) (8) 9) (10)
No. Aa A§ Te. N(DCOT) NH!¥BCOT) N(HC!¥OT) [H'¥COT] N(DCOT) [DCOT] [DCOT)
[HC'®O™] (conv.)  [H™COT] [HC™0OT]

1011 1011 1011 10-11
() () ®  (m™? (cm™) (cm™) (cm™?)
1 -210 210 6.0 1420.4 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 19.50.3 19.6:0.2 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 9.60.4 13.3:0.3 1.6t0.2 13.6:2.7 9.A40.4 0.73:0.05 10.@:2.2
4 -105 60 7.1 2320.3 23.3:0.1 2.3t0.2 10.3t0.8 20.4:0.3 0.88t0.02 9.6t 0.8
5 -75 30 7.2 12.#0.3 25.3t0.2 2.150.1 12.6:0.9 12.5:0.3  0.5Gt0.02 5.9t 0.6
6 -60 -15 7.3 11.20.3 25.8:0.2 2.5:0.1 10.4:0.7 10.10.3 0.39£0.01 4104
7 -15 -30 9.2 10.20.2 29.10.2 2.8:0.1 10.4£0.6 9.1#0.3 0.31%0.01 3.3:0.3
8 0 -210 53 14.90.6 8.9+0.3 1.3:0.2 6.#1.0 12.40.7 1.43:t0.12 9.5£1.6
9 0 0 8.7 7.6£0.2 22.#0.2 1.80.2 12.4:1.1 6.8:0.3 0.3Gt0.01 3£ 0.5
10 150 -180 6.1 1850.4 8.4#0.3 1.10.2 7.8£1.8 16.3:0.5 1.840.11 14.63.3
11 210 -195 6.6 19:80.4 11.4+0.2 0.5£0.2 25.2£9.5 17.2:0.4 1.510.06 3815
12 240 -255 6.5 17:80.4 7.#0.3 0.9£0.2 8.3t2.4 15.4:0.4 1.99£0.12 16.6-:4.6

DCO' and HG®0O™ range from 3.3 and 3.7 &t-15", -30") 3.3. CH3;CCH(J = 5 — 4) and(J = 8 — 7) observations

2 /1 "o 1
and(0",07) to 16.6 at(240%, ~255"). TheJ =5—4,K =0,1,2,3andJ =8 — 7, K = 0,1,2,3
transitions of CHCCH were observed towards positions 1, 2, 4,
7,9, 11 and 12. The lines were, however, not detected towards
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—120
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volved to correspond toi&”’ Gaussian beam, and interpolation
was used to determine thé® column densities towards the
selected positions. H93 could determine the excitation temper-
atures from the pair €0(J = 1 — 0)/C}"O(J = 1 — 0) only
towards a few locations in the R CrA core because the emission
was found to be optically thin and nb= 2 — 1 lines were ob-
served (see their Tables 2 and 3). Two of these locations lie close
our selected positions. These &re240”, 240") (near position

1) with T, = 13.8 £3.1 K, and(40”, —240") (near position 8)
with T, = 14.5+5.8 K. We therefore assume that, = 14 K
towards positions 1 and 8.

Since G380 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 fromyCBH. 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

fApproaches a value typical of dark clouds. The excitation tem-

density determination superposed on the DG@ = 2— 1) integrated Peratures derived by H93 towards)”, —80") and several lo-
intensity map. These identification numbers are used in[Bigd1, 5, 6 &&dions towards the ‘tail’ further southeast range fro to

[7land Tables 2, 3 and 4.

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

positions 1, 11 and 12. The RMS noise level attained in thed@her than 10 K seems reasonable also on the basis of the
locations were 0.015, 0.014 and 0.010 K, respectively.The DCO"(J =2 —1)/(J = 3 —2) line ratios (see below).
5—4andJ = 8 — 7 spectra towards the four positions where The assumed values @, are summarized in Column (3)
CHsCCH was detected are shown in F[ds. 5@nd 6. The GaussPigable 3. The other columns of Table 3 are: (4) the derived
fits to the K = 0, 1,2 and 3 components and their residuals afe" O column density in the velocity range— 7.5 kms™*; (5)

indicated in the figures.

the fractional CO abundance(CO), derived using the relation

The rotational temperature®,., for CH;CCH were de- betweenV(H;)andN (C'®0) determined in CrA by Harjuria
rived from the combined = 5 — 4 and.J = 8 — 7 data using & Mattila (1996) assumingV (Hs)/E(J — K) = 5.410*
the rotational diagram method, as described in Appendix B. TR& “mag™") and an average {O)/[*°O] ratio of 560 + 25 as
rotational diagrams and the results of the least-squares fits igréd1e local ISM (Wilson & Rood 1994); (6) and (7) the column

shown in Fig[Y. The derived values Bf,; and CHCCH col-
umn densities{) are indicated in the top right and bottom left

density ratios DCO/C'®0 and HG8O*/C'80, respectively.
The adopted linear relation between th€Q column den-

of each diagram, respectively. The ‘Q-value’i.e. the value of ti§dly and the colour exceds(J — K) implies a practically con-
incomplete Gamma function, provides a quantitative meas@@nt fractional CO abundance in the R CrA coreCO) =

of the significance of the fit (see Press et al. 1986). The fit4s— 8107". It should be noted, however, that the relation was
believable ifQ > 0.1, becoming progressively more credibleriginally determined up to the colour excesg/ — K') = 5 or

as(@ approaches unity.

visual extictionAy ~ 26™, corresponding to a €O column

One can see in Figl 7 that the valuesiaf;, which closely density of abous 10" cm~2. Therefore, the derived values of
approximate the gas kinetic tempera‘[ure (eg Bergin et K(‘CO) are most reliable towards the southeastern part of the
1994), range from about 17 to 30 K towards the four positio§§re (positions 8, 10, 11 and 12), where the column densities
where CHCCH was detected. The temperature in the nortfre abous 10'> cm 2. Towards the core centre and the north-
western part of the R CrA core thus seems to be elevated wi@stern clump, the'€O column densities are higher by a factor
respect to the typical dark cloud conditions. Locations 2 a2 or 3. Currentgas phase chemical models where no depletion
4, with high DCOF/C'80 and DCO/HC!®O* column den- Occurs (e.g. Lee et al. 1996) predigiCO) = 1.510~*. How-
sity ratios, are, however, cooler than locations 7 and 9 with Idgver, CWTH showed that(CO) is inversely dependend on the
DCO*/C!0 and DCO/HC'®O™ column density ratios.

3.4. PreviouC'®0(J = 1 — 0) data

depletion factoifp. Therefore, the €0 data suggestthat 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

We have used the]@O(J =1 = O) mappmg of H93 in order part of the IC5146 molecular cloud. The possible deviations of
to estimate thdHCO™]/[CO] ratios. The data set was con-
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Fig.4.H*CO"(J = 1 — 0) (upper solid),
5.5x HC*®O™ (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
2 4 6 8 2 4 6 3 the numbers in the top left of each panel cor-

| : d to th iti depicted i .3,
Velocity (km/s) Velocity (km /s) respond to the positions depicted in iy

x(CO) from the values derived here towards the northwesteti@6386 (position 1). The highest valués(- 10~* or higher)

high column density regions is discussed in Sect. 5. are found towards the southeastern condensation (positions 10,
From Table 3 it can be seen that the column density ratld and 12).

