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A B S T R A C T . T h e observat ional and theoret ica l informat ion on t h e CO /H2 a b u n d a n c e in a 
var ie ty of as t r ophy si cal regions including diffuse clouds, dense s t a r - fo rming regions, shocked 
gas a n d c i rcumste l lar envelopes is discussed and reviewed. 

1. I n t r o d u c t i o n 

T h e de t e rmina t i on of t h e t o t a l a m o u n t of molecular hydrogen from measu remen t s of CO 
mil l imeter emission lines in galact ic and ex t raga lac t ic objects is one of t h e more controversial 
topics in as t ronomy. Most of t h e deba te has centered on t h e so-cal led CO /H2 conversion 
factor , which re la tes t h e measured in tegra ted C O J=1-0 a n t e n n a t e m p e r a t u r e t o t h e t o t a l 
co lumn densi ty of H2, and m a n y reviews and pape r s have appea red on th is topic (see e.g. 
D ickman et al . 1986; van Dishoeck & Black 1987; Israel 1988; Bloemen 1989; Elmegreen 
1989; Maloney 1990; Solomon & B a r r e t t 1991; Henkel et al . 1991; Combes 1991; Young 
& Scoville 1991). T h e discussion has largely been of an empir ica l n a t u r e , however, wi th 
l i t t l e a t t e n t i o n t o t h e var ia t ion of t he ac tua l CO /H2 abundance in t h e various as t rophysical 
env i ronmen t s . T h e implici t a s sumpt ion is often m a d e t h a t t h e CO /H2 a b u n d a n c e is more 
or less cons tan t and equal t o t h e "canonical" value of 1 0 " 4 . However, i t is known (e.g. 
from t h e Copernicus satel l i te d a t a ) t h a t th is a s sumpt ion is not always t r u e and t h a t the re 
a re regions where hydrogen is main ly molecular b u t C O has a very minor p ropor t ion of t he 
solar ca rbon a b u n d a n c e . 

Since as t rochemis t s a re in a b e t t e r posi t ion t o explore t h e chemical quest ions r a t h e r t h a n 
t h e empir ical re la t ions , we focussed the panel discussion on t h e ac tua l CO /H2 abundance , 
w i th discussion of t h e empir ical C O / H 2 conversion factor only where relevant . T h e panel 
m e m b e r s were asked t o make a brief s t a t emen t abou t t h e cur rent observat ional evidence 
for t h e CO /H2 abundance in a variety of regions and t o address quest ions such as: W h a t 
a re t h e theore t ica l expecta t ions? W h a t a re t he prospec ts for fu ture observat ional tes t s of 
t h e models? If C O is not a good t racer of H2 in some regions, which o the r species could be 
useful? Th i s pape r is an edi ted ( r a the r t h a n ve rba t im) version of t h e commen t s m a d e by 
t h e panel member s and of some of t he quest ions raised by t h e audience . 

2 . D i r e c t a n d i n d i r e c t m e a s u r e m e n t s 

2.1. Direct measurements 

Direct observat ions of b o t h C O and H2 a re l imi ted t o only a few specific in ters te l lar regions. 

285 

P. D. Singh (ed.), Astrochemistry of Cosmic Phenomena, 285-295. 
© 1992 IAU. Printed in the Netherlands. 

https://doi.org/10.1017/S0074180900090197 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900090197


286 

TABLE 1. Direct measurements of CO/H2 in interstellar clouds 

Cloud JV(CO) N(E2) CO/H2 CO/[C] a Method Ref. 
( cm" 2 ) ( cm" 2 ) 

7T S C O 1(12) 2(19) 5(-8) 4(-6) UV abs 1 
C O p h 2(15) 4(20) 5(-6) 4(-3) UV abs 2 
NGC 2024 IRS2 8(18) <1(23) >8(-5) >0.10 IR abs 3 
NGC 2264 IRS 5(18) <1(23) >5(-5) >0.06 IR abs 4 
Orion/KL shock 4(17) 3(21) 1.2(-4) 0.16 FIR em 5 

0 The reference abundance of carbon in all forms (gas and solid; atomic and molecular) has 
been taken to be the solar value of [C]/[H]=4 X 1 0 ~ 4 (Grevesse et al. 1991). About 60±20% 
of the carbon is thought to be in solid form. 

References: 1. Jenkins et al. 1989; 2. Morton 1975; 3. Black & Willner 1984; 4. Black et al. 
1990; 5. Watson et al. 1985. 

In diffuse clouds, b o t h molecules can be seen by the i r absorp t ion lines a t fa r -u l t rav io le t 
wavelengths superposed on t h e spec t ra of br ight background s t a r s . Since t h e lines a re sat-
u r a t e d , high spec t ra l resolut ion and high S/N such as provided by t h e Copernicus sa te l l i te 
a re necessary t o derive rel iable column densi t ies . T h e smallest C O column densi ty de tec ted 
w i t h Copernicus is abou t 1 0 1 2 c m - 2 t oward t h e s t a r ir Scorpii, whereas t h e largest co lumn 
of a b o u t 2 x 1 0 1 5 c m " 2 was found toward £ Ophiuchi . T h e observat ional d a t a for these 
two s t a r s a re summar ized in Table 1, which is an u p d a t e d version of t h e t ab le presented 
by van Dishoeck & Black (1987) . T h e measured C O abundance , iV(CO)/iV(H2), varies by 
near ly two orders of m a g n i t u d e for t h e various diffuse c louds. In t e r m s of t h e t o t a l available 
ca rbon in t h e cloud, however, only a small fraction appea r s t o be in t h e form of t h e C O . 
Even in t h e ( O p h cloud, C O / [ C ] < 0 .01 . In t h e near fu ture , high resolut ion ul t raviole t 
observat ions of C O in thicker t rans lucent clouds (Ay > 1 m a g ) should be possible w i th t h e 
G o d d a r d High Resolution Spectrometer on b o a r d t h e Hubble Space Telescope ( H S T ) . At t he 
t i m e of wr i t ing it was not yet clear, however, whe the r any direct observat ions of H2 in such 
clouds would also be possible wi th H S T . 

