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ABSTRACT

We have detected the J= 1-0 transition of HS5CI in the orion  A and Monoceros R2 giant

molecular clouds, using the C.altech  Submillimeter  Observatory and a ncw heterodyne  receiver built

at the Jet Propulsion Laboratory. We find a hydrogen chloride fractional abundance of a few 1010,

and a depletion of gas-phase chlorine by a factor of 740 for Orjon and 175 for Mon R2, For both

sources, we derived the line optical depth and excitation tel nperature  usin~ the relative intensities of

the hyperfine components and determined the abundance and excitation conditions with a large

velocity gradient (LVG) model.  The, LVG model indicates that radiative pumping of the molecules

by moderately warm dust is required to explain the observed line intensities and optical depths, In

addition, we report the first detection of the isotope H37C]  from i[5 J=] -() e1ni5sion ill Orion.

Because the chemical reactions involving hydrogen chloride in molecular clouds are relatively

simple, [H~5Cl]/[H~TCl]  is believed to provide a good estimate of [~5Cl]/[sTCl].  We find an

isotopic ratio about 1.3 times that of the solar nei~hborhood,  suggestin~  that enhancement occurs

via a neutron enrichment process during the final stages of large mass stars’ evolution.

Subjecr  hec~dirlg.r:  ISM:rnolecules  - ISM:abundances  - lSM:individual:  orion, h40n R2
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1. INTRODUCTION

The chemistry of chlorine and hydrogen chloride in interstellar molecular clouds has been

investigated by several authors (Jura, 1974; Dalgarno et al, 1974; Blake, Anicich  and Huntress,

1986). A major fraction of the gas-phase chlorine nuclei is believed to be in the form of HC1,

produced from atomic chlorine according to the followin:  set of reactions:

{

Hc’1 -+ H
112 Cl+ + e -+

cl+ 11~
(3)

Hz cl+ + co+ Hcl + Hco+ (4)

The parent molecule H2C1+ leads to HC1 via electronic recombinatio~~  (3) in the low-density clouds

and by reaction with CO (4) in the denser clouds. HCI is mainly de.stmye.d by photodissociation

and reactions with C+ and H3+. In the dense molecular clouds characterized by little UV radiation

and a low ionization rate, the HC1/Cl  ratio is thus expected to be high. %r]y chemical models

predicted a fractional abundance of HC1 of a few 10-g- 10-7 (Dalgan)c) et al, 1974; Adams and

Smith, 1985; Blake, Anicich  ancl IIuntress, 1986), making  hydrogen chloride potentially one of

the major coolants of molecular clouds due to its large J= 1-0 transition energy (Dalgamo, 1974;

Goldsmith and Langer, 1978). However, Schilke,  Phillij>s  and Wan: (1994) ancl Neufeld and

Green (1994) have revisited the hydrogen chloride cheloistry in molecular clouds taking into

account additional reactions such as cosmic ray destruction, and derive. a much lower HC1

abundance, X(HC1) <2 10-9, and HC1/Cl no larger than ?@%.

The first detection of the HCI J= 1-0 transition at 625.9 GHz was carried out from the

Kuiper Airborne Observatory (KAO) by Blake, Kee.ne  and Phillips (1985, BKP hereafter) with an

angular

Toward

Phillips

resolution of 2’ and a spectral resolution of 1 ktis, using  a hot-electron bolorneter,

IRc2 in Orion A, BKP estimated X(HC1) = 5-5010-9. However, more recently, Schilke,

and Wang ( 1994, SPW hereafter) have mapped the same region in HC1 J= 1-0 with a
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smaller angular resolution of 12” and better spectral ] esolution  of 0.025 km/s from the Cal tech

Submillimeter  Observatory (CSO), and found smaller HC1 fractional abundances of 4-1010-10.

The solar system abundance of chlorine relative to Ha is 3.7 10-? (Anders  and Grevesse, 1989).

Hence, assuming that HC,l accounts for nearly 1/3 of the total chlorine, these observations imp] y a

depletion factor of about 200 in Orion. Another observation of an astrophysical source in the

ground-state transition of HC1 was performed by Zrnuidzinas  et al. (1994) from the KAO. They

detected hydrogen chloride in absorption toward Sagittarius B2,. They derived X(HCI)  = 1.110-9,

which corresponds to a depletion factor of -110. Such high depiction is comparable to that of more

refractory elements like Si and P, rather than those of C., N, and O, and seems to indicate that the

remaining chlorine is condensed onto dust grains, as suggested from (}R work of Barlow and Silk

(1 977), Harris, Gry and Elromage  (1 984), and Joseph et al, (1 986) in more diffuse cloud

structures.