DCO*/C'®Oranges fron.7-10~* at(0”, 0") (towards IRS 7) The derived HE3O*/C'¥0 column density ratios also vary.

t0 5.6 - 10~* at (150", —180"). The low ratios 2.0 - 10~% or However, there seems to be no clear difference between the ac-

less) are found near IRS 7 and the Coronet cluster (positidive regions and the supposed ‘quiescent’ regions further away

6, 7 and 9) and in the northern clump near TY CrA and HBbom the newly born stars. If position 11 is dropped, the ra-
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Table 3. The assumed excitation temperatures f5t@, the derived €O column densities, fractional CO abundances, and the column density
ratios DCO'/C'®0 and HCG80O*/C'80. The C®0 and DCO" data sets are convolved to correspond i beam used in the HEO™
observations.

1) @) ©) (4) () (6) (@)

No. Aa AS Tex N(C'®0) x(CO) [DCO'] [HC'®O™]
(C®0) (conv.) [C'®O] [C'®0]
1071 -10° 104 -10°
@) @) K (cm™?)

1 -210 210 14 5.940.07 7.9:1.1 2.0+0.1 1.6:0.3
2 -150 90 18 6.6%0.11  8.6r1.1 2.8+0.1 2.7#0.2
3 -105 -45 17 4.180.12 7.6:1.5 2.4+0.2 2.4-0.5
4  -105 60 17 5.630.08 7.9:1.1 3.6:0.1  4.0:0.3
5 -75 30 17 5.12:0.07 7.8£1.2 25:0.1 4104
6 -60 -15 17 5.380.09 7.8:1.2 1.9:0.1  4.6:0.4
7 -15 -30 24 7.940.09  8.2-1.0 1.2+0.1 3.5£0.2
8 0 -210 14 3.370.06 7.3t1.4 3.8:0.3  4.0:0.5
9 0 0 30 9.280.06  8.3:0.9 0.70.1 2.0+0.2
10 150  -180 13 2.980.10 7.11.7 5.6:0.3 3.8:0.9
11 210  -195 13 3.250.08 7.3t15 5.3+0.2 1.4-0.5
12 240  -255 13 2.980.10 7.41.6 5.2:0.3 3.10.9

=

tio ranges from1.5 - 10~° at (—210",210”) to 4.6 - 10> ably for HCO" abundance estimates only if the degreé@
at (—60”,—15") with an average and standard deviation dfactionation is known.
(3.3+£1.0)-1075.

4.2. DCO*/HCOT abundance ratios

4. Chemical fractionation and electron abundances and the fractional electron abundances

In the following we derive the HC®O column densities
from H!3CO* rather than from HEOT because of the
The two isotopomers DCOand H3CO* selected for this study higher signal to noise ratios of the former lines. The av-
have frequently been used in deuterium fractionation studiesage H*CO*/HC'®O* ratio given above, and the average
The reason is that the most common isotopom&G#°Ot is  [180)/[*°QO] ratio in the local ISM §60 4 25, Wilson & Rood
usually optically thick whilst B*CO™ is difficult to detect be- 1994) are used in the conversion of thEBO* column densi-
cause of its rarity. However, this selection does lead to a comies to those of the common isotope HE@nd for the derivation
cation: As HCO is produced directly from CO and the reactiorf the DCO"/HCO™ column density ratios. Note that the result-
s o i s ing [HCO*]/[H13CO+] abundance ratio is 53, and thus fairly
C* + 2CO = C" + °CO + AF, close to the value of 60 used in several previous studies (e.g.
Wootten et al. 1982; Bergin et al. 1999).
is exothermic withAE /k = 35 K (Watson 1977), substantial  The derived DCO/HCO* and HCO-/CO column den-
13C fractionation is to be expected in cold, dense gas (Watsg[y ratios and the fractional HCOabundancesy(HCO™)
1977, Smith & Adams 1984). A similar exchange reaction b= [{CO*]/[H,)), are presented in Columns (3), (4) and (5) of
tween the'°O and'®O isotopes is inhibited under interstellamape 4. respectively. The fractional HGCabundances were
cloud conditions due to the high ionization potential of atomigstimated by using the the fractional CO abundangég0),
oxygen. Therefore, in the interiors of dark clouds, where sgarived in the previous subsection. The linewidths from Gaus-
lective photodissociation (Bally & Langer 1982) is probablgijan fits to the DCO(J = 2—1) lines, discussed in Sect. 5, are
prevented, the £0/CO and HC*O*/HCO* abundance ratios gjven in Column (6) of Table 4, and in Column (7) the rotational
should be equal to the interstelld?Q]/['6O] ratio. temperatures for CKCCH are presented.

In Sect. 3.2 the HCO'/HC'®*O* ratio in the R CrA core  The DCO/HCO' abundance ratio varies from 0.006 to
was given ag0.5+2.2. Harjun@ia & Mattila (1996) determined gphout 0.04. The minimum value is toward¥’, 0”) (IRS 7)
the!'*CO and C*O column densities towards seven highly redsq (—15",-30") (the dense clump near IRS 7, A97a). The
dened background stars in the R CrA cloud. With the exceptigihximum is found towards the southeastern clump (positions
of one location on the outskirts of the cloud, they found the meag 11 and 12) further away from the cluster of newly born
'CO/C'*0 abundance ratio over six positions toh2 £ 1.3.  gtars. The ratio increases systematically with angular separation
Therefore, it would appear that tHéC fractionation in CO from |RS 7. The results near IRS 7 are consistent with those of

is manifest in HCO, as predicted by ion-molecule chemistryygotten et al. (1982) who derived a DEGHCO ratio of 0.008
Furthermore, this result shows that3€Ot+ can be used reli-

4.1.13C fractionation
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T, (K)

0 20 40 60 0 20 40 60
Velocity (km/s) Velocity (km/s)

Fig.5.CH;CCH(J = 5 — 4) spectra towards the positions 2, 4, 7 anéFig. 6. Same as Fif]5 but for GGCCH(J = 8 — 7).

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 1) As discussed in Sect. A.1, tl[ﬁ?f]/[HCOJr] abundance

the frequency reference. ratio is likely to be less than unity. Recent studies show that
steady state values of about 0.1 are reached aftei0® yr
if the gas density i90° cm—2 or higher. Lower densities im-
plies a highefH7]/[HCOT] ratio (which is approximately in-

and a kinetic temperature of 29 K atthe offset”’, —25”) from  versely proportional to the square rootaf) and a stronger

our map centre. time dependence. This abundance ratio introduces a severe lim-
The HCO"/CO abundance ratio liesinthe rarjg 10~° — itation to the derived fractional electron abundanceg;™),

4.7107°. The highest values are found at locations 4, 5, 6 asthcex(e~) ~ x(Hi)/x(HCOT) - 10~7 (Eq. A10).