Direct observat ions of C O and H2 can also be m a d e in thick molecular clouds t h r o u g h 
absorp t ion lines a t near - in f ra red wavelengths agains t embedded infrared sources . Measure-
m e n t s of C O lines in t h e v=l<— 0 and 2<— 0 v ibra t iona l b a n d s a t 4.6 and 2.3 / im have been 
r epor t ed for a n u m b e r of sources, b u t only for t h e cases of N G C 2024 IRS2 a n d N G C 2264 
IRS have s imul taneous l imi ts been ob ta ined on lines of H2 in t h e v=l«—0 b a n d a t 2 .1-2 .2 
/xm. T h e resul ts a re summar ized in Table 1 and ind ica te CO /H2 abundances consis tent 
w i th t h e canonical value of CO /H2 « 1 0 " 4 usual ly assumed for dense c louds. W i t h im-
proved cryogenic echelle infrared spec t romete rs , t h e ac tua l de tec t ion of these H2 absorp t ion 
lines seems possible in t h e nea r future . Extens ion of th i s m e t h o d t o a la rger n u m b e r of 
clouds will a lso be very i m p o r t a n t , since t h e regions p robed so far are w a r m s t a r - fo rming 
clouds, where molecules m a y have been released from t h e gra ins (see also §5). 

Final ly, b o t h C O and H 2 can be observed by the i r h i g h - . / r o t a t i ona l a n d v ib ra t iona l 
t r ans i t ions in emission in very w a r m , d i s tu rbed gas such as t h e O r i o n / K L shocked region. 
T h e derived CO /H2 a b u n d a n c e is 1.2 x 1 0 - 4 , consistent w i th t h e l imi ts found above . Th i s 
las t de t e rmina t i on is less "c lean" , however, since t h e h i g h - J C O lines refer t o gas wi th 
T « 7 5 0 K, whereas t h e H 2 v = l - * 0 lines arise in gas w i th T w2000 K, so t h a t i t is not 
obvious whe the r t h e s ame volume of gas is sampled . Observat ions of t h e p u r e ro t a t iona l 
lines of H 2 m a y provide a b e t t e r compar ison . In dense clouds, gaseous C O accounts for a 
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subs t an t i a l fraction of t he to t a l available ca rbon , C O / [ C ] £ 0 . 1 . 

2.2. Indirect measurements 

In mos t cold in ters te l lar c louds, H2 is not direct ly observable so t h a t t r ace r molecules like 
C O need t o be used t o de te rmine molecular masses . A l though t h e mi l l imeter lines of C O 
are easily de tec tab le , t hey a re difficult t o in te rpre t in t e r m s of co lumn densi ty because 
t h e lines a re a lmost always opt ical ly thick. Various m e t h o d s have been p u t forward t o 
de t e rmine empir ical ly a re la t ion between t h e in tegra ted 1 2 C O 1—*0 line in tens i ty IQO and 
t h e H2 co lumn densi ty N(H.2)- For completeness , we summar ize t h e m here briefly (see 
above references for more detai ls and possible pitfalls): 

• ^ c o vs Ay: de te rmine Ay from s ta r counts ; convert Ay t o iV(H2) using t h e gas t o 
ex t inc t ion r a t io derived for diffuse clouds, assuming t h a t th is same re la t ion also holds for 
denser clouds. Since t h e clouds m a y conta in a non-negl ig ible fraction of a tomic hydrogen , 
an independen t measurement of N(H) is needed. 

• i V ( 1 3 C O ) vs Ay: de te rmine 1 3 C O column densit ies from observat ions of opt ical ly th in 
lines assuming LTE. De te rmine N(H.2) from Ay as above. iV ( 1 2 C O ) can be found by 
a d o p t i n g a 1 2 C O / 1 3 C O abundance r a t io . Th i s conversion factor has been ca l ibra ted for 
clouds in which mos t g a s - p h a s e ca rbon is in C O . 

• Virial theorem: a ssume t h a t t he cloud is in virial equi l ibr ium, and use t h e observed 
l ine w id th and size t o de te rmine i t s mass . Th i s leads not only t o t h e p ropor t iona l i ty 
factor , b u t also t o t h e i m p o r t a n t result t h a t X = N(H.2)/Ico<x n1^2/Tex, where Tex is 
t h e exc i ta t ion t e m p e r a t u r e of C O . A ma jo r p roblem in apply ing t h e virial t heo rem is t h e 
compl ica ted morphology and smal l -sca le s t ruc tu re of mos t c louds. 