The Orion molecular cloud (OMC- 1 ) complex is a region  of intense star formation,

characterized by a predominance of very massive stars. Relatively nearby at 500 pc, this giant

molecular cloud has been extensively studied tit many wavelengths, Batrla et al, (1983) have

mapped the cloud in the NH3(1,1 ) and (2,2) transitions, and studies of the dust continuum at X1.3

mm by Mezger et al. (1990) show the presence of 5-50 MO gas condensations, most of them self-

luminous. The ‘hard core’ of OMC,-  1 is a region of very }]igh density (n(IIz)>l  OR cm-3) and high

temperature (-100 K), powered by the infrared source 1Rc2 and a bipolar flow (Masson et al.,

1984). Several clumps have been seen north and south of IRc2 in the CS J=2- 1 map made by

Mundy et al (1 986). One of them, located 60” south of Orion KL,, is 15“x25” in size with a

hydrogen density larger than 5106 cm-~. Mundy ct al. hale derived a total mass of 10-50 MO for

this clump, and the velocity dispersion is suggestive of in fall. This clultlp coincides with a local

peak of HC1 J=] -O emission in the recent map of SPW (1994).

Monoceros R2 is another star formation region j n the general djrection  of the Orion

complex but farther away, at 830 pc. Several authors (Montalban  et al., 1990, Xie and Goldsmith,
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1994, Tafalla, Bachiller  and Wright, 1994) have mapped the large-scale structure of Mon R2 in CO

and 1 ~CO, and have shown the molecular gas to be distributed in an ‘eggplant-shaped’ shell of

radius 55’ (13 pc), expanding at a velocity of 3,2 krrtis, The dynamical time of this shell is 4 106

yr, similar to the age of the main sequence stars that power the reflection nebulae. The shell

contains a total mass of 4 10Q Mo, but is very inhomogcneous,  The 22” large HI1 region (Dowries

et al., 1975, Massi et al., 1985) associated with the infrared source IRS 1 and with a peak of 1300

~m emission (Walker et al,, 1990), is believed (o be powered by the same source which triggers

the CO outflow and heats the dust. The oulflow  NW-SE direction (Meyers-Rice and Lada, 1991)

coincides with an elongated depression seen in the hig, h resolution 9“ I]CO_+ map of Gonatas,

Palmer and Novak (1 992), which suggests that HCO+ traces the dense shocked regions

collimating the outflow. The clumps of dense gas revealed by maps in several transitions of CS

(Heyer et al., 1986, Wolf et al., 1990, Montalban et al,, 1990, Tafal]a,  Bachiller and Wright,

1994) are clearly associated with peaks of dust continuum emission at 870 pm (Henning, Chini

and Pfau, 1992) and with most infrared IRAS sources, suggestive of star formation within the

shell. IRS 3 is an extended infrared source (Howard et al., 1994, Scllgren,  Smith and Brooke,

1994), where evidence for a circumstel]ar  disk is found from 0,5” resolution near-infrared

observations (Koresko et al., 1993). It is associated with a CS cluJnp containing about 8 MO, about

30” west of the HI1 region,

2. OBSERVATIONS

As a result of the interaction between the electric field and the spin of the Cl nucleus, the

J= 1 level of HCI is split into three h ypcrfine  sublevels iden~ified  by their quantum number F“=l/2,

3/2, or 5/2. The J= 1-0 transition is thus the sum of three hyperfine transitions labeled F“-F’=3/2-

3/2, 5/2-3/2, and I/2-3/2, whose corresponding frequencies are respective] y 625.9320, 625.9187,

and 625.9016 GIIz for H~sCl and 624.9883, 624.9778, and 624.9643 GEIz for H37CI. This

hyperfine  structure allows the lines of the two isotopes 10 bc identified with certainty.
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The observations reported in this paper were made in late ATovember 1993 with the Caltech

Submillimeter  Observatory (CS()) on Mauna Ke.a, Hau’aii. The. 10.4. m telescope has a diffraction-

]imited  beam of 12” at 626 GHz. We have used the waveguide  SJS hcterodyne  receiver newly

fabricated at the Jet Propulsion Laboratory (Salez et al,, 1994), installed at the telescope’s

Cassegrain  focus. The receiver noise temperature measured on the site was between 250 and 350

K double sideband (DSB). The noise temperature of the whole system, which includes the

atmospheric attenuation near 626 GHz,, was 2000 K -

conditions for large-elevation sources. The atmosphel  ic

monitoring the optical depth at zenith at 225 GH z.

3000 K DSB under the best weather

conditions were routinely checked by

Two 1024-channel acousto-optical  spectrometers (AOS) with bandwidths of 50 MEIz and

500 MHz were used simultaneously, providing spectral resolutions of 0.025 kntis and 0.25 km/s

respectively at 626 GHz. Since the receiver had a double-sideband response, identifying the

detected lines required Ihat the local oscillator frequent> be shifted, Several molecules (e.g. S02,

C13~OH,  CS) having transitions near 626 GIIz were detectecl  and identified using the JPL

Submi]limeter  Spectral Line Catalog (Pickett  et al. 1991), which helped to verify the performance

of the system. All the observations were made using a position switching calibration technique. We

measured a beam efficiency of about 30% on Jupiter. SPW have used for their map of OMC- 1 a

beam efficiency of 60%, as measured on t}~e Moon artd suitable for extended sources where

sidelobes play a role. For Orion A, using a beam efficiency of 45% seems a reasonable

compromise between the two limits since the region of the cloud that wc observed is a dense clump

about the angular size of the beam. For similar reasons, because the main core of Mon R2 is

known to be clumpy at the sampling resolution of the 12” beam, it cannot be truly considered an

‘extended’ source, Hence we have also used a calibration f~ctor of 4570 for its spectra.