7. 2) The cosmic ray ionization rate of molecular hydrogén,

The remaining parameters given in Table 4, in Columns (8jes in the rangd0~'® — 10716 s7! (see Sect. A.2). Whatever
(12), were derived using the simplified chemistry model dealue is adopted, it probably remains constant within the studied
scribed in Appendix A. This derivation was subject to the fokegion since the projected distance between the NW and SE end
lowing constraints: of the R CrA core is only 0.4 pc.
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(—150" 90" We have estimated the gas densities towards selected positions

-22 | 1 from the observed DCO(J = 2 — 1) and(J = 3 — 2) line
T = 18.10.4K by using the Monte Carlo radiative transfer simulation program
. of M. Juvela (Juvela 1997). The model cloud was assumed to

|/ be amicroturbulent homogenous sphere with a diameter'tf 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'€0 listed in Table 3 were used as

| kinetic temperature estimates. The fact thatthe 3 — 2 lines

—26F N = 2.420.1x10"%cm™

(—105",60") are relatively strong (the/ = 3 —2)/(J = 2 — 1) ratio ranges
22 1 from 0.5 to 0.9) implies high densities: the derived values lie in
Trot=17.4+0.4K the rangd — 3 10° cm~3, except for position 7 (the dense clump

0=0.25 near IRS 7), where the intensity ratid = 3 —2)/(J =2—1)

is almost unity. This ratio suggests a very high densitys(10°

cm~3 or larger), but its value is also very uncertain, and higher

transitions should be observed to determine the density more
4 1 accurately. In the following we assume that the characteristic
density towards the selected positions (corresponding to the
(=157.=30") H!3CO" and DCO" emission peaks) is0¢ cm™3.

The solution for the parameters was obtained by fixing the
fractional electron density towards position 12 such that the
ratio x (H7 ) /x(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 fox(e~) at location 12 i< 10~8. The require-

= 3.7+0.2x10%cm™?

|
N
o
T
z
|

|
N
N

‘H{ITA*dV/(WVU\Sg\gK>§

T,t=24.4+£0.3K

rot™

Q=0.79
724 |-

—26 - N = 8.9+0.2x10"%em™ 7 S .
} } } } ments presented in items 3) and 4) above imply then that the
(0",0" ratio ¢ /ny, is about10~=22 s~tcm?® which, with the assumed
-22 1 density, corresponds to an ionization rate 0f 16 s~1.
T,,:=29.7+0.5K Substitution of the adopted value gfe~) into Eq. (A10)

gives an estimate foy(H ) at location 12, which can be further
substituted into Eq. (A27) to obtain avalue flikD*]/[H7 | =
R. Eq. (A18), along with the assumed value(@fy,, can be
used for deriving an estimate for the destruction rate of
26 L N = 7.8:0.9%10 %em™2 ¢ | HI in reactions with neutral species (see Sect. A.2). Finally,
. 2‘0 4‘0 6‘0 8‘0 oo Eq. (A19) gives an estimate for the neutral destruction iate,
of H,D™, which together with the derived value@fimplies, by
Eu/k () Eq. (A20), that the combined fractional abundance of HD and D
Fig. 7. Rotational diagrams of the GKECH spectra towards positionsOWards position 12 i$.8 10=°. A higher fractional abundance
2, 4,7 and 9. The lines represent linear least-squares fits to the dét@uld lead to unrealistically large abundances of neutral species
The rotational temperatur@(.;) and the ‘Q-value’ derived from each towards some locations (constraint 3).
fit are given in the top right of each panel. The total {&4€H column Towards positions with temperature estimates (i.e. 2, 4, 7
density (V) is given in the bottom left of each panel. 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[HoD*]/[H5 ], x(e™), 6, &' and x(HZ) have been
3) The combined fractional abundance of neutral atoms a#@fved by iteration. First, the ratil,D*]/[Hy] (= R) has
molecules other thanHi.e.x(CO)+ x(O)+x(C) +x(N2)+ been solved from Eq. (A27) assuming that {Hg]/[HCO*]
x(HD) + ...) is likely to be lower thart.0 10~ (Lee et al. ratio is the same as for position 12. Thereaftés~) has been
1996, CWTH). Hereafter we denote this combined fractiong®lved from Eq. (A10). The destruction rateands’ have been
abundance of neutralacluding CO by x(N”), distinct from derived from Egs. (A19) and (A20), and finally, an estimate for
x(N) introduced in Sect. A.2. x(H7) has been obtained from Eq. (A18), which has been again
4) The combined fractional abundance of HD and [Bubstituted into Eq.(A27) to get @ew value for R, and the
x(HD) + x(D), is between1.6510~5 and 3.310~5 (see Process repeated. The fractional deuterium abundar(d),
Sect.A.2). was solved from Eq. (A25), and the fractional abundance of
One further constraint is the number density of molecul@gutrals destroying Hand D™ ions,x (A), has been derived
hydrogen,ny,, which determines the ratio between the fradrom Eq. (A16) by assuming that the rate coefficiérfor all

tional electron abundance and the cosmic ray ionization radch reactions i$.5107? cm?s~".

Q=0.82
_oa L
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In this calculation we have assumed that = 106 cm=3, ~ %:0° ‘ ‘
¢ = 10751 and x(HD) + x(D) = 1.810~° are valid X(HD)+X(D)=2E-5
throughoutthe cloud. The lastassumption @ID)+x (D) ~ X(e)=1E—8

constant, is based on the chemistry models of Brown & Rice
(1986) and Brown & Millar (1989) according to which the frac- 0.05
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. 0.04 |

The derived parameters are listed in Columns (8), (9), (10),
(11) and (12) of Table 4. Towards position 9 (0,0) the estj—
mates for the parameters in Columns (8) to (12) failed since
the DCO"/HCO™ ratio is slightly toohigh for the derived ki- < o |
netic temperature (the equilibrium const&t ' (T) = k_ /k
of the reaction § + HD = HyD* + H, should bring this
ratio down in warm conditions). Therefore only upper limits
for the [HoD*]/[H7 ] ratio andy(e~) derived from Egs. (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 DC® and H3CO* 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 DC@HCO™ ratio in Table 4,
the following tendencies can be discerned: 0 ‘ ‘ ‘

1) The derivedH,D*]/[H7 ] ratio is approximately three ° 1 TQ(OK) 7 0
times the[]DCO™]/[HCO™] ratio. As discussed in Appendix

. . . . o
A this is due to the adopted rate at which deuterium atoms ifllg' 8. T't"e DCd/Hgot da:”nda_ncel.fr.ago ﬁs a ftunCt'oz ?f k'ne:'ct
removed by CO"'S'OnS W|th gralns emperature as predicte Yy a simplinead cnemistry mode (See ex )

2 Th i ! he fractional f I i
2) The[H?{]/[HCOﬂ ratios lie between 0.06 and 0.2, be- e quantityy(N”) denotes the fractional abundance of neutral species

. ) . otherthanH (i.e. CO, O, C,HD, N, CHq4, N, H2O,...) taking partinthe
ing lowest near IRS 7. The fractionaljHabundance increasesyesryction of H and D™ ions. The reaction rate constants adopted

from about2 10~ towards position 7 t6 10~ towards po- are from Lee et al. (1996). The observed DOBICO" ratios and their
sition 12. These abundances agree rather well with the moggbr are also indicated. For the left-most data point, the temperature
results of Lee et al. (1996). Likewise, the fractional electras assumed.

