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A B S T R A C T . T h e relat ive impor t ance of ga s -phase , shock and gra in-sur face chemis t ry is 
discussed wi th reference t o recent observat ional d a t a . T h e re la t ion be tween diffuse, t rans lu-
cent and h i g h - l a t i t u d e clouds is i l lus t ra ted wi th models in which ca rbon is t ransformed from 
a tomic ( C + , C) t o molecular ( C O ) form wi th increasing ext inc t ion . 

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

T h e s tudy of diffuse molecular clouds has t rad i t ional ly a t t r a c t e d a lot of theore t ica l a t t en -
t ion , since these clouds are though t t o be t he simplest clouds t o model and thus t o form 
t h e mos t severe tes t of t h e basic chemical ne tworks . C o m p a r e d wi th t h e as t rochemis t ry 
mee t ing in G o a (see Black 1987), it appears a t first sight t h a t l i t t le progress has been m a d e 
in t h e last six years . For example , apa r t from the recent discovery of in ters te l lar NH (Meyer 
& R o t h 1991), the re have been no new detect ions of molecules a t opt ica l wavelengths since 
t h a t of C2 in 1977. T h e diffuse inters tel lar bands are still unidentified; the re still is no sat-
isfactory solut ion t o t h e C H + p roblem; and the r a t e coefficient for t he C + + H2 r ad ia t ive 
associat ion react ion - t he react ion t h a t is though t t o in i t i a te t he ca rbon chemis t ry - is still 
unce r t a in by a t least a factor of five. 

Our unde r s t and ing of diffuse clouds has increased, however, in o the r areas since 1985. 
F i r s t , we have expanded our view t o different classes of diffuse clouds. In add i t ion t o t he 
"classical" diffuse clouds wi th Ay < 1 m a g observed wi th t h e Copernicus sa te l l i te , a signifi-
cant body of opt ical d a t a is now available for t rans lucent (Ay=1-5 m a g ) and h i g h - l a t i t u d e 
clouds (van Dishoeck & Black 1989). The re has also been increased spect ra l resolut ion a t 
opt ical wavelengths (see Crane , th is volume) and extension of t he observat ions t o mil l imeter 
wavelengths (see Bl i tz , th is vo lume) . Finally, in t e rms of the r a t e coefficients, the re has been 
enormous progress in our unde r s t and ing of t he photodissocia t ion of t h e C O molecule. W i t h 
this perspect ive in mind , a number of aspects of diffuse cloud chemis t ry will be discussed. 
T h e reader is referred t o several recent reviews (van Dishoeck & Black 1988a; Da lga rno 
1988; van Dishoeck 1990) for more detai ls . 

2. P h y s i c a l s t r u c t u r e 

In order t o tes t t h e chemistry, an e s t ima te of the physical pa rame te r s in t he clouds is needed, 
since t he react ion ra tes depend sensitively on t h e m . T h e s t r eng th of t he incident ul t raviolet 
r ad ia t ion field is par t icu lar ly i m p o r t a n t since photodissocia t ion and photo ioniza t ion play 
a ma jo r role in t he chemistry. These pa rame te r s are usually derived from the observed 
exci ta t ion of t he various species, as summar ized in Table 1. T h e p r ima ry diagnost ic in 
diffuse clouds is H2, for which lines arising from levels up t o J=7 have been observed wi th 
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TABLE 1. Diagnostics of Physical Conditions 

Species Phys. Parameter Diffuse Transl. High-lat. Method Ref. 
P robed 0 Cloud Cloud Cloud 

H2 low J T + UV abs 1,2 
H 2 high J luVy formation + - - UV abs 1,2 
C 2 low J T + + + VIS abs 3 
C 2 high J + + + VIS abs 3 
C, C+ , 0 J n i / ,T + - - U V a b s 2,4 
CO low J + - - UV abs 2,5,6 

+ + + mm em 7,8 
CN low J n(e) ,nn + + + VIS abs 9 

+ + + mm em 9 

a I ( /v=scaling factor for radiation at ultraviolet wavelengths A=912-1100 A; I jR=scaling 
factor in far-red A « 1 fim. 

