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Abstract. The Short Wavelength Spectrometer (SWS) on- Recently, a revised Oabundance has been determined fg
board the Infrared Space Observatory (ISO) has been usetht local diffuse interstellar medium using the Hubble Spag
search for solid @in cold dense clouds at 6.48n. Additional Telescope. Measurements of the Ol] line at 13%6oward
constraints on the 9abundance are obtained from analysiseveral stars indicate gaseous atomic oxygen abundance
of the 4.67um solid CO absorption profile observed from th&19 +14 per 16 ny (Meyer et al. 1998). Together with an
ground. We derive upper limits of 50% and 100% of soligl Oestimated abundance of O in silicates of 180 pef hg,
relative to solid CO toward the protostellar sources R CrA IRSBis comes close to the oxygen abundance in B stars. At t
and NGC 7538 IRS9 respectively, corresponding to abundansame time, ground-based, balloon-borne and ISO satellite d
0f 30 x 10~% and15 x 10~ 6 relative to ny. These results indicate yielded abundances of several other oxygen-bearing species
that the abundance of solid,@ dense clouds accounts for lesdoth the gas phase (including’ @0, and H,0) and the solid
than 6% of the total oxygen budget in the interstellar mediurstate (including HO, CO, and CO) (see discussion in Sect. 4)
The reservoirs of oxygen in dense clouds are discussed, takinge-evaluation of the oxygen budget in dense clouds is the
into account recent measurements of oxygen-bearing speciéste warranted.

Theoretical models predict that oxygen could be accrets
Key words: ISM: abundances — ISM: molecules — ISM: duspnto grains from the gas in the form of solid, QTielens &
extinction — infrared: ISM: lines and bands Hagen 1982), mixed with CO ice in apolar ices, 9 an in-
frared inactive molecule, which does not have any signature
the infrared and radio range and is therefore difficult to obser
Different methods to detect solid@n interstellar grains have
been discussed by Ehrenfreund & van Dishoeck (1998), and
Oxygen, which is cosmically the most abundant element aftaost direct opportunity is the search for the weak fundame
H and He, plays an important role in interstellar chemistry anal O, transition at 6.4xm (Ehrenfreund et al. 1992). In the
in the energy balance of interstellar clouds. Knowledge of i®lid state, this transition becomes weakly infrared active d
major reservoirs, both in the gas and on grains, is therefaceinteractions with neighboring atoms, and laboratory resu
essential. The principal oxygen-bearing species in diffuse aindicate that the band strength of molecular oxygen depe
dense clouds have been the subject of considerable discussiothe ice matrix. Other constraints on the @bundance come
(see van Dishoeck & Blake 1998 for a review). In some regiorfsom the analyses of solid CO profiles and from searches f
up to 50% of the oxygen is unaccounted for if solar abundang&sotoproducts of @ (such as @, CG;, etc.). Strazzulla et al.
are assumed. (1997) searched for a means of indirectly detectingp@®d N,
through changes induced in the CO absorption profile as a reg

Send offprint requests 18. Vandenbussche f ion irradiation and the products formed during the radiolysi

* Based on observations with ISO, an ESA project with instrume
funded by ESA Member States (especially the PI countries Frarﬂ?ﬁere we presentnew ISO-SWS and ground based data in o

Germany, the Netherlands and the United Kingdom) and with the pf- constrain the solid Pabundance in dense clouds.
ticipation of ISAS and NASA.
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Fig. 1. 1SO-SWS spectra of R CrA IRS2, NGC 7538 IRS9, W3 IRS5 St bl e
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and S140 IRS1 between 6.3 and @1 compared to that of solid O Wavelength [micron]

