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ABSTRACT. Molecular observations and models of the chemical processes in the ejecta of novae 
and supernovae are reviewed. Although only a few molecular species have been identified, the 
information that they give has provided great insight into the physical and chemical conditions. We 
now have quite a detailed understanding of the processes at work in both novae and supernovae. 

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

Unt i l abou t t en years ago the only molecular feature seen in novae was t he "5/zm excess" 
a t t r i b u t e d t o C O v=l—>0 (or C j ) . Before SN1987a there was no evidence for molecule or 
dus t format ion in t h e ejecta of supernovae. T h e s i tua t ion now is qui te different; C O , CN, 
SiO, S i 0 2 , SiC and P A H features (as well as H2 a t l a t e t imes) have been seen in novae. 
In SN1987a C O , ( C O + ) , SiO and H j have been detected. Dus t has been observed in the 
ejecta of SN1987a and abou t a th i rd of all novae produce optical ly thick dust shells. 

Novae and supernovae are chemically and physically very dissimilar . T h e essential char-
acter is t ics t h a t t hey share are t he presence of high densities (in excess of 1 0 1 0 c m " 3 ) , high 
t e m p e r a t u r e s (2000-10000 K ) , ha rsh , in tense and strongly t ime-dependent r ad ia t ion fields 
and complex physical condit ions (eg. t he ionizat ion s t ruc tu re ) . 

2 . N o v a e 

2.1. OBSERVATIONS 

Novae are of par t i cu la r interest a t IR wavelengths in t h a t they are often seen t o produce 
very opt ical ly thick dust shells (completely obscuring t he nova) a t a t ime some 10-100 days 
after t h e ou tbu r s t (eg. see Ney and Hatfield 1978). They are therefore useful labora tor ies 
in which t o examine t he processes of dust gra in nucleat ion and g rowth . Typica l pa rame te r s 
for a classical nova are given below: 

O u t b u r s t energy 
Mass loss 
Bolometr ic luminosi ty 
E jec ta velocity 
Ejec ta densi ty 
Composi t ion:-

1 0 4 5 ergs 
10" 5 - 10~ 4 M 0 

2 x l 0 4 L 0 ( cons tan t ) 
300-10,000 K m s - 1 

5 x l 0 n c m - 3 (a t t = 5 days) 
Meta ls (eg. C , N , 0 ) enhanced over cosmic by 10-1000X 
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In general two physical nova types have been identified (according t o t he whi te dwarf 
compos i t ion) : 

1. C - N - 0 types ; typical ly associated wi th duller, slow (m^ ~ 0™01 d a y - 1 ) , dus ty novae 
and tend t o p roduce an optical ly thick carbon dus t shell (eg. F H Ser, N Q Vul) . In 
mos t cases C O (a t 4.8 and 2.3 /mi) is t he only molecule t h a t has been detec ted and 
in t h e pre-dust format ion epoch only. (eg. Fer land et al. 1979) 

2. He-Mg-Al types ; typical ly associated wi th br igh te r , faster novae ( m v ~ 0™1 d a y - 1 ) 
and tending t o p roduce an optical ly th in silicate t y p e shell if any dus t is formed a t 
all (eg. V1370 Aql , QU Vul) . In these novae, t he p r edominan t molecular lines seen 
are of SiC, SiO and o ther silicate features s i t t ing on t o p of t he dus t con t inuum, (eg. 
Gehrz et al. 1984) 

Th is is , however, a very general categorizat ion (Gehrz 1990) and there are several recent 
novae which do not easily fit i n to these categories. A no tab le example is V842 Cen (1986) 
(Gehrz 1990): A t least th ree different dus t /mo lecu la r types seem t o have formed in t h e 
ejecta; P A H features a t 3.28 and 3.4 /zm were detec ted in t he ejecta shor t ly after t he 
t rans i t ion . T h e relat ive s t r eng th of these features changed subs tan t ia l ly wi th t ime which 
could ind ica te a changing s t ruc tu ra l n a t u r e (Hyland and McGregor 1988). T h e origin of 
t h e P A H features is likely t o be t he des t ruc t ion of dus t gra ins by shocks associated wi th 
t he progress of t he ionizat ion fronts (Rawlings and Evans 1991). T h e subsequent exposure 
t o t h e in tense UV and ions such as C+ will lead t o t he even tua l des t ruc t ion of t h e PAHs . 

In addi t ion , t h e presence of b o t h carbon and silicate dus t is required so as t o account 
for t he spec t rum between 7 and 13 /zm. A feature a t 11.3 /zm could b e due t o PAHs or 
annealed olivine. Amorphous olivine smokes also gives very good fits t o t h e 8-13 /zm spec t ra 
of several "si l icate" t y p e novae a l though t h e absence of t h e 20/zm O-Si -0 bend feature in 
m a n y novae is puzzling (Roche et al. 1984). 