References: 1. Jura 1975; 2. van Dishoeck & Black 1986; 3. van Dishoeck & Black 1982; 4. 
Jenkins & Shaya 1979; 5. Smith et al. 1978; 6. Crutcher & Watson 1981; 7. van Dishoeck et 
al. 1991; 8. Falgarone et al. 1991; 9. Black & van Dishoeck 1991a. 

t h e Copernicus satel l i te . T h e lower J levels are popu la t ed by collisions, and are therefore 
sensitive t o t e m p e r a t u r e ; however, t he higher J levels lie much t o o high in energy t o be 
collisionally excited in gas wi th T <100 K. It is usually assumed t h a t u l t raviole t p u m p i n g is 
responsible for this exci ta t ion , so t h a t t he h i g h - J level popu la t ion provides a direct measu re 
of t h e s t r eng th of t he ul traviolet rad ia t ion field between 912 and 1100 A. However, it can 
also result from the H2 format ion process on grains (Black h Da lgarno 1977; van Dishoeck 
Sz Black 1986; Wagenblas t 1991), or from collisional exci ta t ion in a ( shock -hea t ed ) layer 
of gas a t 2000 K. T h e H 2 example thus demons t ra t e s a common prob lem wi th d iagnost ics , 
namely t h a t i t is very r a re t h a t a single exci ta t ion mechanism domina te s . Often a m i x t u r e 
of processes plays a role, and it is difficult t o disentangle t h e m . 

Most of these diagnost ics have been applied t o t he classical diffuse clouds s tud ied wi th t he 
Copernicus satel l i te . Unfor tunate ly , for t he more recently discovered t rans lucen t and h i g h -
l a t i t u d e clouds, m a n y of t h e m are not available, in pa r t i cu la r a t u l t raviole t wavelengths . 
A l though the first observat ions of C, C + , 0 and CO wi th t h e Hubble Space Telescope ( H S T ) 
have jus t been publ ished for t he diffuse cloud toward £ Per wi th Ay « 1 m a g (Savage et al . 
1991; Cardell i et al . 1991; Smi th et al . 1991), d a t a for more reddened lines of sight have 
not yet been taken . Moreover, HST will not provide any informat ion on t h e H 2 r o t a t i ona l 
exc i ta t ion , so t h a t it is not possible t o perform exact ly t he same analysis for these clouds 
as for t h e classical diffuse clouds. In par t i cu la r , there are current ly no cons t ra in t s on t h e 
s t r eng th of t h e incident rad ia t ion field. 

For t h e diffuse clouds such as t he £ Oph cloud, t he various diagnost ics give consis tent 
resul ts for t he t e m p e r a t u r e and densi ty s t ruc tu re wi th in factors of two . T h e best fit t o 
t h e d a t a is for models in which the t e m p e r a t u r e decreases from 100 K or more a t t h e 
edge t o abou t 30 K in t he center, and the densi ty from abou t 100 c m - 3 a t t h e edge t o 
several hundred c m " 3 in t he center . T h e ul traviolet rad ia t ion field is usual ly somewha t 
enhanced over t he average field by a factor Iuv « 2 - 4 , which is not unreasonab le since 
most of t he clouds lie in regions of act ive s ta r format ion such as Ophiuchus , in which the re 
are p lenty of young br ight s ta r s . This e s t ima te of Iuv refers t o t h e field a t t h e edge of 
t h e cloud. Deeper inside, t he rad ia t ion is reduced because of absorp t ion and sca t t e r ing 
by gra ins and because of processes such as self-shielding (van Dishoeck 1988; Roberge 
et al . 1991). T h e shape of t he rad ia t ion field a t t he shor tes t wavelengths also plays an 
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i m p o r t a n t role. For t he t rans lucent and h igh - l a t i t ude clouds, t he C2 and CN exci ta t ions 
give somewha t higher central densit ies, nn « 500 — 5000 c m - 3 , and lower t e m p e r a t u r e s , 
T « 15 — 30 K. T h e C O ro ta t iona l exci ta t ion can be in te rpre ted e i ther wi th a low density, 
h igher t e m p e r a t u r e solut ion (van Dishoeck et al . 1991), or wi th a very cold ( T = 1 0 K) 
and very dense {nn > 1 0 4 c m " 3 ) model (Falgarone et al . 1991). T h e former solut ion is 
consis tent wi th in t h e observat ional errors wi th t he pa rame te r s derived from C2 and CN. 