in the laboratory, whose fundamental transition falls at ¢.4b Fig.2. The CO band of R CrA IRS2 observed with the cooled
grating spectrometer CGS4 on the United Kingdom Infrared Tele-
scope (boxes with error bars) compared to laboratory spectra of
C0:0,=10:5 (solid line), CO:@=10:7 (dashes) CO#(>1:1 (dot-
Because of the low evaporation temperatures of apolar i¢ghes) and CO£CO,:N2=100:500:50:100 (dots).
(~20 K), their detections in the interstellar medium are lim-
ited to regions which contain a large amount of cold, quiescesftNGC 7538 IRS9, W3 IRS5 and S140 IRS1. NGC 7538 IRS9
material, far away from protostars. Our search for sodM@s is brighter than R CrA IRS2 around 6.4&n (33 Jy), but here
therefore directed toward lines of sight with large apolar CO igge spectrum is dominated by the long-wavelength wing of the
abundances. Chiar et al. (1998) have recently summarized sglifld H,O bending mode located at 6.0n.
CO observations for a large number of regions. On the basis
of their Fig. 7, two lines of sight stand out as excellent cancg- Results
dates: R CrA IRS2 and NGC 7538 IRS9. R CrA is located in
the Corona Australis complex, which, like Taurus, appears cdflom the spectra displayed in Fig. 1, we derive the following
in nature. Toward R CrA IRS2 the amount of apolar CO ice & upper limits on the optical depth of the fundamental transi-
more than 50% that of water ice, the highest solid C{DHatio tion of solid G, at 6.45um: 0.2 for R CrA IRS 2 and 0.1 for
ever measured (Chiar et al. 1998). Toward NGC 7538 IRS9, tR&C 7538 IRS9, W3 IRS5 and S140 IRS1.
abundance of apolar CO ice is 19% relative to water ice (Chiar The integrated cross section of solid ®as been previ-
et al. 1998). Gas and solid-state measurements indicate a aaldly estimated ak x 10~'? cm/molecule in multicomponent
cloud component (Mitchell et al. 1990, Chiar et al. 1998), wherixtures (Ehrenfreund et al. 1992). New measurements indi-
solid O, may also be present in abundance. We also presentthge that the cross section in apolar ices can be as small as
ISO-SWS observations of two deeply embedded protosteliax 10~2! cm/molecule. To calculate the upper limits on the col-
objects: W3 IRS5 and S140 IRS1. The higher temperaturewhn density of solid @we adopt a cross sectionbk 1072 cm
these clouds is not favorable for the presence of solididt (measured for a CO:£32:1 ice mixture). The upper limits on
both sources have high fluxes in the 6.2—@@region, yielding O, column densities are thusx 10?° cm~2 for R CrA IRS2
higher signal-to-noise in their ISO spectra. and5 x 10! cm~2 for NGC 7538 IRS9, W3 IRS5 and S140
The ISO-SWS observations of these sources were pERS1.
formed in the AOT6 observation mode. The integration times Another method of constraining the abundance of solid O
in the 6.2—6.6:m region were 2400 s for R CrA IRS2 ands the analysis of the solid CO absorption profile. Fig. 2 shows
750 s for NGC 7538 IRS9, W3 IRS5 and S140 IRS1. Thee CO band toward R CrA IRS2 as observed with the cooled
data were reduced with the SWS Interactive Analysis padjrating spectrometer CGS4 on the United Kingdom Infrared
age (de Graauw et al. 1996a). The standard product generafielescope (Chiar et al. 1998). Saturation of the CO band results
steps were done, with manual dark current subtraction and extarge error bars near its peak position. Toward R CrA IRS2,
clusion of data points that suffered from uncorrected eventstie CO band is very narrow, FWHM= 3.2 crh Its profile is
the read-out electronics (visible as signal jumps) to obtain thensistent with pure CO (Chiar et al. 1998) and ice mixtures
best S/N possible. of O,: CO = 1:2 or Q:CO = 20:1 (Ehrenfreund et al. 1997,
The SWS spectra have been divided by the local continulitsila et al. 1997). However, at very large quantities gftte
level around 6.45:m. The low value of S/N = 10 in the final CO feature shows a distinctive redshift to 2135.8¢mwhich
spectrum of R CrA IRS2 (Fig. 1) is due to the low brightness @ inconsistent with the observations of R CrA IRS2. In a more
the source (5.5 Jy at 6.4bn). At these flux levels the detectorcomplex mixture of CO:@CGO,:N, = 100:500: 50:100 (Elsila
noise and signal drifts dominate the S/N of SWS observatioetsal. 1997) the position falls close (2141.6thhbut the width
in this spectral region. The S/N ratio is 20 in the final spectdf the profile (~6.8 cnt!) is inconsistent with the observa-