abundancey(e~), increases fron?).610~% near IRS 7 to

21078 in the southeastern clump. This reflects the increase in

the [H; ]/[HCO™] ratio (see Eq. A10) and the decrease in the The variation of the DCO/HCO™ ratio as a function
[HCO™]/[CO] ratio (Eq. A21) with distance from IRS 7. of the kinetic temperature is predicted by chemical theory.
3) The derived fractional abundances of deuterium atomjs variation occurs via the rate constants involved in the
x(D) and other neutral specieg(N”), vary markedly, the destruction of HD*, in particular the equilibrium constant
former increasing and the latter decreasing as a functionml(T) (Herbst 1982). In Fig]8 the dependence, as derived
projected distance from IRS 7. The destruction rate §f Hfrom Egs. (A7) and (A19), is graphed for the simplified case
in the reactions with neutrals; (corresponding to((N”)) is  where atomic deuterium has been omitted, which implies that
4210713 — 581073 cm®s~! in the northwestern clump, andthe DCOF/HCO' ratiois about one third of the4D*/H7 ratio.
2.6107'% —3.5107 "% cm®s~" in the southeastern clump.  The DCO"/HCO™ ratio is indicated for four values of(\”),
It should be noted that the value of the electron abundangg 1104, 2104, 310~4 and410~%. The fractional abun-
towards position 12 was chosen somewhat arbitrarily baseddihcesy (HD) + x(D) and x(e~) are assumed to k107,
the predictions of earlier chemistry models. The derived valugid1 10-8, respectively. A higher fractional electron abundance

of x(e™) and x(HJ)/x(HCO™) towards other positions arewould decrease the DC@HCO' ratios for a particular value
proportional to this value. The cosmic ray ionization should kg XN).

adjusted accordingly in order to keep the abundances of neutralsat low temperatures wherdd ~'(T) is very small, the
within reasonable limits. This would, however, have little effegycO+/HCO™ ratio is governed by the fractional abundances
onthe relative abundances towards selected positions. Therefg¥relectrons,y (e~ ), and neutral species,(NV”'). The decrease

we believe that the numbers listed in Table 4 indicate the trt.tﬁ/vards the |owesttemperatures is main|y dueto thetemperature
abundance variations within the cloud. dependence of the rate coefficient for the proton transfer reaction

[DCO™]

0.02 ¢

0.01 t
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Table 4. Chemical data towards 12 selected positions. The column density ratios [OD™ (3) and HCO/CO (4), the fractional HCO
abundance (5), the Gaussian half power widths of the DCO= 2 — 1) lines (6) and the rotational temperatures for{CHH (7) have been
derived directly from observations, whereas the abundance #sbs /HZ (8) andHI /HCO™ (9) and the fractional abundancgge™)

(10), x(D) (11) andx(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 rate 10~ '%s™!, the combined fractional abundang@ID) + x (D) = 1.8 10~° and the number density

NH, = 10% cm 3.

1) 2 3) (4) (5) (6) (7) (8) (9) (100 (11) (@12
No. Aa Aé [DCOT] [HCO'] x(HCO™) Av Trot [HoDF] [HI]Y  x(e7) x(D)  x(N)
O [HCO™] [CO] DCO™ CHsCCH [Hf] [HCOT)
-10° -10° (kms™1) (K) 108 -108 -10*
1 -210 210 0.0180.006 1.90.5 1.5:0.6 0.89£0.02
2 -150 90 0.0180.005 2.#0.6 2.2t0.7 1.14:0.01 18.#0.4  0.050 0.09 1.1 1.2 25
3 -105 -45 0.0140.004 3.#0.8 2.3t0.9  1.08:0.03
4 -105 60 0.0160.005 3.90.9 31411  1.32:0.02 17.40.4  0.044 0.06 0.6 0.8 3.2
5 -75 30 0.0090.003 4711 313 1.62:0.03
6 -60 -15 0.0040.002 4.6:1.1  3.6:1.3  1.18:0.03
7 -15 -30 0.0060.002 3.50.8 2.90.9 0.980.01 24403 0.016 0.08 1.0 0.4 2.2
8 0 -210 0.02#0.009 2.50.7 1.8:0.8 1.010.01
9 0 0 0.006:0.002 2.30.5 1906 1.53:0.03 29.#0.5 < 0.017 - < 1.6 - -
10 150 -180 0.03%0.011 2.8-0.8  2.6t0.9  0.78:0.01 0.100 0.17" 1.7 43 1.0°
11 210 -195 0.0280.008 3.3-0.8  2.4t1.0 0.85:0.01 0.080 0.12 117 27 1.4
12 240 -255 0.0320.012 2.50.7 1.8:0.8 0.83:0.01 0.110 0.20° 200 49 0.9

*assuming thalin, = 13K

given by reaction 2 in Table A.1. The use of a temperature ind®t explain the variation of the deuterium fractionation rate.
pendent rate constant for this reaction (¢.§.10~° cm3s~! as  Although both northwestern and southeastern clumps are cool,
used in several previous studies) would make the DGO the deuterium fractionation rates in these two locations are sur-
ratio higher for a particular value gf /") and the curves would prisingly different. The simple chemistry model outlined in Ap-
be almost flat below 16 K. At high temperaturés;  (7') dom- pendix A suggests that the difference is due to the variation in
inates the denominator of Eq. A18 and draws the DGCO*  the abundances of the species destroying tiieadd H,D*
ratio down. Between 16 and 30 K, whek& 1 (T') ~ x(N”), ions. These destructive agents can be either electrons or vari-
the ratio has a very steep temperature dependence. Also imdis neutral species reacting with the aforementioned ions. As
cated in Fig.B are the DCOHCO™ ratios and their errors asindicated by the variation of the HC@CO ratio, the fractional
derived from the observations for the four locations where tleéectron abundance does change over the mapped region but
temperature has been determined and for position 12, wheretttis occurs roughly in step with the DCCHCO™* abundance
temperature is assumed to I8+ 3 K. It can be seen that rela-ratio. Furthermore, the derived fractional electron abundances
tively high abundances of the neutral specgiésare required in are very low, i.e. of order 10~8. Therefore, the most likely ex-
positions 2 and 4 in the northwestern clump with ratios slightjylanation for the difference in the DCOfractionation between
below 0.02. In contrast, the high DGZHCO™ ratios in the the northwestern and southeastern clumps is a variation of the
southeastern clump (positions 10, 11 and 12) would, accordamigundances ofieutral species destroying thedHand H,D*
to this model, require low values g \/’). This is also evident ions.
in the numerical results presented in Table 4. The Hf and H,D* ions rapidly give up one proton to any
atom or molecule that has a proton affinity greater than that of
H. (Smith et al. 1994). This reaction has the generic féijn+
X — XH™' 4+ H,. CWTH point out that according to chemistry
models atomic oxygen and CO are by far the most abundant of
such species. AlsoNwhich reaches a high relative abundance
The derived DCO/HCO™ abundance ratios show an overalht steady statey(~ 10~°, CWTH) reacts willingly with H .
tendency to increase with angular separation from IRS 7, tlike reaction with molecular oxygen,Owhich has a similar
centre of the current star formation activity in the cloud. Theteady state abundance ag Nccurs slowly and probably has
values near IRS 7 are characteristic for warm clouds with esminor effect on the deuterium fractionation.
bedded infrared sources whereas in the southeastern clump thén CWTH the abundance variation of neutral species is sug-
ratios reach typical dark cloud values (e.g. Wootten et al. 198f&sted to be due to their depletion onto dust grain surfaces.
Williams et al. 1998). This process is described by the depletion fagterwith re-
According to the discussion in the previous section, the tespect to the gas phase elemental abundances adopted or derived
perature changes via the equilibrium const&rif") alone can-