3 . S t e a d y - s t a t e m o d e l s 

Given t h e set of physical condit ions n(z), T(z) and I(z), t he basic ne twork of g a s - p h a s e 
ion-molecu le react ions can be solved a t each dep th z in to t he cloud. T h e availabili ty 
of accu ra t e react ion r a t e coefficients is a prerequis i te for tes t ing t he chemistry. O the r 
ingredients t o t he models are t he elemental ga s -phase abundances , which are const ra ined 
to fit t he observat ions of t he a tomic lines where available, and t h e cosmic ray ionizat ion 
r a t e ( Q , which is chosen such as t o reproduce t he observed OH abundance . T h e inferred 
value of ( 0 depends sensitively on t he H3" dissociative recombina t ion r a t e coefficient a t low 
t e m p e r a t u r e s ( A m a n o 1990). 

Consider as an example one of t he simplest molecules, CH. It is t hough t t o be formed 
by t h e sequence s t a r t i ng wi th t he rad ia t ive associat ion of C + w i th H2 and is destroyed 
pr imar i ly by photodissocia t ion . T h u s , only few react ions are involved and roughly n ( C H ) oc 
kran(C+)n(R2)/kpd (Federman 1982). Models of diffuse clouds wi th t he physical s t ruc tu re 
described in §2 can reproduce t he observed CH column densities very well, so t h a t CH has 
always been considered t o be one of the s t rongest cases of suppor t for t he s t e a d y - s t a t e 
g a s - p h a s e chemistry. Yet there a re several ma jo r uncer ta in t ies in th is analysis . F i r s t , 
kra is not known t o be t t e r t h a n a factor of five, in spite of several decades of theore t ica l 
and exper imenta l work. T h e ( indirect) exper iments by Gerlich (1989) suggest kra « 7 X 
1 0 " 1 6 c m 3 s " 1 , whereas t h e theory by Smi th (1989) gives kra « (1 - 2) x 1 0 - 1 5 c m 3 s _ 1 

at in ters te l lar t e m p e r a t u r e s . Second, n ( C + ) depends on t h e adop ted g a s - p h a s e carbon 
a b u n d a n c e , which is not known t o be t t e r t h a n 50%. Also, t he decrease of n ( C + ) wi th 
d e p t h in to the cloud depends on t h e physical s t ruc tu re (§4). Fu tu r e observat ions of the 
semi-forbidden C II] line a t 2325 A wi th EST may provide be t t e r cons t ra in t s on t h e carbon 
a b u n d a n c e (Cardel l i et al. 1991). Th i rd , t he model CH abundance is p ropor t iona l t o t he 
densi ty rc(H2); a t higher densit ies, significantly more CH is produced t h a n is observed. 
Fou r th , t he CH abundance is inversely propor t iona l t o the photodissoc ia t ion r a t e , and thus 
Iuv, for which few cons t ra in ts are available. 