• Gamma ray method: compare t h e galact ic d i s t r ibu t ion of diffuse g a m m a rad ia t ion , re-
su l t ing from in terac t ions of cosmic rays wi th hydrogen nuclei , wi th m a p s of H I and 1 2 C O 
J = l - » 0 emission t o derive X. Th i s m e t h o d is biased toward G M C s in t h e inner Galaxy. 

• IRAS 100 fim: compare t h e d is t r ibu t ion of IRAS 100 / /m emission, or ig ina t ing from dus t 
gra ins in t h e clouds, wi th m a p s of H I and C O J=l—>0 emission t o de te rmine X. Th i s 
m e t h o d assumes not only t h a t t h e dus t emissivity proper t ies a re known wi th sufficient 
accuracy, b u t also t h a t they are similar in diffuse a tomic and molecular gas . 

A commo n charac ter i s t ic of these m e t h o d s (except t h e second one) is t h a t t h e C O / H 2 

a b u n d a n c e does no t enter explicit ly in t he analysis , and t h a t t hey refer t o global scales 
of order one square degree or larger . Nevertheless , it is remarkab le t h a t these completely 
different and independen t m e t h o d s yield a similar conversion factor , X = N(H.2 )/Ico « 
2.5 X 1 0 2 0 cm"" 2 K - 1 k m " 1 s wi th in a factor of two. T h e largest devia t ions from th is value 
are found for t he Galac t ic Center (Bli tz et al . 1985) and for some (bu t no t all!) h i g h -
l a t i t u d e clouds (de Vries et al . 1987), where X appea r s an order of m a g n i t u d e smaller . For 
clouds in t h e ou te r Ga laxy (Digel et a l . 1990) and in t he Magel lanic Clouds (Cohen et al . 
1988), t he conversion factor m a y be significantly larger (see §4). 

3 . Diffuse and translucent clouds and P D R s 

Table 1 i l lus t ra tes t he fact t h a t carbon is still mos t ly in a tomic form (as C + ) in diffuse clouds 
wi th Ay < 1 m a g . For t h e thicker t rans lucent clouds wi th Ay « l - 5 m a g , ca rbon is gradual ly 
t ransformed in to C O , and the C O abundance increases by two orders of m a g n i t u d e in this 
regime (van Dishoeck & Black 1988). As Figure 1 of van Dishoeck ( th is volume) shows, 
t h e exact loca t ion of t h e t rans i t ion depends on t h e physical p a r a m e t e r s of t h e cloud, such 

https://doi.org/10.1017/S0074180900090197 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900090197


288 

as t e m p e r a t u r e , density, co lumn densi ty and incident rad ia t ion field. Any conversion factor 
which assumes t h a t t h e CO /H2 abundance is cons tan t a t a b o u t 1 0 - 4 is therefore likely t o 
fail for t r ans lucen t clouds. Th i s applies in pa r t i cu la r t o t h e 1 3 C O m e t h o d , which has been 
d e m o n s t r a t e d t o lead t o an unde re s t ima te of iV(H2) by an order of m a g n i t u d e in some cases 
(Gredel et a l . 1991). Observat ional tes t s of th is t rans i t ion zone should be possible t h r o u g h 
absorp t ion l ine s tudies wi th t he HST. 

Since t h e C O a b u n d a n c e varies so dras t ical ly for t rans lucen t clouds, i t m a y be b e t t e r t o 
t u r n t o o the r molecules whose abundances are near ly cons tan t . A good cand ida t e is C H , 
for which t h e column densi t ies have been shown t o scale l inearly wi th those of H2 up t o 
Ay of a few (Danks et al . 1984; M a t t i l a 1986). 

A similar t r ans i t ion of ca rbon from a tomic t o molecular form occurs for denser , wa rmer 
p h o t o n - d o m i n a t e d regions ( P D R s ) (Tielens & Hollenbach 1985). T h e m a i n difference wi th 
t h e t r ans lucen t clouds is t h a t t he t r ans i t ion occurs deeper in to t h e cloud, especially if t h e 
gas has a "c lumpy" s t ruc tu re . Since such P D R s are ub iqu i tous and m a y con t r ibu te signifi-
cant ly t o t h e t o t a l emission from galaxies , i t is i m p o r t a n t t o ca l ibra te t h e CO /H2 r a t i o for 
these regions separate ly . Unfor tunate ly , such a measuremen t will prove ex t remely difficult, 
because of t h e varying abundances wi th d e p t h in to t he P D R . In pa r t i cu la r , hydrogen will 
become molecular a round Ay « 2 m a g , b u t t h e C + - C - C O t rans i t ion does not occur un-
til Ay « 4 m a g . These spat ia l ly dis t inct zones wi th in t he P D R will have vast ly different 
t e m p e r a t u r e s ( « 5 0 0 K versus 50 K) and th is will compl ica te t h e der ivat ion of t h e CO /H2 
r a t i o considerably. P r o b a b l y t h e ideal source t o examine is a nearby c loud-edge wi th a 
s t rong source of ex te rna l U V rad ia t ion , where these zones wi th in t h e P D R can be spat ia l ly 
resolved. Besides th i s , a t least two o ther l imi ta t ions confront t h e observat ions : 

(1) Direct observations of warm H2. T h e la rge energy-level spacing and lack of p e r m a n e n t 
dipole m o m e n t m a k e H2 s imul taneously difficult t o exci te and difficult t o observe. Ob-
servat ions of t h e g r o u n d - s t a t e pure ro ta t iona l quadrupo le lines provide t h e best m e t h o d 
for de te rmin ing t h e H2 content of t h e P D R ' s . At cur ren t i n s t r u m e n t a l sensi t ivi t ies , H2 
column densi t ies of < 1 0 2 1 c m - 2 can be de tec ted in t h e ( 0 - 0 ) 3—^1 and 4—>2 t rans i t ions 
a t 17 and 12 /xm, respectively, if t h e gas t e m p e r a t u r e is > 3 0 0 K ( P a r m a r et a l . 1991). 
W i t h S I R T F , similar co lumn densit ies will be de tec tab le in gas a t t e m p e r a t u r e s as low 
as 100 K. 