_ —.
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3. RJ3SULTS

Table 1 lists the sources which were searched for HC1. We very clearly detected HC1 in two

clouds, OMC- 1 and Mon R2, and possibly in the circunlste]lar  envelope IRC+102I 6. We did not

detect HC1 in W3(OH) at an rms level of 0.83 K, nor in NGC2024  at an rms level of 0.16 K. HC1

was detected toward Orion KL in OMC- 1, the ‘hot core’ region known to be associated with the

IRAS point source IRc2, At this location, we found a ve]y strong line (12 K) and a large velocity

dispersion blending the hyperfine components. ‘l’he choi(:e for pointing, 60” south of Orion KL, in

the so-called ‘extended ridge’ of OMC- 1, was motivated by a ncccl  for clearly separated hyperfine

components in order to derive an optical depth, This position corresponds to the ‘LS 1‘ clump seen

in CS J=2- 1 by Mundy et al (1986) and to a local maxi rnurn in the recent HC1 J= 1-0 map of SPW.

lablie~

Sources Coordinates and HS5C’1 Detections. —-——— s

Source

Orion K].

Ori A(LSl)a

Mon R2

W3(OH)

NGC 2024

1RC+10216

RA (1 950)

05h~2m47.Os

05h32m47,0s

06h05n~22,0s

02h2~m165s

05h39m12<Os

09h45nl]4.8s

DEC (1950)

-05 °:24’:24,0”

-05 °:25’:24.0”

-06 °:22’:25.0”

61 °:38’:57.0”

-01”:55’:42,0”

13 °:30’:41 .0”. — -

—.

VI..SR

(kntis)-=

+9.5

+9.5

+10,5

-45.0

+10. s

-26.0——

TA*(K)

Ccntra]  Component---. .

12,1 ~ 0.98

5.6 ~ 0.98

1.] *0. ]5

< ().83

<0, ]6

().6 ~ ().35—.-. —

a 60” south of Orion KL

Figures 1a, b, and c show the spectra obtained in the 500 MHz A(IS for Orion 1.S 1 and

Mon R2. The hyperfine structure of HC1 is well resolved and the frequencies are in excellent

agreement with theory. One expects the ratio of the components to be 1:3:2 in the optically thin

limit, and 1:1:1 in the optically thick one. Saturation is seen in the s]~ectra.  Because the velocity
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separation of the hyperfine  components is largel than their FWHM, the ratio of the three hyperfine

intensities can be used to derive the optical depth of the transition. In Fig, lb, the spectrum of

H~7Cl also shows the hyperfine  structure although the lnagnitudc of the F= 1/2-3/2 component is

on the order of the rms noise, Table 11 summarizes the ~~eak  an(i

the three spectra.

The derivation of the H35CUH37C1 ratio requires a careful

integrated intensities derived for

baseline subtraction that does not

remove potential wings and multiple velocity components. }Ience, we have used a ‘curve of

growth’ method for finding what we believe were the optimal baselines. For each spectrum, the

area of the line as integrated over a velocity interval sy~nrnetric about the central frequency, was

plotted versus the velocity interval. This curve grows monotonically and reaches a saturation

plateau when the line integration is complete. For insufficient (or excessive) baseline subtractions,

the plateau has a positive (or negative) slope, and the slope is zero when the best baseline is

removed. We defined the end of the plateau at twice the velocity extension of the line, Within the

curve of growth for the whole transition, flattening of the curves is also seen every tim~ a

hyperfine component has been fully integrated. ‘T’his is particularly clear in the Mon R2 data for

which the hyperfine components are very clearly defined. Table 11 summarizes our results. In

Orion A, the integrated intensity of the individual hypertlnc  component is underestimated due to the

apparent overlap of lines.

Isotopic ratios derived using different techniques are given in Table 111. The ratio of the

total integrated intensities underestimates the isotopic ] atio if there is saturation in the H~sCl

transition, and this saturation is clear from the peak intensities of the individual hyperfine lines. We

have also computed the ratio weighted by the, errors. This technic]uc provides smaller error bars

since it minimizes the propagation of noise spikes into the ratio, but it also slightly underestimates

the ratio of interest.