Given these uncer ta in t ies , it is not surprising t h a t it is possible t o fit t he observat ional 
CH d a t a wi th some combinat ion of pa rame te r s . However, it would be impossible t o es-
tabl ish whe ther ail observed CH were produced by this mechanism; it is cer ta inly possible 
t h a t some fraction (up t o 30%) could by formed by ano ther process , as seems implied by 
the h igh- reso lu t ion d a t a of Lamber t et al . (1990) (see also Crane , th is vo lume) . T h e same 
conclusion holds for each of the o ther molecules individually. T h e real tes t of t h e models is 
whe ther a consistent model can be buil t t h a t reproduces t he whole a r ray of observat ional 
d a t a for a cloud wi th t he same set of pa rame te r s . Such comprehensive models have been 
developed by e.g. Black & Dalgarno (1977), van Dishoeck & Black (1986) , Via la et al. 
(1988a) and Wagenblas t & Har tqu i s t (1989), and are consistent wi th t he observed abun-
dances (and upper l imits) of most species wi th in factors of two. These same models can 
also reproduce t he measured abundances in t rans lucent and h i g h - l a t i t u d e clouds wi th only 
slightly different p a r a m e t e r s , such as a lower incident rad ia t ion field a n d / o r lower g a s - p h a s e 
ca rbon abundance (van Dishoeck & Black 1989). However, the re a re a number of species 
for which t he s t e a d y - s t a t e models fail. T h e b e s t - k n o w n case is t h a t of C H + , which t he 
s t e a d y - s t a t e models underproduce by 1-2 orders of magn i tude . Second, wi th t he new CO 

https://doi.org/10.1017/S0074180900089889 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900089889


146 

photodissocia t ion r a t e , t h e computed C O column densit ies a re t o o low by factors of a few 
in some (bu t not all!) diffuse clouds. T h i r d , t he models fail t o account for t h e observed 
NH abundance by an order of magn i tude . Finally, t hey cannot reproduce t h e observed 
abundances of more complex species such as H2CO and C3H2 in t h e thicker t rans lucen t 
and h i g h - l a t i t u d e clouds. T h e C O problem is discussed in more detai l in van Dishoeck & 
Black (19886) and van Dishoeck (1990). T h e o ther problems will be addressed in §5-7 . 

4 . R e l a t i o n b e t w e e n d i f fuse , t r a n s l u c e n t & h igh—lat i tude c l o u d s 

Because t h e diffuse, t rans lucent and h igh - l a t i t ude clouds are usual ly s tudied by different 
observat ional techniques (opt ical absorp t ion , mil l imeter emission, IRAS 100 / / m ) , i t is often 
though t t h a t they are of a different n a t u r e . T h e diagnost ics discussed in §2 a l ready suggest 
t h a t t h e physical pa r ame te r s in t h e t rans lucent and h i g h - l a t i t u d e clouds do not differ 
significantly from those in t he classical diffuse clouds: they m a y be somewha t denser , 
colder a n d / o r exposed t o less rad ia t ion , bu t p robably not by large factors . In th is sect ion, 
it is i l lus t ra ted t h a t t he observat ional division resul ts mos t ly from t h e chemis t ry of C O in 
t h e t r ans i t ion zone between diffuse and dense inters te l lar clouds. 

T h e crucial p a r a m e t e r in t he CO chemist ry is i ts des t ruc t ion by photodissoc ia t ion . Owing 
t o t he detai led l abo ra to ry work by Letzelter et al . (1987) , Eidelsberg & Ros tas (1990) and 
S tark et al . (1991) , the photoprocesses of CO are now fairly well character ized. T h e C O 
photodissoc ia t ion occurs by line absorpt ions in t he 912-1118 A r ange , where overlap wi th 
lines of H2 , H and CO isotopes can occur. Detai led rad ia t ive t ransfer m e t h o d s are therefore 
needed t o compu te t he C O photodissocia t ion r a t e as a function of dep th in to t h e cloud (van 
Dishoeck & Black 19886; Viala et al . 19886). At t he edge, all ca rbon is in a tomic form as C + , 
bu t wi th increasing dep th carbon is gradual ly t ransformed in to C and C O . T h u s , t h e t o t a l 
column densi ty of CO and i ts abundance wi th respect t o H2 depend sensit ively on the t o t a l 
ex tent of t h e cloud. In F igure 1, t he C O / H 2 column densi ty r a t io is presented as a function 
of t h e t o t a l H2 column densi ty or visual ext inct ion. For diffuse clouds wi th Ay < 1 m a g , 
mos t of t h e carbon is still in t he form of C + and C O / H 2 « 1 0 ~ 6 . For th ick, dense clouds 
wi th Ay « 10 m a g , all g a s - p h a s e carbon is t ransformed in to CO and C O /H2—> 2 [ C ] g a s / [ H ] , 
which is abou t 3 X 1 0 ~ 4 in these models in which 40% of the solar ca rbon a b u n d a n c e 
is assumed to be in t h e gas phase . It is jus t in t h e region of t he t r ans lucen t clouds of 
Ay « 1 — 5 m a g t h a t t h e C O / H 2 column density r a t io increases very rap id ly by two orders 
of m a g n i t u d e . W h e r e exact ly t he t rans i t ion occurs depends on the physical p a r a m e t e r s of 
t he cloud. For higher densi ty a n d / o r lower rad ia t ion field, i t is shifted t o lower Ay. 