2. Observations



B. Vandenbussche et al.: Constraints on the abundance of spliidense clouds L59

Table 1. Column densities and abundances péet i of oxygen bearing species in R CrA IRS2 and NGC 7538 IRS9 compared to’the
abundance in the diffuse ISM

Species R CrA IRS2 NGC 7538 IRS9
column density (cm?) O Abundance (/ 1Ony)  column density (cm?) O Abundance (/ 19ng)

COice 1.2:0.3 x 10'8 30.0£ 7.5 1.2£0.1 x 108 ) 7.5+ 0.6
COgas 1.60.2 x 10 © 40.0+3.7 1.2 x 10 ® 75

H.0 ice 2.1 x 1018 ® 52.5 8.0 x 108 50

H,O gas <108 <25 <3.0x 107 ® <19

CO;, ice 8.5:1.7 x 1017 ® 42.7+8.5 16.3t1.8 x 10'7 W 20.4+2.3
OCN~ 3.3 x 1016 (M 0.2

CH3OH 4.8 x 1017 3

HCOOH 2.4 x 107 ® 3

0, gas < 2.6 x 107 (™) <129 < 4.8 x 1017 ™ <6

0, ice < 6.0£1.5 x 107 <30.0+:7.2 < 1.240.5 x 10'8 <15.0+0.6
H gas 4.0 x 10%*2 1.6 x 10?3

Total <233.1+:26.9 <182.5t3.5
0° diffuse medium 31914 319t14
Deficit >85.9+40.9 >137.5+17.5

References(a) Tanaka et al. 1994; (b) Allamandola et al. 1992; (c) Chiar et al. 1998; (e) Harju et al. 1993; (f) Mitchell et al. 1990; (g
Dishoeck & Helmich 1996; (h) Keane & Schutte, in preparation; (i) Schutte et al. 1996; (j) Gerakines et al. 1999; (k) Boogert et al.
(m) Marechal et al. 1997; (n) Olofsson et al. 1998

tions, see Fig. 2. An abundance of solid @hich exceeds the 4. Discussion

abundance of solid CO is not favored by theoretical models, talk— . . . .
S able 1 lists the column densities of important oxygen-beari
ing into account recent values for the abundance of gas-phase

oxygen and carbon (Tielens & Hagen 1982, Meyer et al. 199%)e0|es and the total hydrogen column density (H anHikd
0

Cardelli et al. 1996). From the data presented in Fig. 2 we ¢ CrA IRS2 and NGC 7538 IRS9. The hydrogen column de

clude that a mixture with @CO = 70% results in a band widerS'ty of the interstellar medium is often derived from the visu
than the observed CO profile of R CrA IRS2. Furthermore, ttﬁ“é(rtmftiﬁn'n Ii?] ?henzﬁfclourc:]s, dtiherzngraltr;] St'ztﬁs arrr? kE?anvEO
position of the CO band profile is inconsistent with a mixtur ger tha € diffuse medium so that the amount ot Visu
CO:0,=1:1. We thus derive an upper limit of 50% @e with extinction per unit mass is larger than in the diffuse mediu
resbect t(I) (':O toward R CrA [RS?2 Observations of the field star Elias 16 behind the Taurus de

: . . ... cloud show a A/7(9.7) ratio of 31.2, as compared to 18.5 fo
Elsilaetal. (1997) provided a reasonable fit in band positi é . . .
(2142 cnr'1) to the CO band of NGC 7538 IRS9 observed b? e diffuse medium towards CygOB#12 (Whittet et al. 198