The total integrated area ratio is 1[H35Cl]/l[H37Cll

saturation in the lines (see below), a more plausible ratio is

‘7

= 3.9-) + 0.35, and taking into account

around 4.5- 5. l’he value derived from



the F=3/2-3/2 integrated area ratio seems too large, and the fact that (his hyperfine component is

broader in the H~5Cl transition is seemingly the cause of the excess. With [H~5Cl]/[FI~7Cl]  ranging

from 3.9 to 5, Orion A has a slightly anomalous chlorine isotopic ratio, compared to the terrestrial

isotopic ratio of -3,

~al).le~!

Measured Peak and Integrated Intensj.sgs

(a) Monoceros R2:

--2 1

‘5/2-3/2= —.—

1.1 io.3

2.3 f 0.1

312-312 --

—-

0.9 * 0.3
--

1.9*O.1
--

(b) Orion A (KL-60”):

Integrated 30.8 ~ 2.2 7.8 f 0.4
Intensity
(K km/s)

E
Line F’-F”

Peak
Intensity

(K)
integrated
Intensity
(K kmls)

1/2-3/2 I 5/2-3/2 1 3 / 2 - 3 / 2
~—-l----’
2.4 * 0.9

.—

T-13.1 t 1.2 10.7+  1.25.7 * 1.2

8

---i’/rV2—.———

(),7 + ().6

.— -_
5/2-3/2-—. -—-— —

].4 ~ ().6

3.2 f 0.2

3/2-3/2



Table 111

H35C1/H~7Cl  in Orion A (KI.-6O’’~Ratio  of Peak and lnt~ra~e.d  Intensities._ - -—-— —.  —. .

Ratio of Total
Integrated Intensities ‘–-73.97 * 0.34

Error-Weighted
Channel/Channel

Ratio a
Ratio of Integrated

Intensities b

sz~F=!

c H37C1  Hyperfine  Component within Noise.

4. EXCITATION ANA] YSIS

4.1. Line Paratncter Deri\)ation

Gaussian fits to the hyperfine  structure of the transition plovides  the optical thickness and

the excitation temperature (Kwan and Scoville,  1975; Frerking,  Langcr  ancl Wilson, 1979). These

can then be used as input along with various gas densities and temperatures and species fractional

abundances, to a large velocity gradient (LVG) calculations (Goldreich  ancl Kwan, 1974; Leung

and Liszt, 1976).

All the spectra have been calibrated by switching the beam on and off the source, so that the

measured antenna temperature of each hyperfine  line, ~’A”, can be g,eneral  1 y expressed by:
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TA*=(ll(~x  )- B(7d,,~)-~(~bg))(]  ‘C-T) (6)

where B(T) is the Planck function for a blackbody at temperature T. TX is the excitation

temperature of the transition and ~ its optical depth,  Tbg :=2.7 K and Tdu,[ is the temperature of the

dust. Note that this equation assumes that: 1) the dust is extended, that is, its temperature is the

same toward the source and in the OFF position; and 2) it radiates like a perfect blackbody.

The total optical depth ~, the excitation temperature Tx and the IW’lIM linewidth  Av of the

IIC1 J=] -O transition, have been obtained by fitting simultaneously the measured antenna

temperatures in the three hyperfine transitions with a simple radiative transfer model which

assumes that the number of excited molecules involved in each hypcrfine  transition F’-F” has a

Gaussian velocity distribution. The optical depth can be found from both the ratio of the relative

line stre~lgths  and the ]incwidths,  while the excitation temperature scales with the absolute line

intensities. Table IV gives the derived optical depths ancl the corres~)onciing  column densities for

Orion A and Mon R2. We have assumed a negligible dust temperature, and therefore the column

densities given here arc upper limits. Tx may in fi~ct be smaller if strong background radiation from

dust contributes to the excitation of the molecule, but it does not affect the determination of ~,

which is independent of Tx.

For the LVG calculations we included the first “/ rotational energy levels and used the

collisions] excitation rates of He on HC1 recently computed by Neufelcl  and Green ( 1994). The

hypcrfine complexity was addressed by considering that in each J level the populations of the

hypcrfine levels are in propor-lion  to their statistical weights. Hence half the molecules populating

the J= 1 level are in the 17’= S/2 state and the total optical del~th of the J= 1-0 transition, ~ tot, is twice

that of the main hyperfine  line, z(F=5/2 - 3/2). Our 1.VG mode] includes radiation from the cosmic

background radiation and from local  dust.
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Source

VLSR (kntis)

Av (km/s)

~ [01 a

T, (K)

N (cm-~)

Table IV

Gaussian Line Fits: Line Parameters and Derived P]:operties

ZEziIr&uic;—.
9.2 8.8

2.4 t 0.1 2.() * ().1

2.4 ~ ().2 ().6 ~ ().1

19.0+  1.0 16.0~ 1.0

4.52 101~ 0.69 1013

—— —.—.

Mon R2 (35)——-—...
10.5

0.9- 1,2
6,0 f lo

10.0 f ().5

1.95 lol~

-.—..—.