Figure 1 forms a convenient framework in which to character ize t he various clouds. T h e 
observed C O / H 2 column density ra t ios of a number of diffuse and t rans lucen t clouds are 
included, and are found t o follow the general t r end . Since t he de tec t ion l imit for C O 
emission a t mil l imeter wavelengths is i V ( C O ) « a few x l O 1 4 c m " 2 (or C O / H 2 « 1 0 ~ 6 ) , it 
can be unde r s tood t h a t Lada & Blitz (1985) divided these same clouds in to " C O poor " 
and " C O r ich" . Similarly, t he h i g h - l a t i t u d e clouds can be fitted in to th i s scheme. These 
clouds do not form a homogeneous sample , bu t ac tual ly cover t he full r ange oi Ay from 
t h e very diffuse t o dense inters te l lar clouds. Even wi th in a single cloud, the re m a y be 
significant s t ruc tu re . For example , the re are t h e h igh - l a t i t ude clouds recognizable t h r o u g h 
thei r IRAS 100 /zm emission in which no CO mil l imeter emission has been de tec ted (Bli tz 
et al . 1990), which are indica ted wi th " B B D 9 0 " in F igure 1. These clouds have Ay < 1 
m a g and are probably similar t o t h e diffuse clouds s tudied wi th Copernicus. On t h e o the r 
h a n d , h i g h - l a t i t u d e clouds such as M B M 12 show C O a n t e n n a t e m p e r a t u r e s s imilar t o 
those found in thick, dense clouds such as T M C - 1 ( P o u n d et al . 1990). T h e major i ty of t h e 
h i g h - l a t i t u d e clouds detec ted by Magnani et al. (1985) p robab ly fall in t h e middle region of 
t h e t rans lucen t clouds, where carbon is being t ransformed from a tomic t o molecular form. 
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C O p o o r C O r i c h 

1 0 " 
1 3 5 8 A v ( m a g ) 

1 0 " 

1 0 ' 
,20 

1 0 ' 
.22 

N ( H 2 ) ( c m - 2 ) 

F i g u r e 1 . Computed and observed
 12CO/H2 column density ratios as functions of to-

tal fl.2 column density (adapted from van Dishoeck & Black 1988b). The full lines from 
left to right are model results for Iuv =0.5, 1.0 and 10, respectively, and n # &500-2000 
cm~3. The dashed line is for models with I\jy=l, UH = 1 0 4 c m - 3 and T=10 K. In such 
models, 1 3 CO is heavily fractionated, with N(l2CO)/N(i3CO)=3-6. Observed values 
for a number of diffuse, translucent and high-latitude clouds are included. The unla-
beled points are for HD 210121, HD 169454, HD 154368 and HD 29647, respectively, 
from left to right. The limit marked BBD90 refers to Blitz et al. (1990). 

In th is regime, t h e column densit ies are very sensitive t o slight changes in t h e physical 
p a r a m e t e r s , so t h a t t he in te rp re ta t ion of the smal l -sca le s t ruc tu re seen in t h e m a p s is not 
obvious , as discussed for t h e h igh - l a t i t ude cloud toward HD 210121 by Gredel et a l . (1991) . 