2.2. MODELS 

To d a t e , only carbon-r ich novae have been s tudied in any deta i l . 
T h e chemical model l ing has concent ra ted on two epochs of t he nova evolut ion: 

• T h e pre-dust format ion epoch, when the CO 5/zm fea ture is seen (Rawlings 1986,1988). 

• T h e dust nucleat ion epoch (Rawlings and Wi l l i ams 1989). Th i s is t he first a t t e m p t 
a t detai led chemical modell ing of t he kinetics of t h e format ion of nuclea t ion sites. 

A * typ ica l ' nova m a y ma in t a in a cons tan t bolometr ic luminos i ty for several hundreds of 
days after t he o u t b u r s t . T h u s , as t he ejecta expands , t h e effective pho tosphere con t rac t s 
and the r ad ia t ion field ha rdens . As a resul t , t he expand ing ejecta is over taken by a series 
of ionizat ion fronts . In t h e s tudies of t he chemis t ry a t ear ly t imes (Rawlings 1986) i t was 
found t h a t simple molecules such as H2 and CO could have appreciable abundances only 
in t he region where t he carbon is neu t ra l (CI ) . In these condi t ions t he ca rbon con t inuum 
(A < l lOOA) and t h e H2/CO self-mutual shielding pro tec t t he molecules from the rad ia t ion 
field. As a result of t h e in tens i ty of t he rad ia t ion field and t h e high densi t ies , t he chemis t ry 
is in s t eady-s t a t e (a t T ~ 3 5 0 0 K ) . T h e ma in H2 format ion rou tes a re by th ree-body and 
H - reac t ions . T h e ma in loss rou te is collisional dissociat ion by a tomic hydrogen . In t h e 
CII region ( T ~ 6 0 0 0 K) t h e H2 can not bui ld up appreciable co lumn densit ies due t o t h e 
presence of t he unshielded L y m a n flux. In a model of t h e CI region l imi ted t o H,C and 
O chemist ry , t he only o ther molecules t o achieve abundances grea te r t h a n abou t 1 0 - 1 0 a re 
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C H , O H , C2 and O2. T h e chemist ry is also very t e m p e r a t u r e sensit ive: t empe ra tu r e s of less 
t h a n 3500 K are required for H2 t o be optically th ick. T h e C O format ion rou te is typical 
for hot c i rcumstel lar env i ronments : 

O + H2/H —• OH, 0~ + H2 —• OH 

C + H2/H —> CH, C + H2 —• CH 

OH + C -^CO + H, CH + 0 —> CO + H, C + O —> CO + hv 

T h e m a i n CO loss routes are photodissocia t ion and collisional dissociat ion by H a toms . 
Simple ionizat ion models suggest t h a t the neu t ra l zone ceases t o exist wi th in a few days 
of t h e o u t b u r s t . Th i s is cont radic ted by the presence of CO a t l a te r t imes . If, however, a 
t h i n ( A r / r e j m 0.01), cool, neu t ra l shell of ejecta of enhanced densi ty could survive, then 
t h e observat ional ly deduced column densi ty of > 1 0 1 8 c m " 2 could be sus ta ined. 

W h e n model l ing t he chemical format ion of dus t nucleat ion sites we should no te t h a t 
t h e ejectae of novae are very far from L T E and a microscopic approach is required. T h e 
in tens i ty of t h e rad ia t ion field together wi th t he ex t reme inefficiency of molecule format ion 
in ionized regions l imits nucleat ion t o the CI ionizat ion zone (Rawlings and Wil l iams 1989). 
A t t h e t e m p e r a t u r e s and densities appropr ia t e t o t he nucleat ion epoch, X(H2) ^ 1 0 ~ 4 -
1 0 ~ 2 and C O sa tu ra t e s in this region. This is an i m p o r t a n t poin t since C > 0 in t h e ejecta. 
T h e only viable nucleat ion mechanism is based on an ex tended hydroca rbon chemistry. 
Th i s chemis t ry is l imi ted t o molecules conta ining 8-10 carbon a t o m s (r ing closure rapidly 
stabil izes molecules wi th greater t h a n abou t 10 carbon a toms or less) and incorpora tes all 
d a t a t h a t is available on large molecule chemistry. T h e s a tu r a t i on of C O prevents oxygen 
a t t a c k on the hydrocarbons which would inhibi t t he format ion of nuclea t ion sites. 