(2) Unambiguous detection of CO emission from the PDR. In order t o select C O emission 
from t h e ho t P D R region where t h e H2 emission arises a n d t o d i sc r imina te agains t emis-
sion from cooler ma te r i a l deeper inside t h e P D R , one mus t observe an appropr ia t e ly high 
C O t rans i t ion . If we assume t h a t t h e w a r m P D R region is reasonably dense a n d has a 
t o t a l co lumn densi ty of 1 0 2 1 c m - 2 , t h e J=9—»8 t rans i t ion a t a b o u t 1 T H z can be de tec ted 
wi th cur ren t i n s t r u m e n t a t i o n as long as t h e C O abundance is >10~~ 6 . Unfor tunate ly , t h e 
predic ted C O abundance in th is w a r m region is a t least an order of m a g n i t u d e lower t h a n 
th is l imit ( B u r t o n et al . 1990). 

4. Global CO emission 

How i m p o r t a n t a re t h e regions in which C O makes u p only a small p ropor t ion of t h e solar 
ca rbon a b u n d a n c e globally a n d wha t would be the i r effect on t he overall conversion factor? 
Conversely, how can t h e conversion factor be near ly cons t an t , when t h e C O a b u n d a n c e 
is varying considerably? Several exp lana t ions have been advanced t o explain ( and mos t ly 
comfor t ) t h e existence of t h e empir ical p ropor t iona l i ty factor . T h e first assumes t h a t clouds 
a re s ta t is t ica l ly ident ical a n d small enough not t o shadow each o the r a long t h e l ine of s ight . 
In th i s case, t h e C O luminos i ty merely counts t h e n u m b e r of clouds in te rcep ted by t h e 
b e a m , and is p ropor t iona l t o t h e molecular mass . A more sophis t ica ted exp lana t ion is 
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Figure 1 . solid line: The 1 2 CO (1-0) integrated intensity across a spherical cloud 
is plotted as a function of the H2 column density along the line of sight (according 
to a Monte Carlo calculation by Guelin & Cernicharo 1988). The cloud, inspired by 
the dark cloud Heiles Cloud 2 in Taurus, has density/temperature ranging from 100 
cm~3/20 K at the periphery to 1000 cm~z/10 K at the center and a radius of 1.5 
pc. The CO fractional abundance is taken from calculations by van Dishoeck & Black 
(1988) for an attenuated IS radiation Held; it varies from 5 10~6 to 4 10~A. dots: the 
intensities actually observed around Heiles Cloud 2 (from Guelin Sz Cernicharo 1987). 

t h e one advanced by Dickman et al . (1986) , which assumes t h a t t h e clouds (mos t ly dense 
G M C s ) a re in virial equi l ibr ium and t h a t C O is thermal ized (see §2.2). A th i rd exp lana t ion 
proposes t h a t t h e molecular gas is domina t ed by relatively low densi ty "ha los" of t he kind 
discussed above, where C O is sub the rmal ly exci ted (Guel in & Cern icharo 1987). Mon te 
Car lo rad ia t ive t ransfer calculat ions for "real is t ic" ha lo + small core mode ls , inspired by 
t h e clouds in t h e Taurus region, show t h a t t h e C O in tens i ty increases a lmost l inearly wi th 
N(H.2) a long mos t lines of sight (see F igure 1); t h e derived p ropor t iona l i ty factor is close 
t o t h e observed one (Guel in & Cernicharo 1988). Basically, t h e bulk of t h e gas lies in 
regions wi th n(H2)=100-300 c m - 2 , ha l f -way between t h e regime of the rma l i za t ion where 
T e x = c o n s t a n t , a n d t h e "low exc i ta t ion" regime, where t he Eins te in coefficient divided by 
t h e opt ica l d e p t h is much larger t h a n t h e colli si on al r a t e (A/r » C) so t h a t t h e opt ical ly 
thick l ine intensi t ies a re still p ropor t iona l t o t h e molecular co lumn density. 

Observat ions show t h a t a t large scales, t h e molecular mass lies mos t ly in cloud halos 
which are p resumab ly far from virial equi l ibr ium, thus suppor t ing t h e las t model (see 
Guel in & Garcia-Buri l lo 1991): t h e 1 2 C O and 1 3 C O J = 2 - l and 1-0 line intensi t ies observed 
in t h e Tau rus region as well as in nearby galaxies , such as M 51 and N G C 8 9 1 , imply t h e 
exis tence of a massive low densi ty component (in t h e Tau rus region, th is componen t is 
d i rect ly observed th rough s t a r counts , as e.g. for t he cloud of F ig . 1) . Recently, Wright 
et al . (1991) (see Wr igh t , th is conference) have repor ted intensi t ies of t h e 1 2 C O J = l - 0 
t h r o u g h 5-4 lines averaged over t h e whole Galaxy, as observed by COBE. These in tensi t ies , 
despi te the i r low s igna l - to -no i se r a t io and t h e lack of 1 3 C O d a t a , also imply t h e presence 
of two molecular componen t s , t h e mos t massive of which has Tex « 5 K and is t h u s e i ther 
ex t remely cold, or , in be t t e r agreement wi th t h e higher resolut ion s tudies , sub the rma l ly 
exci ted . 