5 . E v i d e n c e fo r s h o c k c h e m i s t r y ? 

Ever since i ts identification in 1941, t he large abundance of C H + in diffuse clouds has 
remained a puzzle. T h e problem s tems from the fact t h a t t he reac t ion C + + H2 —• C H + 
4- H is endoergic by 0.4 eV and therefore does not proceed a t low T. At t he same t ime , 
rap id des t ruc t ion of CH+ is ensured in all env i ronments t h r o u g h react ions wi th H, H2 or 
e, or by photodissocia t ion . Shocks which hea t a na r row layer of t h e cloud t o a b o u t 2000 K 
therefore seem a promising explana t ion (El i tzur & Wat son 1978). These shocks should 
no t overproduce molecules such as CH and O H , however, which are a l ready accounted 
for in t h e s t e a d y - s t a t e models . T h e most successful shock models have therefore been of 
t h e m a g n e t o h y d r o d y n a m i c type , in which pa r t of t h e energy necessary for overcoming t h e 
bar r ie r s tems from the differential s t reaming of t h e ions and t h e neu t ra l s (Dra ine & K a t z 
1986; P ineau des Forets et al . 1986). One in teres t ing feature of t he M H D models is t h a t 
t hey predict CH column densities and line wid ths consistent wi th those found in t h e b road 
componen t s of Lamber t et al. (1990). However, t he re are several recent observat ional and 
theore t ica l developments which cast severe doub t s on thei r validity. 

F i r s t , t h e predic ted velocity shift between CH+ and quiescent C H or CN is not observed 
in recent h igh -qua l i ty d a t a , which indica te AV < 1 k m s " 1 (Crawford 1989; Jenkins et al . 
1989; Hawkins & Cra ig 1991). Second, t he C H + co lumn densi ty cont inues t o increase wi th 
Ay in t rans lucen t clouds (Souza 1979; Gredel et al . 1992). Also, t h e a b u n d a n c e of t he ion 
t ends t o be inversely correlated wi th density, as if i t s format ion is "quenched" a t higher 
densit ies (Cardel l i et al . 1990; Gredel et al . 1992). Th i rd , the re are examples of regions 
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where t h e evidence for shocks is very s t rong bu t where t he C H + column densi ty is very low, 
such as toward HD 62542 (Cardell i et al . 1990) and in some h i g h - l a t i t u d e clouds (de Vries 
& van Dishoeck 1988). Finally, t he la tes t shock models of Har tqu i s t et a l . (1990) suggest 
t h a t no consistent model can be found t h a t accounts for b o t h C H + , t h e ro ta t iona l ly -exc i t ed 
H 2 and O H . On t h e o ther h a n d , no satisfactory a l te rna t ive solut ion t o t h e C H + prob lem 
has yet been found. I t s b road (bu t symmet r ic ) line profiles indica te a different format ion 
envi ronment from t h a t of t h e quiescent CH and CN, bu t t h e absence of velocity shifts a n d 
t h e increase in column densi ty wi th Ay suggest t h a t these two envi ronments are well mixed . 
A possible solut ion, originally proposed by Dalgarno (1976) and recently explored by Duley 
et al . (1992) , is t h a t t h e ion is formed a t t h e tu rbu len t interfaces between t h e w a r m a tomic 
and molecular gas (see also Falgarone, th is volume) . Detai led models for such regions mus t 
awai t a physical descript ion of turbulence . 