In the case of OrioI] A, the linewidth of each hyperfine transition is mainly due to

turbulence or infall within the cloud, and therefore the (iaussian  approximation for the velocjty

distribution works reasonably well, with linewidths  (FN’HM) of -2.4 km/s for HS5CI and -2.0

km/s for HS7CI. The difference in linewidth  for the two isotopes may bc an effect of the difference

in the optical depths, ~(Hj5Cl) = 2,4 ~ 0.2 and ~(}Is7Cl) = 0.6 f: 0.1. The excess signal between

the hyperfine components as well as their asymmetric departure froni a purely Gaussian profile

]may be caused by complex gas motions within the cloud (Walker, Nwayanan, and Boss, 1994).

We have neglected the possibility of anomalous hyperfine  ratios (Gonzalez-Alfonso and

Cernicharo,  1993) due to the absorption of red- or blue-shifted hyperfine  transitions by molecules

populating the adjacent hyperfine levels and on the same li]le  of sight.

The HC1 fractional abundance can be deI”ived if the hydro~en  column density is known for

this region of OMC-I over an angular size of about 12”. A value of N(H2) = 3 10ZZ  cm-z  was

given by BKP (1985), but their observation at an angular I esolution  of 1‘ smoothes out regions of

very different densities. For the ridge quiescent region, slip,htly lower values of 3-7 10ZS cm-2 have

been proposed by Liszt et al (1974) and Westbroc)k  et al (1 976), and more recently 2 10’2~ cm-q by
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for dust temperatures as low as 15 K. For TdU~t  =17 K, as shown in Fig. 3b, the TA* and ~tOt

contours have become parallel, so that there is no solution matching the observations,

Figure 4 shows how the solutions evolve in the density-fractional abundance plane for a

variety of dus( temperatures, Interestingly, most solutioljs  occur for densities near n(H)= 107 cm-s,

i.e. the critical density, except when the dust becomes warm enough that it significantly pumps the

J= 1 level, as expected. In Fig. 3a, we note a flattening of the optical depth contours around the

critical density, indicating the transition betwetm completely co]lisional  excitation and radiative

excitation. What the LVG calculations seem to provide is an efficient way to constrain the dust

temperature from the observations, since depending on TdUS~,  the fractional abundances and

hydrogen densities which are solutions can differ by an order of magnitude or more. Some amount

of dust radiation seelils required to provide the observed X(HCI) - 1.5 10-]0 for Orion,

In the above estimation of the dust temperature, the dust is considered to be a black body

emitter of radiation, Since the actual emissivity  of dust g~ tins is a complex and unknown function

of their physical and chemical properties, we also performed the I-V(; calculations using a “gray

body” model for the radiation by the dust (B(Tdust)  - k-2 ). As expected, we find that under the

gray body assumption the maximum dust temperature for which a solution can be found is

increased. In this case our observations of Orion (and Mon R2, see below) allow warmer dust

solutions, typically up to Tdu~l =Tgas. Note that aksumillg  a gray body instead of a

plays  little role if the values  of ~tOt and TdU~[ are small, so that this method for setting

on the dust temperature works better for optically thin lines.

4.3. Monoceros R2

black body

a boundary

IRS 3 in Mon R2 corresponds to a high density clump  (n(Hz)> 104 cm-s) of the main core,

hence capable of collisionally  exciting the HC1 J= 1-0 transition. I ]owever, the observed transition

can be excited by a strong radiation field as well. From the hy~wrfinc  ratio of the spectrum, we

derived a relatively large total optical depth, ~tOl = 6.05 1.0, and a FWHM linewidth Av = 1.1
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kin/s t 0,1, in excellent agreement with the value of Av found by hlontalban et al. (1990) for the

nearby NH~ clump  called  ‘D’, at VIJSR = 10.8 krds.  This yields an IICI column density of 4.4

1014 cm-z, Assuming N(H2) = 1,5-3 1022 cm-z (Monta]ban  et al., 1990, Gonatas, Palmer, and

Novak, 1992), we find X(HC1) -6.5 10-10 and a depletion of chlorine by 175. Hence chlorine is

less depicted in this region of Mon R2 than in OMC- 1. Figure 5 shows the Mon R2 and OMC- 1

depletion rates plotted as a function of N(H2), along with the clata compiled from other authors,

including that toward the diffuse clouds.

For Mon R2, we have performed LVG calculations assuming a gas temperature of 40 K

(Montalban  et al., 1990, Maddalena et al., 1986) and a velocity gradient of about 4 kr-n/s/pc. This

velocity gradient assumes that the clepth of the. source is similar to its plojected  size on the sky, that

is, about 0.25 pc considering the 1‘ size of the associated CS clump. In the black body dust

hypothesis, the LVG calculations offer solutions for the observed ~1{,[  = 6 and TA* = 1.1 K only if

Tdu~t < 12 K (see Fig. 4). If the dust is colder than 10 K, the corresponding gas density and

fractional abundance are respectively 5 10~ cm-~ and X(H ~5Cl)= 2 10-] 1. Note that these solutioks

give us very similar conditions of clensity  and H(3 fractional abundance for Mon R2 and OMC-1,

despite the very different gas temperatures and velocity pradients,  The slightly smaller hydrogen

densities (for a prmicular TdUS~) in the case of Mon R2 call  be explained by the fact that collisional

excitation is more important at smaller velocity .gradicnts,  As fol Orion, the sharp boundary

between solution and no-solution dust temperatures can be used to set an upper limit on the amount

of dust radiation, but this upper limit is relaxed when a dust gray body model is used. Assuming a

gray body dust emission, the fractional abundance obtained from tl)e observed column density,

X(11~5Cl)  = 1.6 10-10, can be modeled with T&,s[ = 30 K and H(Hz)  - 106 cm-~, implying that

moderately warm dust must be present within the source to explain the observations.