T h e ha lo model has i m p o r t a n t consequences for t h e cons tancy of t he C O t o H2 conver-
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sion factor. Since halos are likely to be photon-dominated or "translucent" regions of the 
type discussed in §3, the relative abundances of H2, 1 2 C O and 1 3 C O may vary consider-
ably. In the model of Guelin & Garcia-Burillo, the / (CO) will vary accordingly. Even 
if iV(H2)//(CO) could stay constant when averaged over large regions with similar global 
properties or entire galaxies, one may expect large changes when comparing intrinsically 
different regions such as arm and interarm regions or regions hosting active nuclei. A re-
lated question that needs further exploration is the extent to which the different regions 
show different conversion factors when CO .7=2-1, 3-2, . . . are considered rather than the 
1-0 line (see also §3). 

The CO/H2 abundance and the conversion factor are also not well-determined in the 
outer Galaxy, where the average density of the clouds is probably lower (Digel et al. 1990). 
Moreover, the presence of a [ l 2 C] / [ 1 3 C] gradient across the Galaxy may affect some of the 
results (Langer & Penzias 1990). In regions of lower met alii city such as the Magellanic 
Clouds, significantly higher conversion factors have been claimed (e.g. Cohen et al. 1988; 
Maloney & Black 1988; Israel & de Graauw 1991; Johansson 1991), although for the dwarf 
irregular galaxy IC 10 X appears close to "normal" (Wilson & Reid 1991). Because the 
transition of carbon from atomic to molecular form depends on the CO self-shielding, it 
will occur deeper into the cloud in metal-poor regions, because it takes longer to build up 
the necessary column density. Thus, metal-poor clouds have relatively less CO compared 
with clouds in our own Galaxy, provided they are not larger than the average clouds in our 
Galaxy. How do we measure the amount of H2 in these cases, where all other molecules 
also have low abundances? One possibility would be to use the fine-structure emission of 
C II as a measure, since most of the carbon is probably in that form. Indeed, a large-scale 
correlation between C II and CO emission has already been established both observationally 
and theoretically for warm PDR gas, including that in luminous galactic nuclei (Stacey et 
al. 1991). The problem is that not only the "H2" clouds, but also the H II regions and H 
I clouds are sampled in this way, and it is not clear how to distinguish the molecular part 
from the rest of the interstellar "mess", especially in regions of low C II surface brightness 
(see also Madden et al. this volume; Wright et al. 1991). Another possibility would be to use 
the dust IR emission, but this suffers from the same problem. Optical and UV absorption 
lines might be a third possibility, if strong enough background stars can be found. 

5 . S o l i d C O 

The direct measurements of the CO abundance in dense clouds indicate that at least 10% 
of the carbon is in the form of gas-phase CO. The best estimate of the amount of carbon 
in solid form (such as graphite, PAH's, organic refractory) is 60±20% (van Dishoeck et al. 
1991). These numbers do not exclude the possibility that the gas-phase CO abundance may 
vary by factors of 2-3 from cloud to cloud, depending on the nature of the dust (Greenberg 
1991). How much of this CO can be depleted onto grains in the densest regions? It is 
well known that the time-scales for gas-phase molecules to collide with grains and stick on 
them is very short in dense clouds with n # > 10 5 cm""3. What happens to the CO when it 
is depleted onto grains? Will it just sit there and eventually be released back into the gas 
phase, or will it be transformed into other molecules? How could this affect the gas-phase 
CO/H2 abundance? 

Evidence for molecules adsorbed on the surfaces of grains comes from infrared observa-
tions toward protostellar sources, which show in addition to the sharp gas-phase CO lines a 
prominent broad absorption feature near 2140 c m " 1 (4.6 / i m ) generally attributed to solid 
CO (Lacy et al. 1984; Geballe 1986; Whittet et al. 1988, 1991). Analysis of the relative 
strengths of the features shows that the solid CO abundance varies from about 10~ 5 to less 
than about 1 0 " 7 with respect to total hydrogen. In all cases, this is significantly less than 
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t h e canonical value for t he g a s - p h a s e C O abundance of 1 0 " 4 . However, t h e shape of t h e 
fea ture m a y provide i m p o r t a n t informat ion on t h e h is tory and evolut ion of t h e C O . 