Tielens et al. (1991) with a CO:3C0,:N;, = 100:500:50:100 Q;Vhittet etal. 1997). Since the grain sizes in R CrA IRS2 a
mixture. HoWever the fit was Idone .in transm.ittan.ce.. In Oexpected to be comparable, we assume that the same fact

tical depth it is apparent that the bandwidth of the mixtu(%{'/69 times the A/N ratio in the diffuse ISM can be assumed

(FWHM=7.1 cnr ) is much larger than the observed ban ith an A, value of 35 (Chiar et al. 1998), we thus derive a t

R 22 —2

width (FWHM=4.75 cnt1!). The difference is caused by satu-aI H column density 0.0 < L0° cm™= for R CrA IRS2. The
ration effects owing to the large optical depth of the intersteIIAr” of NGC. 7538 IRS9 denyegi from 'the depth of t'he .%m
CO feature. Chiar et al. (1998) used a two-component fit wit cature (Wiliner et al. .19_82) 'S 'ngfjens'ﬂ\;e to t_he grain size. T
out any solid @ to match the profile of the CO band in NGCmferred column denS|_ty 18.6 < 107 cm = (Chiar et al. 4998)'

o . . . The column density of CO gas of R CrA IRS2 is base
7538 IRS9. Additional measurements listed in their Table05 the G50 1-0 data by Harju et al. (1993). We deriv
show that a number of good fits to the apolar CO componet CI80)=3.1 x 107 Cm_2>?or . J el daék o .conditions
can be achieved for &rich mixtures where g@/CO = 50-100%. Foran rm. 10/130 rati fSngthi imoli lumn den i-
We therefore adopt an upper limit of@O=1, which is still oranorma atioo ;IS IMplies a colu ensity

. : ) . f gaseous CO of 160.2 x 108 cm~2. The CO gas column
consistent W|_th theoret|c_al models. Thls abundance translategéogsity towards NGC 7538 IRS9 was determined by Mitch
19% O, relative to KO ice toward this source, and account t al. (1990) from the*CO IR absorption. From the 1SO-
for less thanc 3% of the total interstellar oxygen budget. Du : ption.

: WS spectrum of R CrA IRS2 we determined an upper lim
to the larger width of the CO band toward NGC 7538 IRS 8 . . . 1
(4.75¢cnm1), the presence of Dice can not be as well con-Of 10° cm _for_ hot H,O, assuming a line ch_itl}_ Skms .
strained as for R CrA IRS2. The upper limit on the KO gas column density in NGC 7538

comes from the ISO spectra. The column densities of the
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and H,0 ice are determined from ground based spectra. Thbe low abundances of solid and gaseoussGggest that &

ISO spectrum of NGC 7538 IRS9 also revealed other oxygshould be the dominant form of oxygen in dense clouds. Further

bearing ice species like OCNand HCOOH while the presencemeasurements with SWAS using longer integration times and

of CH30OH was known from ground based spectra. future space missions will give more conclusive evidence on the

The recent balloon experiment PIROG 8 searched for thbundance of gas phase @ interstellar clouds.

425 GHz gas-phasexdine toward NGC 7538 IRS9 and W51

(Olofsson et al. 1998). No emission could be detected, and fM&nowledgementsBVDB acknowledges financial support from the

inferred upper limits on the §)CO ratio are 0.04 and 0.05 (3 Belglan Federal Services for Scientific, Technological and Cultural

for these regions. This value leads to an upper limiton thgag  airs and from the Onderzoeksfonds K.U.Leuven, grant OT/94/10.
L 16 a2 This work was supported by the Netherlands Organization for Scientific

column density in NGC 7538 IRS9 6fx 10'° cm™<. Marechal Research (NWO)

etal. (1997) searched for gas-ph&$®'®0 in dark clouds. For

regions in L134 which are comparable to R CrA IRS2, they give

an upper limit of @/CO < 0.15, which would correspond to anReferences
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