In addition to potential errors originating flom the calibration of 7A and from the derivation

of ~tO[ from the hypcrfine ratio, most uncertainties in the above analysis using the LVG model

would come from inexact assumptions made on TgaS and on dv/dz. Fortunately, one has enough
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knowledge on both parameters for Mon R2 and Orion A that these errors are small and do not

qualitatively modify the L,VG solutions. (Fig. 4). However, to show the dependence on Tgas we

have also calculated a case for Mon R2 assuming a lowe.)  gas temperature, 30 K rather than 40 K,

and find that the fractional abundance of HC1 increases.

5. DISCI-JSSION

5.1. Isotopic Ratio

The chlorine isotopic ratio derived from the total integrated intensities is 4.0 t 0.3, slightly

in excess (x 1.3) of the solar value of -3.

saturation in the main hyperfine  component.

the measured optical depths is closer to 5.

Furthermore, this value is an underestimate due to

The ratio of the fractional abundances derived from

Isotopic anomalies found in carbonaceous chorldrites  are suggestive of an interaction

between the protosolar  nebula and some nearby supernova (SN) before the solar system was

formed. Supernovae ending the life of large mass stals (M> 10 M()) play an essential role in

scattering heavy elements throughout the interstellar medium. Supernovae eject gas and dust over a

volume 50 pc in diameter within 105 yr. These chemical diffusion timesca]es are very short

compared to the timescale  of the galactic motions (108 yr) which stir and wash out chemical non-

uniformities. Although SN remnants as large as 50 pc in diameter are difficult to detect, there is

now much evidence that SN bubbles can compress interstellar clouds and initiate star formation.

The Orion molecular cloud is one example of this process (cf. Rally et al., 1991) and Barnard’s

loop is one relic of an expanding shell. OMC- 1 is near an OB association, characterized by a high

SN explosion rate (up to 10-20 times during an association lifetime). Much molecular material has

been swept up by SN explosions from the HII region presently surrounding the Trapezium stars.

The elements likely to show evolutionary e. ffccts via an isotopic ratio are those for which

different isotopes are formed via different mechanisms. 1 ‘or example, unlike 29Si and 30Si, only

28Si can bc formed during the explosive carbon burning phase and isotopic anomalies have been
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found in the interstellar medium for Si in favor of zgSi (Wannier, 1980). Chlorine should also

show evolutionary effects since ~sCl and ~TCl  are produced in different processes during the last

I evolutionary stages of large mass stars. The ~SCl and S7(;1 nuclei  are produced in the layer whose

temperature becomes greater than 3 109 K, at typical densities of 10f’ g cm-s, i.e., just before the

so-called ‘iron group’ layer. Within the scenario of explosive oxygen lmrning,  further creation of

SSCI at the temperature of 2.6 109 K and densities of 1 1 Of’ g CnI-3 is possible, within the few

I seconds that the supernova explosion lasts. Like zgSi for Si, it is SSC1  , that is the chlorine isotope

I with the smallest atomic number, that is expected to show a production increase. Unfortunately,

I most models of hydrostatic or explosive nucleosynthesis  in type la and type 11 supernovae (e.g.

I Hashirnoto et al., 1992) do not compute thk. production of ST(3, nor its integrated ejects

abundance. In order to answer these questions, more otmervations  of the two HC1 isotopes are

1 required, in particular toward C1OUCIS having different physical properties and different stellar mass

distributions.

5.2. Depletion of HC1

Assuming that HCI represents about 30% of the total chlorine nuclei in the gas-phase

(SPW, 1994), we find a fractional abundance of about 5,0 10-1[) for Orion and 2.1 10-9 for Mon

R2. Such low abundances yield a very high depletion factor, around ‘/40 for Orion 1.S 1 and 175

for Mon R2, considering the chlorine solar system”” fractional abundance of 3.7 10-7 (Anders  and

Grevesse, 1989). This result confirms the density-depletion correlation already noted by Jenkins

(1987) in diffuse clouds, suggesting that the proportion of chlorine nuclei condensed onto dust

grains increases with density. Figure 5 shows the chlorine depletion-hydrogen column density

correlation, using observations of a variety of diffuse and dense clouds made by several authors.