F igure 2 shows t h a t t he solid C O b a n d consists of a na r row ( ~ 5 c m - 1 ) fea ture centered 
a t a b o u t 2140 c m " 1 and a b roader ( ~ 10 c m " 1 ) wing a t a b o u t 2136 c m " 1 (Tielens et al . 
1991). B o t h t h e peak posi t ion and wid th of t h e nar rower and general ly s t ronger compo-
nent vary from source t o source. Labora to ry s tudies suggest t h a t t h e na r row C O b a n d 
occurs in mix tu res domina t ed by n o n - p o l a r molecules (i .e. , C O itself, CO2, O2, N2, C H 4 ) , 
while t h e b roader component is due t o polar mix tu res such as H2O (Sandford et a l . 1989). 
F igu re 2 compares t h e observed spec t ra a t m o d e r a t e resolut ion ( A / A A = 1 2 0 0 ) towards 
N G C 7538 IRS 9 and A F G L 2136 wi th l abo ra to ry spec t ra of solid C O and a m i x t u r e of 
C O / H 2 0 = 1 / 2 0 . Note t h a t A F G L 2136 is t h e only known spec t rum in which t h e na r row 
2140 c m " 1 componen t is absent . I t s b road feature a t 2136 c m " 1 is well fit by t h e H 2 0 - r i c h 
m i x t u r e . T h e spec t rum of N G C 7538 IRS 9, on t h e o the r h a n d , is d o m i n a t e d by a na r row 
componen t , which is well fit by pu re solid C O . In mos t o the r sources, t h e d a t a a re b e t t e r 
fit by mix tu res domina t ed by N2 or CO2, whereas in a few cases O2 domina t ed mix tu res 
provide t he best agreement . 

These resul ts unambiguous ly d e m o n s t r a t e t h a t t he re are (a t leas t ) two independen t gra in 
m a n t l e componen t s along m a n y lines of s ight . One component is d o m i n a t e d by a n o n - p o l a r 
m i x t u r e and carries t h e nar row solid C O feature . T h e o ther is H2 0 - r i ch and is p robab ly t he 
carr ier of t h e b roader solid C O componen t , as well as t h e 3.08 and 6.0 / im H2 0- ice bands . 
T h e solid CO/H2O ra t io is always much less t h a n one ( < 0 . 1 ) . Th i s d ichotomy in grain 
m a n t l e composi t ions may reflect chemical a n d / o r physical var ia t ions dur ing t h e accret ion 
process . In view of t h e low abundance of C O in gra in mant les a n d i t s high a b u n d a n c e in 
t he gas phase , it is likely t h a t mos t of t h e accreted C O has reac ted wi th a t o m i c H or 0 
t o form molecules such as H2CO, C H 3 O H , and CO2 (Tielens & Al l amando la 1987). In 
th is mode l , t he H-r ich condi t ions required t o form H2 0-rich ices also t rans form C O in to 
C H 3 O H . N o n - p o l a r gra in mant les would then reflect accret ion condi t ions wi th l i t t le a tomic 
H available (i .e. , high densi ty; Tielens & Hagen 1982). 

Al ternat ively , models based upon the difference in volati l i ty be tween C O and H2O can 
be developed. In such models , accret ion takes place in a dark molecular cloud. A newly 
formed s t a r in such an envi ronment will hea t up the su r round ing dus t , leading t o pa r t i a l 
evapora t ion . Close t o t he s t a r only t he cores remain . Fa r the r o u t , where t he t e m p e r a t u r e 
drops below 100 K, s t rongly H - b o n d i n g molecules (e.g., H 2 0 , C H 3 O H , N H 3 ) can survive in 
a gra in m a n t l e , bu t more volatile molecules (i.e., C O ) will evapora te . W h e n t h e t e m p e r a t u r e 
drops below 50 K, a molecule such as CO2 will also remain frozen ou t . Final ly, a t large 
d is tances from t h e s t a r (i .e., in t he dark cloud) t he t e m p e r a t u r e is less t h a n 15 K and highly 
volati le molecules such as C O (and O2, N2, CH4) r emain in t h e gra in m a n t l e . T h u s , t he 
b i r t h of a new s t a r will lead t o a t e m p e r a t u r e s trat i f icat ion which in t u r n will lead t o gra in 
m a n t l e separa t ion . 

Each of these classes of models has pros and cons. Hea t ing of gra in man t l e s followed 
by outgass ing has undoub ted ly played a role a round luminous sources such as t h e Orion 
B N / K L region. Bo th t he shape of t h e 3.08 /xm ice b a n d (Smi th et al . 1989) and the observed 
gas phase abundances in t he hot core and compac t r idge (Walmsley 1989) a t t e s t t o t h a t . 
However, th i s model would predict t h a t grain man t l e s in da rk clouds far from embedded 
objec ts would be domina t ed by n o n - p o l a r molecules such as C O . Yet, background s ta rs 
behind the Tau rus dark cloud show also sepa ra te H20-rich and n o n - p o l a r gra in man t l e 
componen t s (Tielens et al . 1991). In this case hea t ing has played no role. It is likely 
t h a t b o t h types of mechanisms a re of i m p o r t a n c e in in ters te l lar clouds. Chemis t ry m a y 
d o m i n a t e t he observed var ia t ions in dark clouds, while volati l i ty is i m p o r t a n t a round (some) 
p r o t o s t a r s . Fu r the r observat ions of solid C O as well as o the r gra in m a n t l e cons t i tuen ts will 
be very i m p o r t a n t t o set t le these issues. 