5. Discussion

5.1. Deuterium fractionation
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in chemistry models (e.g Lee et al. 1996). Without desorptigranied with a higher electron abundance. In our data there is,
mechanisms which release molecules from the grain mantlesyever, little evidence for an increased electron density in the
the degree of depletion should increase with time. Since it is megions where the deuterium fractionation ratio is lowest.
likely that the NW clump would represent an earlier stage of
evolutio_n than the S_E clump, a natural assumption is that eitrg.)e_é_ The degree of ionization
desorption mechanisms or mechanisms that prevent gas from
condensing are working more efficiently in the northwesteirhe fractional electron abundangge™), is larger in the qui-
part of the R CrA core. The elevated gas kinetic temperatugscent southeastern clump than in the neighbourhood of the
of the NW clump and its proximity to an active star formingactive region. This is reflected in the observed decrease of the
region suggest that desorption mechanisms are indeed efficiéitO*]/[CO] ratio with the distance from IRS 7. Given that
there. The embedded infrared sources of the ‘Coronet’ clust® is actually depleted by about a factor of two in the south-
heat the dust and probably cause enhanced turbulence throeggtern clump, the decrease of f[HEO™]/[CO] ratio towards
their stellar winds (e.g. Wilking et al. 1985, Wilking et al. 1997)this region can only be attributed to a decrease in the HCO
The visually bright Herbig Ae/Be stars TY CrA and HD17638dractional abundance, probably caused by an enhanced electron
which illuminate the reflection nebula NGC 6726/7 in front ofecombination rate. However, uncertainties related to the ob-
the northwestern clump (Graham 1991), likely give rise to @erved abundances and abundance ratios (see Table 4) do not
intensified UV radiation field impinging on the cloud. allow us to build a simple relation between f#CO*]/[CO]
According to Charnley (1997) a modest warming of theatio andy (e~ ). Measurements of DCOand temperature es-
dust grains will lead to thermal evaporation of the mosimates are also needed to determijrie—) more precisely in
volatile molecules (K, CO, O, and N;) which then affect cloud cores, as already stated by CWTH. We found higher elec-
the DCO"/HCO™T abundance ratio. Furthermore, increased turon fractions in those regions where depletion of neutral species
bulence in dense gas causes frequent grain-grain collisiosd)igher. The reason for this tendency is mostly due to the fact
which can provoke mantle explosions due to frozen radicdlsat Hj tends to increase with depletion because its destruction
(d’Hendecourt et al. 1982; d’Hendecourt et al. 1985; Tielens &te decreases proportionally. However, the HG@rmation is
Allamandola 1987; Shalabiea & Greenberg 1994). The BCOittle affected since the effect of an increase if Hbundance
linewidths are larger in the NW clump.(l — 1.6 kms~!) than is largely nullified by a decrease y(CO). The net result is a
those inthe SE clum@(8— 0.9 kms™!, see Table 4). The colli- higher[HZ]/[HCO*] abundance ratio or, equivalently, a higher
sion velocity between grains is also probably slightly higher in(e ™).
the former clump. It should be noted that the DClihewidths As discussed in Sect. 3.4, the fractional abundances of CO,
are not higher in the neighbourhood of IRS 7 (positions 6, 7 andCO), derived from a linear relation between th&O column
9) than in the NW clump. However, towards IRS 7 (positiodensity and the colour exceg8.J — K') (Harjun@a & Mattila
9) where the DCO/HCOT ratio is lowest, the dust tempera-1996) are valid only towards four positions in the southeast-
ture is probably sufficient for rapid diffusion of radicals oveern part of the R CrA core. Elsewhere the valuesy¢£0O)
the grain surface, which can lead to efficient mantle ejectiame derived from the extrapolation of the aforementioned rela-
(d’Hendecourt et al. 1982). tion. These fractional abundances are needed for estimates of
An alternative to desorption as a factor reducing the degre@ICO™) and, according to our test calculations, primarily af-
of deuteration is the enhancement of non-thermal reactions (éegt the derived electron abundancgsge™). If x(CO) is in
the reverse of reaction 8 in Table A.1) occurring in magnetohseality smaller than estimated by a factor of two, say, towards
drodynamic waves caused by perturbations in weakly ionizgte northwestern clump (i.e. CO is depleted to a greater extent),
gas as presented by Charnley & Roberge (1992). This motle¢ derived values of(e ) become equal to those in the south-
predicts that the degree of deuterium fractionation should eastern clump, and the spatial gradientin the electron abundance
highest in the molecular gas with the narrowest linewidths. Alstisappears. On the basis of the discussion above, a more likely
turbulent mixing of material between the inner and outer layeaiernative is that the CO abundance is larger in the northwest.
of a cloud, which according to Xie et al. (1995) may sustaim this case the derived electron abundances will be smaller by
large C and € abundances even in the interiors of dense cores) amount roughly proportional tg(CO).
can have a similar effect. According to the latter model the C/CO The fact that €O may be tracing lower density regions than
ratio depends on the typical velocity and the length scale of tR€O* and H3CO™ produces another source of uncertainty
turbulence, and may therefore be correlated with the line widtfis.the derived abundances. Depending on the cloud’s density
Although observations towards the SE clump seem to suppsiructure the HCO/CO abundance ratios are likely to be lower
these ideas, the relation between the D@A@CO™ ratio and limits. Correcting for this would further lower the fractional
the linewidth is not straightforward as discussed above. Alstectron abundances (see Eqg.A10). However, at the level of
CWTH found very weak correlation between the linewidthinization deduced for the R CrA core, changirgCO) or
and the degree of deuterium fractionation. Furthermore, in tf&CO™]/[CO] would not alter the derived neutral abundances
model of Xie et al. (1995) the chemical composition is modified(N”) significantly.
via transporting electrons and ions from the cloud surface and
therefore the enhanced abundance of C atoms should be accom-
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+
We have observed the variation of the DEBICO™ abundance and 97.00018.CT02. The Swedish-ESO Submillimetre Telescope is

ratio over the R CrA cloud core. The ratio ranges from 0.0Q%erated jointly by ESO and the Swedish National Facility for Ra-
to 0.04, being lowest towards two locations near the embeddgél Astronomy, Onsala Space Observatory at Chalmers University of
infrared source IRS 7 where the kinetic temperatugglis 30  Technology.
K. The difference in the DC&/HCO™ ratio between two sep-
arate clumps within the core (which we have called the “nortiynendix A: deuterium fractionation in the formyl ion
western” and “southeastern” clumps) cannot be explained by
the temperature difference alone, but in conjunction with th@the following we outline the DCO-HCO™ chemistry model
supposition that the fractional abundance of neutral specie@il detail the method used for determining the electron abun-
larger in the northwestern clump. This increase is probably dé@nce from the observed abundances of HCOCO* and
to enhanced desorption from grain surfaces arising from sfa- The basis for the model is the theory of Dalgarno & Lepp
formation activity in the vicinity. The fractional D abundance i§1984, hereafter DL), which involves atomic deuterium, with
anticorrelated with the combined abundance of neutral spediegdifications to accommodate more recently determined elec-
(CO, O, N, etc.) which take part in the destruction of thg H tron recombination rates forjHand H,D* (Sundstom et al.
and KD+ ions. This behaviour is in accordance with the rel994, Larsson et al. 1996). The leading reactions and their rate
sults of chemical models including accretion on grain surfacé@nstants are listed in Table A.1.
(Brown & Millar 1989).