The observed depletion relative to hydrogen of many atomic spccics in interstellar clouds

correlates with cloud density (Joseph et al, 1986), ancl several authors have suggested dust-gas

interactions via ion-grain collisions as the depletion mechanism (Snow, 1975; Snow and Jenkins,

1980) in diffuse regions. This suggestion is further suppo] ted by another correlation between the
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depletion rates and the first ionization potentials (on which the stickin~ coefficients depend) of the

atomic species considered. Depletion in the shicldecl  hipher  density regions takes place between

chlorine atoms and HC1 with grains. If the dust is moderately warm (15 K < Tdu~t <30 K) only the

highly polar HC1 can remain on the grain (cf. Bergin, Langer  and Goldsmith, 1995)

5.3. rh.ft

The HII region M42 is located in front of OMC- 1, overlapping with it in projection. The

characteristics of the dust in the cold and hot legions of OMC- 1 have been studied by Bally,

Langer, and Liu ( 1991) who compared the dust far-infrared emission seen by the IRAS satellite

with maps of 12C0 and I ~C() emission. The spatial distribution of cold (25 K) and warm (40-200

K) dust has been investigated by Mezger,  Wink and Zylka (1990) whc~ mapped the dust 11 .3-mm

emission. They have shown that compact centers of wal tn ( 100 K) dust emission coincide with

molecular gas condensations detected in 1 ~CO, CS, and I IZCO maps, while the cold dust de$ected

at longer wavelengths (> 100 pm) is distributed throughout the molecular clouds. The cold dust

throughout OMC- 1 along with the slightly” warmer dust (>40 K) emitting within a thin

photodissociation  surface layer are mostly heated by the interstellar radiation field originating from

the ncarb y Trapezium stars. l’he warm dust emissi on centers associated with the gas condensations

of typical solar masses (5-50 MO) and very high density (1 os- 10g Cm-q) are. probably self-luminous

embedded pre-main sequence stellar objects. They””  are rough] y distributed along the 12-pc north-

south filament of OMC- 1, suggestive of shock-triggered star fomlation, The CS J=2- 1 clump LS 1

where a peak of llCl emission has been detected is located along this filament, about 60” south of

FIR-2 and slightly north of FIR-3. Schilke  et al (1994) have pointed oL]t that all the peaks of

continuum emission FIR- 1, FIR-2 and FIR-4 found by Mezger, Wink and Zylka (1990) have their

counterpart in the HC1 J= 1-0 emission map, with the cxce~)tion  of FIR-3, which is too far south to

be associated with this IICI J=l -O peak and LS 1. Therefore the HC1 J=l-O emission seems to

reproduce the lack of correlation exhibited by the CS J=2- 1 emission u’ith regard to the dust FIR

emission. Our excitation analysis assuming black body dust emission implies that 5-15 K cold dust
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is mixed with the very dense gas. These values seem low for physical temperatures of the dust,

especially in a condensation at n> 107 cm-s, where the gas and dust should be thermally coupled.

This contradiction may indicate that the continuum radiation from warmer dust at 480 pm is not

optically thin, or that the dust radiates not as a black body but as a gray body (see section 4.2).

Unlike the other gas-dust condensations aligned north-south in OMC- 1, the 1.S 1 clump is probably

a gas condensation, containing no embedded pre-main  sequence object,  whose dust is heated by

the local radiation field and by its interaction with the gas.

In the gas condensation associated with 11<S3 in Mon R2, the depletion is smaller than for

Orion but still fits the density-depletion correlation discussed above, clcspite  the fact that physical

conditions in Mon R2 are quite different from those in OMC- 1, with respect to the gas density, the

kinetic temperature, and the dust temperature, Infrared studies have shown high dust column

densities in this region (Howard et al, 1995), and Montalban  et al. (1990) find extinctions around

A\,=21  rnag. from l~CO measurements. Moreover, ROSAT X-ray observations reveal in the

denser regions of Mon R2 several young stellar objects undetected at near-infrared or visible

wavelengths (Montmerle, 1994), suggestive of much higher extinction (AV>40 msg.). A very high

dust opacity at 480 ~nl would also be consistent with the low effective dust temperatures required

to explain our LVG calculations. Since IRS3 is located at a peak of l~C() and CS(5-4) emission,

we expect the density to be larger than 106 cm-s, In the nearby ‘D’ clump, Montalban  et al. (1990)

find a gas density greater than 2 10’1 cm-q at a kinetic telnperature  of 30 K. From high resolution

maps in both NH3(1  ,1) and in NH3(2,2), these authols find that the gas temperature ranges

between 25 K and 45 K throughout the whole cloud, except at the position of lRS1, where they

determine a kinetic temperature of about 100 K. There, the huge amount of (JV radiation (1 Os

times larger than the average interstellar radiation field) required to provide such a high gas

temperature, may release the most volatile elements of grain mantles into the gas phase, creating the

apparent increase of the I-ICI abundance. This scenario of evaporation from recently heated grains

has been invoked to explain the large abundance of armnonia  seen in regions of large UV field,

where NH3 would otherwise be photodissociated (Gusten and Fiebig, 1988).
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6. CONCLUS1ON