Large abundances of OH have also been claimed as evidence for shock chemistry. How-
ever, t h e OH velocities derived from 18 cm emission lines also agree wi th in 1 k m s _ 1 wi th 
those of t h e quiescent CO (Magnan i Sz Siskind 1990). Moreover, t h e abundances found by 
Magnan i & Siskind do no t indica te large enhancements in t rans lucent a n d h i g h - l a t i t u d e 
clouds compared wi th classical diffuse clouds. T h e large OH abundance found in one par t i c -
ular h i g h - l a t i t u d e cloud (Grossman et al . 1991) most likely resul ts from an u n d e r e s t i m a t e 
of t h e H2 co lumn density. OH column densit ies up t o an order of m a g n i t u d e larger t h a n 
found in diffuse clouds can easily be produced in s t e a d y - s t a t e models in which t h e rad ia t ion 
field is reduced. In summary , nei ther t he C H + nor t he OH observat ions a p p e a r t o suppor t 
t h e current shock models . 

6. Ev idence for g ra in - su r face chemis t ry? 

One of t h e more excit ing recent developments in diffuse cloud chemis t ry is t h e detec t ion of 
NH by Meyer k R o t h (1991) toward ( Per . I ts abundance is N H / H 2 « 2 x 1 0 ~ 9 , compared 
wi th C H / H 2 « O H / H 2 « 5 X 1 0 ~ 8 . T h e fact t h a t t he CH and OH abundances a re much 
larger t h a n t h a t of NH has been one of t he s t rongest a rgumen t s in favor of g a s - p h a s e 
chemis t ry (Cru tcher & Wat son 1976). However, gra in-sur face chemis t ry can con t r ibu te 
t o t h e format ion of CH and OH a t t he 1% level, and can domina te t h e format ion of N H . 
NH is not easily formed in the gas phase because N cannot be photoionized, t h e N + 
H j react ion is slow, and the N+ + H2 react ion is slightly endo the rmic . T h e s t e a d y -
s t a t e g a s - p h a s e models of van Dishoeck & Black, using t h e la tes t informat ion on the NH 
photodissoc ia t ion (Kirby and Goldfield 1991) and t h e N+ -f H2 react ion (Gal loway & Herbs t 
1989; Le Bour lot 1991), give for t he £ Per cloud a NH column densi ty a factor 20 below 
t h e observed value. M a n n & Wil l iams (1985) considered t h e format ion of NH resul t ing 
from grain surface reac t ions , e i ther directly or indirect ly t h rough format ion of N H 3 which 
then photodissocia tes t o NH. T h e l a t t e r model predic ts NH column densi t ies s imilar t o 
those observed. Possible a l te rna t ive format ion schemes of NH in e.g. shocked or tu rbu len t 
interface layers still need t o be invest igated. 

Ano the r molecule whose abundance is difficult t o reproduce by g a s - p h a s e or shock chem-
is t ry is H2CO. A l though large column densities for th is molecule have been observed in 
t rans lucent and h igh - l a t i t ude clouds (Magnan i et al. 1988; Hei thausen et al . 1987; Turne r 
et al . 1989), it mus t be stressed t h a t i t s ac tua l abundance is not well de te rmined , since it is 
not clear observat ional ly how "diffuse" t h e posi t ions a t which H2CO is seen really a re . In-
deed, it is likely t h a t t h e molecule is not de tec ted by i ts 2 cm or 6 cm absorp t ion lines unt i l 
Ay > 3 m a g . Still , even models wi th Ay « 3 — 5 m a g fail by several orders of m a g n i t u d e . 
T h e possible format ion of H2CO on grains in t rans lucent clouds t h rough pho toreac t ions of 
solid H2O and CO has mos t recently been invest igated by Breukers (1991) and Fede rman 
& Allen (1991) . Such models appea r capable of reproducing t he observed H 2 C O wi th in an 
order of m a g n i t u d e , a l though detai led d e p t h - d e p e n d e n t models have not yet been m a d e . 
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Finally, gra ins affect t he chemist ry in several indirect ways. T h e abundances of molecules 
like C O and CN are sensitive t o t h e shape of t h e ul t raviolet ex t inc t ion curve a t t h e shor tes t 
wavelengths (Cardell i 1988; van Dishoeck & Black 1989). Also, t h e presence of very small 
gra ins or PAHs can affect t he ionizat ion balance (Lepp et al . 1988), and t h e t h e r m a l balance 
(d 'Hendecour t h Leger 1987; Lepp & Dalgarno 1988; van Dishoeck 1990). 