The electron fractiory(e~) has been estimated from a sima 1. production and destruction 8fCO*
ple chemical model where neutral species (besides CO) de- andHCO™ and the electron density
stroy Hf and H,D* and reactions with atomic deuterium are _ ) )
included. We found that thg(e~) is larger in the quiescent The main formation channel of HCGis proton transfer from
southeastern clump than nearby the active star forming regibh. to CO (reaction 1 in Table A.1). The production of DCO
This gradient in the electron fraction is detectable through tie@ssumed to proceed primarily through reactions 2 and 3 in
observation of the [HCO]/[CO] abundance ratio, which tendsTable A.1. In reaction 2, the branching ratlo: 1 in favour
to decrease with increasinge ). Finally, higher gas phase de-Of the _formatlt_)n of HCO reflects_ the isotopic ratios in th_e
pletion implies a higher degree of ionization. An accurate mgdzD ™ ion. Chin et al. (1996) estimated that the contribution
surement of (e~ ) therefore requires estimates of the amount 8f reaction 3 to the formation of DCOincreases from 36%
depletion as well as of the gas temperature and volume dend@y>6% when the temperature rises from 10 to 30 K. In early

The average HCO*/HC!80* abundance ratio in the R deuterium fractionation studies (e.g. &in et al. 1977, 1982;

CrA core is10.5 + 2.2, whereas the averadg@CO/C'30 abun- Wootten et al. 1979, 1982) reaction 3 was neglected because
dance ratio towards the core has been found t®.ber 1.3 ©f the assumed low abundance of D atoms in dense gas. Both
(Harjunpa & Mattila 1996). This agreement supports the prédQO+ and DCO" are destroyed_in recombination reactions
diction of chemistry models that predict that the main formatioiith electrons (reactions 4 and 5 in Table A.1).

channel of HCO is the direct protonation of CO. It also em- ~Assuming that reactions 1-5 dominate the formation and
phasizes the fact that the degree 4 fractionation should be destruction of DCO and HCO', one obtains the following
determined when HCO™ is used for HCO' column density €quilibrium conditions:

estimates. 2 . i _ _ n
Further examination of the influence of various possible proz "2 [H2D7][CO] + ki [H7][CO] = ay[e”][HCOT] +
cesses on the chemical composition of the R CrA core would be +k3[D][HCO™] (A1)

aided by an accurate temperature measurements in the soyth-
eastern clump where the DEZHCO" ratio is large. A search 5k [H2DF][CO] + k3[D][HCO™] = as[e”][DCOT], (A2)
for direct evidence of effective desorption mechanisms near1 o
IRS 7 and the northwestern clump may also yield useful infofNerel] denotes the abundance or number density intrBy
mation on the chemical composition of the core. Species Iigél'd'ig these+equat|onsone arrves atthe following equilibrium
NaOH (Tielens & Allamandola 1987) and,BO (Ceccarelli et DCO™/HCO™ abundance ratio (DL, Eq. (14)):
al. 1998) which probably only form on grain surfaces, woulds [DCO™]
be well suited for such a survey. Moreover, the high abundange [HCO+] -
of atomic oxygen predicted by simple chemical considerations 1 N N
could possibly be traced by the far-infrared fine-structure lines gk2[H2DT][CO] + k3[D][HCO™] )
of Ol. k1[H{][CO] 4 2k2[HoD*][CO] — k3[D][HCO]

) ) To facilitate the solution of forthcoming equations we adopt
AcknowledgementsiVe are grateful to Mika Juvela for use of h'sthe following definitions of DL:
Monte Carlo program. We thank Arto Heik&ilMalcolm Walmsley and
the referee, Al Wootten, for helpful comments on the manuscript. The [DCO+] d R= [H2D+]
work by I.M.A. and J.H. has been supported by the Finnish Acaderﬁy: [HCOT] an = [Hi] )

(A3)

(A4)
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Table Al. Principal reactions of the DCO- HCO™ chemistry

No. Reaction Rate coefficieht
(em3s71)
1 Hf+CO £, HCOT + H, ki =6.2107'°(300/T)%°
2 H,D'+CO £ HCOT+HD [67%] ko =6.210"1°(300/T)%°
DCO' +H,  [33%]
3 HCOT+D % H4+DCOT ks =1.0107°
4 HCO'+4+e~ X H+CO as = 2.01077(300/7)°7®
5 DCOt+e” 2% D4CO as = 2.01077(300/T)°™
6 Hi+e 2% Hy+H [25%] s = 1.151077 (300/T)°-6°
H+H+H  [75%]
7 HoDY4em 25 H4+H+D  [73%] ar=610"%(300/T)°%
HD +H [20%]
Ho +D [7%)
k
8 Hi+HD ké H.D* + Ha ky=1510"°
k- =2.0107°(300/T)°® exp(—230/T)
9 HI+D £, H,DT+H ko =1.01077
10 Hf +H, B HP4+H k1o =110"°

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

Furthermore, we defingby al. (1979). The transformation to fractional abundances relative
k- D [HCO+ to molecular hydrogeny, can be made by dividing both sides
= ks D] | ~ ] ) (A5) by [Ha].Furthermore, substitution of the solution forfrom
k1 [COl [H] Eq[A7 into EqCAD gives the following formula for the fractional
By dividing the numerator and denominator of the right harf|€ctron density:
sid_e of EqCA3 byk, [H ][CO] and using the above defined no- () = ki x(CO) (D) 1+R (AL0)
tation, EQLAB can be expressed as X T o 7X(HCO+)X )7,
Q5 %%R +& (A6) With the aid of E_A8, one can then obtain the following upper
oy %%R +1-¢° limit for the fractional electron abundance:
Substituting the rate coefficients adopted from Lee etal. (1996), ) < ki x(Hf) x(CO) . (A11)
(i.e. ks = k1 andas = ) into Eq[AB leads to ay X(HCOT) 1-2r
3[r— (14 7)¢] The explicit temperature dependence of the fractional elec-
R= T (A7) tron abundance is rather weak. From the rate constants givenin

o ) Table A.1,k; /oy = 1.31073 (T /10K)%-25. The fractional CO
The term¢ represents the contribution attributable to free deﬁbundancex(CO) is usually found to be of ordarl0—*. This

terium atoms. This contribution, the size of which is essentially 5150 the case in CrA (Harjug@ & Mattila 1996). The product
determined by the abundance rgitj/[c ] (see below), isnot ;. .\ (C0) is, under typical dark cloud conditions, of the or-
negligible. If this term is omitted, however, it can be seen tha r10~". Sincer andR are both small, the term including them
R~ 3r . This approximation has been frequently used in ey, the right hand side of EG.ALO is always close to unity. In the
lier studies (e.g. Galin et al. 1982). The requirement th@be  |4ations examined in the present studgHCO™) varies from

equal to or greater than zero gives an upper limit7for 1.51079t03.710°. According to the time-dependend chemi-
3r cal model calculations of Smith etal. (1994) for dense molecular
R < 1—9r " (A8) clouds, the higher values correspond to abundances at an early