In summary , t h e observat ions clearly d e m o n s t r a t e t h a t C O does freeze ou t o n t o gra ins 
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C C V H 2 O - 1 0 / 1 

Figure 2 . The solid CO band toward the infrared source NGC 7538-IRS 9 is well 
fit in peak position and width by a mixture dominated by CO (solid line). Mixtures 
dominated by H2O (dashed line) peak at lower frequencies and are broader than ob-
served. In contrast, the spectrum of AFGL 2136 reveals only the broad component 
associated with H2 0-rich grain mantles (dashed line). See Tielens et al. (1991) for 
details. The error bars are smaller than the symbol, except where shown. Note also 
the weak gaseous CO feature. 

in dense interstellar clouds, but with different chemical results depending on the physical 
surroundings. The total amount of carbon depletion is not well known, however, especially 
in the coldest and densest protostellar condensations where the densities may be as high as 
10 8 —10 1 0 c m " 3 and where CO depletion could be significant. Comparison of submillimeter 
continuum observations with C 1 8 0 maps of regions such as NGC 2024 (Mezger et al. 1988) 
and NGC 1333 (Sandell et al. 1991) may provide further insight into this question. 

6. Dissociative shocks and protostellar outflows 

Shock waves propagating through the interstellar medium at speeds faster than about 50 km 
s " 1 are dissociative; they result in the temporary destruction of any molecules which enter 
them. The CO/H2 abundance ratio behind dissociative shocks is presently not constrained 
by observation, primarily because such shocks are usually accompanied by slower, non-
dissociative shocks which are far more luminous sources of molecular line emission and 
which therefore mask much of the molecular line spectrum which would be specific to fast 
shocks. The theoretical predictions for CO/H2 in the dissociative case are outlined below. 
For non-dissociative shocks, the CO/H2 abundance presumably does not deviate much 
from the "canonical" value of 1 0 " 4 , as found for Orion/KL (see Table 1). 

Upon passing through a fast shock front, interstellar gas is rapidly heated to temperatures 
greater than ~ 10 5 K, resulting in the complete and rapid dissociation of molecules and 
the partial ionization of atoms via collisional processes (Hollenbach & McKee 1980). All 
information about the chemical state of the preshock gas is therefore lost. The shocked gas 
eventually cools, primarily via emission in optical and ultraviolet lines of atoms and atomic 
ions, and starts to recombine. Once the temperature falls below a few thousand degrees, 
molecule reformation ensues, starting with H2 formation, which occurs in the gas phase 
via the H"~ intermediary and - if sufficiently cool grains survive - in reactions catalysed on 

2 I ' ' ' ' I 1 1 1 1 I 1 1 1 1 l 1 ' 1 1 I 1 ' ' 1 j 4 .5 I ' ' ' ' F 1 ' 1 ' I 1 ' ' 1 I 1 1 1 • i • • • 
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gra in surfaces. A fur ther react ion of H2 wi th a tomic oxygen leads rap id ly t o OH format ion , 
and reac t ions of OH wi th C or C + result in t h e p roduc t ion of C O . Deta i led model ing has 
shown (Hollenbach & McKee 1989; Neufeld & Da lga rno 1989) t h a t provided gra in catalysis 
of H2 fo rmat ion is modera te ly efficient, hydrogen is a lmost ent i rely incorpora ted in to H 2 

and ca rbon in to C O by t h e t ime t h a t t h e shocked gas has cooled t o a t e m p e r a t u r e of a few 
hundred degrees. T h e t ime required is ~ 1 0 7 y r / n o , where no c m - 3 is t h e par t ic le densi ty 
in t h e preshock m e d i u m . T h e CO /H2 abundance r a t io will therefore s imply reflect t he 
g a s - p h a s e e lementa l abundance of ca rbon , which m a y have been somewha t modified as t he 
resul t of carbonaceous gra in des t ruc t ion in t h e region behind t h e shock front. 

If g ra in catalysis is ineffective - e i ther because gra ins a re absent or because they have 
been hea ted wi th in t h e shocked gas t o t e m p e r a t u r e s a t which any adsorbed a t o m s evapora te 
before they have t h e chance t o react - molecule reformat ion behind t h e shock is incomple te . 
Deta i led s tudies have revealed (Neufeld & Dalgarno 1989) t h a t in th is c i rcumstance t he 
final H2 a b u n d a n c e is only ~ 1 0 ~ 3 , while t he fraction of g a s - p h a s e ca rbon in C O m a y be 
as la rge as ~ 0 .1 . In t he absence of g ra in -ca ta lysed H2 format ion , therefore, dissociative 
shocks m a y leave t h e inters te l lar med ium in a r a t h e r exot ic chemical s t a t e , in which the 
gas is largely a tomic bu t possesses a subs tan t ia l C O abundance , wi th a C O / H 2 abundance 
r a t i o of ~ 100 [ C ] g a 8 / [ H ] . 

T h e theore t ica l resul ts for fast shocks are similar t o those ob ta ined for molecule format ion 
in t h e ejecta of supernovae such as SN 1987A (Lepp et al . 1990) and in gra in-f ree protos te l lar 
outflows (Glassgold et a l . 1991). In t h e l a t t e r case, t h e deficiency of H2 can be t raced t o t he 
shor t t ime-sca les in these winds . T h e C O / H 2 r a t io is therefore sensit ive t o t h e mass- loss 
r a t e : mos t of t he ca rbon will be t ransformed in to C O for M > 3 x 1 0 ~ 6 Af© y r " 1 , whereas 
mos t of t h e hydrogen will be molecular only for M > 1 0 " 4 MQ y r " 1 . Moreover, t h e CO 
quickly gets so cold t h a t i t s mil l imeter t rans i t ions are unobservable unt i l t h e wind in te rac t s 
w i th t h e su r round ing molecular cloud far from the p ro tos t a r . Ca re should therefore be taken 
in inferring H2 co lumn densit ies and envelope mass- loss ra tes from rad io observat ions of 
ex t remely high velocity ( E H V ) H I and C O flows near pro tos te l la r ob jec t s . 