7 . S m a l l - s c a l e s t r u c t u r e a n d e v o l u t i o n 

T h e r e is growing evidence t h a t inters tel lar clouds, including t h e more diffuse ones , have a 
very "c lumpy" or "fractal" s t ruc tu re (see Falgarone, th is volume; Black & van Dishoeck 
19916). How can th is affect t he models? Since t h e ul t raviolet r ad ia t ion can p e n e t r a t e deeper 
in a c lumpy cloud, it becomes more difficult t o bui ld up column densit ies of molecules such 
as C O . T h e effects can be explored in first approx imat ion by using different effective grain 
sca t t e r ing p a r a m e t e r s (Boisse 1990). Also, large densi ty fluctuations can significantly affect 
t h e chemis t ry of simple molecules such as C 2 , CN and C O , as i l lus t ra ted by van Dishoeck 
et al . (1991) . T h e complicated velocity s t ruc tu re , however, may not have much effect, since 
t h e d a m p e d ul t raviolet lines t h rough which H 2 and C O photodissoc ia te a re so b road t h a t 
t h e various c lumps shield each o ther . This is demons t r a t ed for t h e case of 7 r S C O by models 
of Jenkins et al . (1989) . 

A re la ted quest ion is t he evolut ionary s t a t e of diffuse clouds and thei r re la t ion t o dense 
c louds. It should be realized t h a t a t t he edges of diffuse and t rans lucen t clouds, t h e chemical 
t i m e scales are so shor t , of order 1 0 3 - 1 0 4 yr , t h a t chemical equi l ibr ium is readi ly a t t a ined . 
T h e same holds for mos t t ime scales in t he center of t he clouds. T h e ma jo r except ion is 
formed by t h e H 2 / H equi l ibr ium, and possibly by t he C O / C / C + case in t rans lucen t clouds. 
T i m e dependen t models of t h e H 2 / H chemist ry in diffuse clouds have been presented by 
Wagenblas t Sz Har tqu i s t (1989) , and indeed, t he resul ts depend on whe the r t h e hydrogen 
is ini t ial ly a tomic or molecular . Fur ther s tudy of such evolut ionary effects m a y provide 
i m p o r t a n t clues t o t h e origin of diffuse, t rans lucent and h i g h - l a t i t u d e clouds. 
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Q U E S T I O N S A N D A N S W E R S 

D . A . W i l l i a m s : (comments) The failure of diffuse clouds models to account for CO is 
particularly disturbing. There is a new work (see Wagenblast's poster) which allows H2 
(high J) formation on dust , so that the U V field can be relatively low. This work leads to 
a consistent model of £ Oph. It suggests that parameter space may not yet be thoroughly 
explored. A model of £ Per with NH formation on dust has been made by Wagenblast & 
Williams. It gives results entirely consistent with all atomic and molecular observations 
on this line of sight. The failure of shocks to account satisfactorily for CH* seems to be 
established. An alternative (suggested by A.Dalgarno) is that CH* may be formed in 
warm interface region. An exploratory calculation (see Poster: Duley et al.) indicates that 
such a solution is possible without contravening the constraints of H2(J), OH and CH. 

E . F . v a n D i s h o e c k : I agree that the H2 formation model may be important for the 
population of the higher J levels, an effect which was already explored to some extent by 
Black and Dalgarno (1976) and van Dishoeck and Black (1986). See also van Dishoeck 
1990 (in "The evolution of the ISM", ed. L.Blitz) for a model for the (Oph cloud with 
Iuv = 1. The problem is how to distinguish between the models; the UV pumping models 
make specific predictions about the vibrationally excited H2. Note also that the high UV 
field models only fail for ( Oph, but not for ( Per etc if a steep rising U V extinction curve 
is taken into account. Regarding CH*, I fully agree that warm interfaces are a likely site 
for the formation of the ion. However, until there is a physical model for turbulence, we 
cannot prove anything quantitatively. 
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