) . stage of chemical evolution. Smith et al. (1994) furthermore
The electron densitye™], can be derived from EQLAL:  preqict that the fractional H abundancey (H3 ), lies in the
ko [HD] 2 ky range2 — 4 10~ so that the ratio(H ) /x(HCO™) decreases
] = — HCO] §;7R —£&}. (A9) with time from 0.9 to 0.3. Lee et al. (1996) derive considerably
e ! lower values for this ratio. In their standard model fo= 10
This method of estimating the electron abundance, starting frimny = 10* ecm 3, conditions which correspond to those in
the equilibrium equation for HCO, was first used by Wootten etSmith et al. (1994), the ratip(HZ ) /x (HCO™) decreases from

[COJ{1 +
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0.6 to 0.2, the latter number representing steady state. As 8imilarly, by arranging terms in EQ.AlL3 one gets f&r the
plained in Sect. 4.2, recent gas phase chemical models pretigb* /H; abundance ratio (DL Eg. 15),
a ratio of about 0.1 wheny, = 10° cm™3. This ratio turned

i u wheny, cm i io tu ko, [FID] + ko [D]

out to be roughly inversely proportional to the square root gf — . (A15)
the density. Thus, depending on the adoptgdHCO™" ratio, k—[Ho] + azle™] + ko[COJ + K[N]
the fractional electron abundance is of the ortler® — 10-7. By using the definitions

8" = k1x(CO) + ki x(HD) + kox (D) + kx(N) (A16)

A.2. Production and destruction bfg,f andH,D*

The H ions are produced at the rajél,] by the cosmic ray and

ionizgtion of_ I—b_foll_owed by the reaction 1(_) in Table A.l._ Thes = k_ + kax(CO) + kx(N) , (A17)
cosmic ray ionization rate;, has been estimated to be in the
rangel0~18 — 10-16 51 (e.g. Wootten et al. 1982; @iin et and dividing by{H,], Eqs[A1# anfTATb can be written in terms
al. 1982; Duley & Williams 1984; Williams et al. 1998). Theof fractional abundances as follows:
H,D™ ion is formed through reactions 8 (Watson 1977) and 9 ¢/n

T G Hf)= — >/"H2 Al8
(DL) of Table A.1. The former reaction is reversible in denss(Hz) = agxle ) +0' (A18)
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 constaiit= k., /k_to R = k+X(HD)j' kox(D)
be strongly dependent on the kinetic temperature. In the fol- arx(e”) +4

lowing we need the inverse ak, K—'(T') = k_/k4, for The quantitiesny, § and ny, &' denote the destruction rate

which Lee et al. (1996) have recently determined the relatigg-1) of H,D* and Hj ions, respectively, in reactions with

K~! =1.33(300K/T)%* exp(—230K/T) (see Table A.1). neutral species. They differ only by the term containing the
The destruction of i and H,D* proceeds via dissociative combined fractional HD and D abundances and the term

electron recombination (reactions 6 and 7) and viareactions Withich is negligible at low temperatures i.e. below 20 K):

neutral molecules, primarily reactions 1 and 2 with CO and tht/a

reverse of reaction 8. Reactions with such neutral species,as® — 6 = k+ x(HD) + kox(D) — k— . (A20)

0O, G, and H,O may also have a significant contribution (e.g.

Guelin et al. 1982; CWTH). The gas phase abundances,6f H .
- E hen E | Eq. (1) of

and N, are, however, low under dark cloud conditions (Herb ee EQ.AB), then EQ.AL9 becomes equivalent to Eq. (1) o

& Leung 1989; Herbst et al. 1994; Womack et al. 1992), and IQ‘%/IV{E%F)?X((%SS f(r:(\)/quEH q%?zggZn?aititiﬁt?r(;gl\(/gg)tfr:gr;atlo
reaction with Q is very slow (G&lin et al. 1982). Therefore, = : ' 3

qum. Assuming that the term containiRg@ndr on the right

besides CO, atomic oxygen might be one of the mostimport . ) X g
destroyers of Bl and HD*+ (CWTH). #Hand side of E§.AIO is of ordér one obtains the formula:

In the following we denote the destruction rate fof nd  y(HCO) k1¢/nm,
H.D™ due to reactions with neutral species other than those (CO) - asx(e)(agx(e™) +0') (A21)
mentioned in Table A.1 b¥[A/] and the fractional abundance
of neutrals involved by (N).

The equilibrium conditions for ﬁ and H,D™* are:

(A19)

Note that when one assumes tfiaj = 0 and thatR =~ 3r

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-
([Hs] = agle”][H] + k1 [COJ[HF]+ tically all deuterium is in the form of HD and free D atoms.

+hk [HD][HI] + ;I'Lhe ?(tomichilggrEz)a)tip c|jn th(_a solr?r nﬁighboubr'hoc(;dis5 13—5 f
insky et al. indicating that the combined abundance o
ko [D[HZ] + kV][HF[AL2) HD and D is very small compared with molecular hydrogen. If

k4 [HD][H] + ko [D][H] = k_[Ho][HoD¥] + it is assumed that all hydrogen is in molecular form then the
+az[e”][HoDT] + combined HD and D abundance is given by:
FHh[COIH,DT + HD D) ~ 2 Dl 3.3107° A22
+hkNV][HD] . (a13) XD+ x(D)~ Miocal ISM ' "2

From Eq[AIR the following formula can be obtained for the HA-3. Production and destruction of

abundance: Atomic deuterium is produced in reaction 5, and in the dissocia-

tive recombination of KHDT (reaction 7, Larsson et al. 1996).
([Hs) The contribution of this reaction to the production of D was

+1
Hy] = agle ] + k1[CO] + k. [HD] + ko[D] + k[N ° (A14) neglected in DL due to the fact that Smith & Adams (1984)
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determined a very lowpper limitof 210~% cm3s~! for the Eq[AZ7 can be solved by assuming certain values for tfie H
dissociative recombination rate o§1:|and thus also for kD*. abundance and the rate constapt The solution can then be
Larsson et al. (1996) determined fo¥ = a(H,D™) a value used in Eq_AID to obtain an estimate for the fractional electron
of 6 10~® cm3s~! at 300 K, which is about one half of the cor-abundance(e~). This can be further substituted into Eq.A19
responding recombination rate for;Hat the same temperatureto derive an estimate fog(N), and finally, an estimate of the
(Sundstom et al. 1994). For(HJ) the temperature depen-quantity¢/ny, can be derived from EGA14.

dence of(Hy ) = 4.6 1076 7065 cms~! (Sundstom et al. The derived values of (e~ ) and{/ny, depend directly on
1994). Assuming a similar power law for, its value at 95 K the assumed ratig(H7)/x(HCO™), whereas estimates fét
is1.31077 cms™!, i.e. one half olx(DCO™) = as. are sensitive to the rate constagt For larger values of,, i.e.