The ground-state transition of HC1 was detected in Orion A and Monoceros  R2 with the

CSO using a submillimeter-wave  receiver built at JPL to operate around 626 GHz. The hyperfine

structure of the HC1 spectra was analyzed to derive the optical clepth,  and the density and

abundance was clerived  using an excitation analysis wit}l an LVC1 model which includes radiative

pumping from dust emissjon. The results of the LVCi  calculations indicate that the observed

sources must have very high densities (n> 106-107 cm-~)  and low fl-actional  abundances (2 10-11-

few 10-~0), which imply large depletion factors, Another result is the dependence of the fractional

abundances on the dust temperature, and on the dust entissivity  (black body vs. gray body law).

The HC! fractional abundances of 1.5-610-10 measured in Orion and Mon R2 are higher than the

fractional abundance of -210-11 derived from the LVG analysis with no or very cold dust, but are

consistent with the values computed when Tdu~t - 1 S K (in the black body model), or Tdu~~ -50-

70 K for Orion A and TdU~~ -40 K for Mon R2 (gray body model). Since the real nature of the

dust emission is probably a compromise between these two models, our results suggest that

moderately warm dust is needed to produce the observed HC1 lines.

Both H~5Cl  and H~”~Cl were detected in Orion A, and a H35C1  /H37C1  ratio of 4-5 was

derived. Because in dense clouds the chemical path leaciing  from Cl to IIC1 is fast and with very

little branching to other species, this ratio yields a good a~]proximation  of the total chlorine isotope

35C1 /37C1  ratio. The excess relative to the terrestrial isotope ratio of - 3 can be explained by

neutron-enrichment occurring during the chlorine-production

characteristic of the Orion region,

phase in the large mass stars

We are grateful to P, Schilke  for sharing data of the HC1 J=l -O map of OMC- 1 and to D.

A. Neufeld and S. Green for providing their computed HC1 collisional  excitation rates prior to

publication. We also wish to thank T. G. Phillips and W. R. h4cGrath for their support of the

project, S. Gulkis, and T. Spilker  for their valuable collaboration during the observations, and H.

G. LeDuc and B. Bumble for manufacturing the S1S junctions used in the recejver.  This research

]g



.

was conducted at the Jet Propulsion Laboratory, California Institute of l’ethnology, under contract

with the National Aeronautics and Space Adminis(ratiorl.  The CSO is supported by NSF contract

AST 93-13929 to the California Institute of Technology. Morvan Salez has been a Resident

Research Associate of the National Research Council.

20



FIGURE CAPrIO~

FIG. Observed spectra showing hypcrfine components (solid line) and Gaussian line fits

and (b) H37CI in Orion A (60” south of 13 N-KL); (c) H35CI in(dashed line) of (a) H~5C

Monoceros R2.

FIG. 2, Integrated intensity for the a) HSSC1 and (b) HS?C1 J= 1-0 lines versus the velocity interval

from line center (“curve of growth”), after ] emoval of the optimum baseline, The

integration extends symmetrically from the transition central frequency. The saturation in

both curves around 15-20 km/s indicates when the line is fully integrated, and the torul

integrated intensities used for the ratio of Table III are given by the saturation values

(dashed lines). Curve (c) shows the averaged c}la)z?lel-])er-c}za~~?zel  ratio of the two

spectra. The minimum reached around 10 km/s results from the larger optical depth of

H3SC1 weakening T(HsSCl)/7’(HsTCl)  near the central hyperfinc  component .

FIG. 3. (a) Antenna temperature ~A* and optical depth ~,OL =2 ~(F=5/2-3/2) of the H~5Cl J= ~ -O

transition, calculated with the LVG model as a function of the hydrogen density and of

the HC1 fractional abundance in the Orion A cloud, assurring  TdU~[  = 5 K. Only one point

in the density-HCl  abundance plane, indicated by the arrow, is a solution of the observed

values of TA* and ~tOt; (b) Same as (a) but assuming warmer dust, T&t = 17 K. There is

no solution corresponding to the observed TA* and ztol.

FIG. 4. LVG model solutions for the transitions observed in Orion A (filled triangles) and Mon R2

FIG. 5.

(squares) for different dust temperatures, assu~ning a black body dust emission. The

open square corresponds to Tdusl = 10 K in Mon R2, using Tgas = 30 K.

Chlorine depletion versus the hydrogen column density, derived from UV absorption

measurements in diffuse clouds (Harris, @-y, and 13romage,  1986, filled circles; Joseph

et al., 1984, empty circles; Federman et

transition in dense clouds such as Sgr 132
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al., 1995, cross) or using the HCI J=] -O

(Zmuidzinas et al., 1995, empty triangle),



Orion A (BKP, 1986, filled triangle; SPW, 1995, empty square

square), Mon R2 (our measurement, star).

our measurement, filled
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