7. C i r c u m s t e l l a r envelopes 

T h e CO /H2 r a t i o in t he deep inter ior of c i rcumstel lar envelopes of evolved s ta r s is largely 
de te rmined by t h e t e m p e r a t u r e of t he s t a r (Glassgold & Huggins 1982). For T* > 2 5 0 0 -
3000 K, t h e hydrogen will be a tomic ; o therwise it is expected t o be molecular . Ca rbon 
will be mos t ly in t h e form of C O for a lmost all evolved s t a r s , s imply because of t he large 
b ind ing energy of th is molecule. Of course, if t h e s t a r has an H II region, such as is found 
in t h e chromosphere of a Ori and in p r o t o - p l a n e t a r y nebulae , t h e high t e m p e r a t u r e s and 
levels of dissociat ing rad ia t ion will a l ter th is s i tua t ion - and differently for C O and H2. 
T h u s , t h e CO /H2 abundance r a t io in t h e inner c i rcumstel lar regions of evolved s ta rs m a y 
vary considerably from s ta r t o s t a r . 

In t h e ou te r p a r t , t h e relat ive a m o u n t s of H and H2 and of C + and C O , and t h e locat ion of 
t h e t r ans i t ion zones, a re de te rmined by t h e effective l ine-shie lding in t h e photodissocia t ion 
of H 2 and C O (Glassgold k Huggins 1982; M a m o n et al . 1988). O t h e r effects such as 
ion-molecu le reac t ions , f ract ionat ion processes and gra in chemis t ry m a y also play a role in 
t h e ou te r p a r t . If T* < 3000 K and if the re a re no in te rna l sources of UV rad ia t ion , t he 
C O d i s t r ibu t ion will be less ex tended t h a n t h e H2 d i s t r ibu t ion , s imply because of t he larger 
a b u n d a n c e of hydrogen. W i t h o u t the above -men t ioned res t r ic t ions on t h e n a t u r e of t he 
s t a r , o the r s i tua t ions become possible. 

A l though C O emission from circumstel lar envelopes is readi ly observed, measu remen t s 
of H I a n d / o r H 2 a re very ra re . For a Ori (T* « 3500 K ) , 21 cm rad ia t ion from the 
H I envelope has been detec ted (Bowers & K n a p p 1987), and one can infer from o the r 
observat ions t h a t carbon is more fully associated in to molecules t h a n is hydrogen, i.e., 
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CO /H2 >• 2 [ C ] g a s / [ H ] . For t h e best s tudied and chemically i m p o r t a n t A G B s t a r , I R C 
+ 1 0 2 1 6 (T* « 2300 K ) , in te res t ing upper l imi ts on t h e 21 cm emission have been ob ta ined 
by Zuckerman et al . (1980) and by K n a p p & Bowers (1983) . These l imi ts correspond 
t o a mass of « 1 0 3 1 gr , close t o t h e a m o u n t injected in to t h e envelope from t h e uppe r 
a t m o s p h e r e of t h e s t a r (Glassgold & Huggins 1982). Keady & Ridgway (1991) have recent ly 
searched for t h e H2 r o -v ib ra t i ona l lines a t 2 / i m and find t h a t M (H2)< 4 x 1 0 ~ 5 M 0 yr"" 1 . 
Because t h e C O a b u n d a n c e and t h e mass - loss r a t e can b o t h be de te rmined from a deta i led 
analysis of t h e spa t ia l var ia t ion of t h e C O mil l imeter l ine emission - CO /H2 = 6 x 10"" 4 

and M = 3 X 1 0 " 5 Af 0 y r " 1 - , an uppe r l imit t o t h e H I / H 2 r a t io for I R C 4-10216 is 
H I/H2 < 5 X 1 0 ~ 3 (Huggins et al . 1988). For a lmost all o the r red g iant winds , observers 
general ly de t e rmine t h e mass - loss r a t e by assuming t h a t all ca rbon is in C O and hydrogen 
in H 2 , i.e. C O / H 2 = 8 X 1 0 " 4 for C s ta r s and 3 X 1 0 - 4 for Miras ( K n a p p & Morr is 1986). 

8 . Conc lud ing r e m a r k 

Al though observat ions ind ica te a remarkable cons tancy in t h e conversion factor of in t eg ra t ed 
C O line in tens i ty t o H2 co lumn densi ty on a global scale, various theore t ica l a r g u m e n t s a n d 
observat ional d a t a suggest t h a t t he ac tua l CO /H2 a b u n d a n c e m a y vary subs tan t ia l ly locally 
in cer ta in as t rophysica l env i ronments . Indeed, the re are regions where CO /H2 is signifi-
cant ly lower t h a n t h e canonical value of 1 0 ~ 4 , such as diffuse clouds, P D R s , and possibly 
very dense pro tos te l la r condensa t ions . On t h e o ther h a n d , several examples have been 
given where CO /H2 m a y be subs tant ia l ly higher t h a n 1 0 ~ 4 , including gra in- f ree dissocia-
t ive shocks, supernova eject a, pro tos te l la r winds and some ci rcumstel lar envelopes. Ca re is 
required wi th t h e t r ad i t i ona l analysis in these cases. 
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