According to DL atomic deuterium is destroyed by reactiori®) 1" — 10716 cm?s~!, R lies close to its upper limit- 3r, but
3 and 9 and in collisions with dust grains at ratg,[H,]. DL remains well below it near the lower boundary of the probable
suggestthaty ~ 1.710~° cm?s~!. Estimates fok, range from range ¢ 1078 cm?s™1).
5107 '8 to 5107 cm?s~!, the most commonly used value Ifthe reaction rate constants and the combined abundance of
being3 1077 cm—3s~! (Duley & Williams 1984). In their OD HD and D are assumed to be known, the model described here
study, Croswell & Dalgarno (1985) adopt a slightly lower valueontains five unknownsH, x(e~), x(D), x(Hj ) and(/nn,)
of ky =1.51071" cm3s 1. and five independent equations: (A10), (A18), (A19), (A25)
In equilibrium, the abundance of D is given by and (A27). Bearing in mind that the derived set of equations
_ 41, 4 _ + probably does not fully describe the true situation (e.g. metal
[D] = asle”JIDCOT] + Sarle HHQ]?F ] (A23) abundances and interaction with grains are omitted) no attempt
2kg[Ha] + k3[HCO* ] + ko[Hy ] at their proper solution has been made. Instead, we have used
The factor% in front of a; comes from the branching ratiosresults from previous studies to obtain reasonable initial values
of reaction 7 as determined by Larsson et al. (1996)_Eql A@Bsome parameters and solved the set of equationsin an iterative
differs from the corresponding expression in DL (their Eq. 1Zpanner as described in the text.
by the latter term in the numerator.
DL der?ve estimates fqr the fractional electron abundamA%pendix B: estimation of temparatures
as a function ofr by subsituting the counterpart of mz%/vith the rotation diagram method
into that of EqCAB. With the modifications introduced here this
procedure becomes a little bit more laborious. By defining tAde rotational diagram method for a symmetric top molecule

guantitiess and~ by is based on comparison of the intensities of the spectral line
%%, + ko (HZ) components arising from rotational levels with different ener-

8 = g TRXA3) and gies but lying close to each other in frequency. More detailed
ksx(HCOT) description of the method can be found e.g. in Churchwell &

2k, + kax (HCO*
y = ot hax(HCOT) (A24)
kox (Hg')

Eq[AZ3 can be rewritten as

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,

x(D) a5 7 da7 R N,, is:
= — + - A25 uy 19
X(e_) k‘31+6 5k91+’}/ ( )

1
Combining Eqd.Ab and A10, the following expression §ds /TB(U)dv = 5/ TA(v)dv

obtained: 02 2 g F(T)
ATV J K _ bg
:@X(D)l—i—R:{ T +4a7 R }1+R.(A26) = 5 7k502j+1{1 F(Tex)}NU7 (B1)
ag x(e™) 1+ 1408 bagl+vy 1+7r

In this expression we have made use of the rate constant eq¥h1ere” is the beam—source coupling efficieneys the line rest
ities in Lee et al. (1996)k; = ki, kg = k3, andas = au. frequencyy is the permanent dipole moment of the molecule,

Substitution of E.AZ6 into EG.AG leads to a quadratic equsI;_is the Boltzmann constany is the vacuum permittivity/3,q

tion for R: is the (cosmic) background radiation temperature @ndis
the excitation temperature of the transition being observed. The

aR? +bR—c=0, (A27) quantity Sy i is the so called line strength of the transition
where (J, K) — (J — 1, K) defined as

a7 1 2 2
“ T B ltn &K;ii#i. (B2)
A TP The functionF (7)) is defined b

3731+8 @ bagl+ry y

m%)mﬂzwﬁij, (B3)

76 T
1+8
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whereh is the Planck constant. Note that the integration is peZhin N.-Y., Henkel C., Millar T.J., Whiteoak J.B., Mauersberger R.,
formed with respect to the radial velocity 1996, A&A 312, L33

Assuming rotational equilibrium at a temperatdtg,, the Churchwell E., Hollis J.M., 1983, ApJ 272, 591
column densityV,, can be obtained from the total column dencroswell K., Dalgarno A., 1985, ApJ 289, 618

sity of the moleculeV according to: Dalgarno A., Lepp S., 1984, ApJ 287, L47 _ _
Duley W.W., Williams D.A., 1984, Interstellar Chemistry. Academic
e~ Bu/kTrot Press Inc. (London) LTD
Ny = 979k91 -z N, (B4)  Graham J.A., 1991, In: Reipurth B. (ed.) Low Mass Star Formation in

o ) Southern Molecular Clouds. ESO Sientific Report No. 11, Garch-
where g; and gx are the statistical weights due to angular ing bei Minchen, p. 185

momemtum and its projection onto a given axis, respectiveiyélin M., Langer W.D., Snell R.L., Wootten H.A., 1977, ApJ 217,
(9; = 2J+1; gx = 1 whenK = 0, andgx = 2 when L165

K # 0). The statistical weighg; takes account of the spins ofGtélin M., Langer W.D., Wilson R.W., 1982, A&A 107, 107

the three hydrogen nuclei (each havihg= %) and takes the HarJ_u J.‘,mHalkaIa LK Mattila K., et al., 1993, A&A 278, 569 (H93)
value 4 wherk = 0,3,6,...and 2whenk = 1,2,4,5, ... (see Harung@a P, Mattila K., 1996, A&A 305, 920

Ch. 3 and Table 3-6 in Townes & Schawlow 1975). The partitid}]Hendecourt L.B., Allamandola L.J., Baas F., Greenberg J.M. 1982,
function, Z, is given by AZA 109, L12

d’'Hendecourt L.B., Allamandola L.J., Greenberg J.M., 1985, A&A
co  J 152,130
Z=3"3" gigrgre P KT (B5) HerbstE., 1982, A&A 111,76
J=0 K=0 Herbst E., Leung, 1989,

o ) Herbst E., Lee, Howe, Millar, 1994,
By combining Eqd.Bl1 and_B4, and assuming thatela M., 1997, A&A 322, 943

F(Tis) < F(Tex) one obtains Kramer C., Akés J., Lada C., et al., 1999, A&A 342, 257
. 5 o Larsson M., Lepp S., Dalgarno A., et al., 1996, A&A 309, L1
In{ J Tidv - m{QL’Lﬁ _ L Eu (B6) LeeH-H. Bettens R.P.A. HerbstE., 1996, AAS 119, 111
NSy kg 3k g9 Z Trot k Linsky J.L., Diplas A., Wood B.E., et al., 1995, ApJ 451, 335

. Loren R.B., Wootten A., Wilking B.A., 1990, ApJ 365, 269
The unknowns in EQ.B6 are the total column denditand the \;0nteiro T.S.. 1985. MNRAS 214 419

rotational temperaturg,,, both of which can be determined bypress W.H., Flannery B.P., Teukolsky S.A., Vetterling W.T., 1986, Nu-
observing several transitions belonging to differ&rtladders: merical Recipes. Cambridge University Press, p. 502

In LTE T, is constant and the observed values of the left has@lalabiea O.M., Greenberg J.M., 1994, A&A 290, 266

side should lie on straight line when plotted as a function 8mith D., Adams N.G., 1984, ApJ 284, L13

E,/k. The slope of this line is determined by the reciprocal &mith D., Spanel P., Millar T.J., 1994, MNRAS 266, 31

Trot, and its intersection with thE,, /k = 0 axis gives the ratio Strong A.W., 1987, In: Morfill G.E., Scholer M. (eds.) Physical Pro-
N/Z. cesses in Interstellar Clouds. NATO ASI Series, D. Reidel Pub-

lishing Company, Dordrecht, p. 75
Sundstom G., Mowat J.R., Danared H., et al., 1994, Sci 263, 785
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