I t is found t h a t small species (such as C2) are more i m p o r t a n t 'bui lding b locks ' t o nu-
cleat ion sites t h a n larger molecules. This is due t o t he r ad ia t ion field which keeps the 
a b u n d a n c e of t he larger molecules low. In addi t ion the chemis t ry is extremely sensitive to 
t h e density, fract ional ionizat ion and H2 abundance - an ionizat ion of less t h a n 1 0 " 3 and 
X(H2) > 1 0 " 4 a re required for nucleat ion sites t o be formed in sufficient abundance . This 
in t u r n requires t h e gas t e m p e r a t u r e t o be low (1000-1500 K) a n d the shell densi ty to be 
enhanced over t he spherical mean by a factor of 50 or more . 

3 . Supernovae 

3.1. OBSERVATIONS 

SN1987a was t h e first supernova in which molecules and dus t were seen t o form. T h e 
extensive coverage has revealed t h e presence of several molecular species. CO 2.3 / im and 
4.6 / im were de tec ted a t t imes of 112 and 117 days pos t -ou tbur s t onwards respectively 
(Meikle et al. 1989). F i t t i ng t o the 2.3 /zm line shows an appa ren t rise of t h e C O mass wi th 
t i m e (from Spyromilio et al. 1988): 

t / d a y s T / K v ( K m s " 1 ) M c o / M 0 

192 3000 2000 1.7X10"5 

255 1800 1200 4.7X10"5 

284 1600 1200 1.2X10"4 

Note t h a t t he implied CO:C ra t io ( 1 0 ~ 3 ) is very high. T h e same au tho r s have suggested 
t h a t C O + m a y have been present in the ejecta a t 255 days . T h e identif ication is however 
weak and could qui te easily be explained by A r i l fine s t ruc tu re . 
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SiO v=l-*0 emission a t 8.1 /zm was first seen a t 160 days and was clearly visible in t he 
per iod 450-578 days pos t -ou tbur s t . Roche et al. (1991) have fitted t he emission spec t rum 
wi th an SiO t e m p e r a t u r e of 1500K and a to t a l mass of 4±2xl0~ 6 M 0 (corresponding t o 
abou t 15% of t he to t a l dus t mass ) . 

Miller et ai (1991) have identified and fitted t o t h e features a t abou t 3.4 and 3.5 
fxm as seen in the day 192 spec t ra of Meikle et ai (1989). T h e y find t h e H j mass t o be 
1.1 XlO" 7 M© wi th an exci ta t ion t e m p e r a t u r e of 2050 K. 

3.2. MODELS 

T h e features of t he supernova ejecta t h a t dis t inguish i t are t h a t t h e ejecta is b o t h chemically 
and physically highly stratified and the ma in rad ia t ion field is an intrinsic source function 
derived from the radioact ive decay of 5 6 C o . 

Of t he various models t h a t have been developed so as t o describe t he behaviour of 
SN1987a, one of the most successful has been the par t ia l ly mixed model 10HM of P i n t o 
and Woosley (1988). Some character is t ics of this model (a t t=l year ) a re given below: 

Note t h a t hydrogen is highly deficient in t he core. This is of grea t in teres t as t he velocity 
and t e m p e r a t u r e of t he C O emission lines are consistent wi th t he core being t h e origin of 
emission. We m a y therefore be seeing evidence of a non-hydrogen based chemistry. 

T h e s i tua t ion is fur ther complicated by the rad ia t ion field. T h e He*(2*S) me ta s t ab l e 
s t a t e of hel ium is indirect ly excited by the decay of 5 6 C o ( A - 1 ~ 112 days ) . T h e consequent 
decay t o t h e ground s t a t e resul ts is a s t rongly t ime- and dens i ty-dependent r ad ia t ion field. 
A n e s t ima te of the s t r eng th of this field has been m a d e by Petuchowski et al. (1989) and 
Rawlings and Wil l iams (1990) on the basis of Fe ionizat ion ra t ios . In add i t ion there are 
cont r ibu t ions from the photospher ic rad ia t ion field (of cons tan t t e m p e r a t u r e 5500K) and 
t h e decay of 5 7 C o ( A - 1 ~ 392 days) . Some 80% of all t he fast electron energy is deposi ted 
in t he core region (McCray 1990). 

In addi t ion t o t he rad ia t ion field, t he fast electron flux has direct consequences on the 
chemis t ry ; collisional ionizat ions lead t o a high He+ abundance which then a t t acks any 
molecular species (such as CO) which m a y be present . Collisional d e t a c h m e n t s of negat ive 
ions are also significant. 

In these condit ions the mos t effective molecular format ion rou tes will b e simple one-step 
react ions such as t h e rad ia t ive associat ion: 

T h e r a t e for th is react ion has recently been calculated by Da lga rno et ai (1989). O the r 
i m p o r t a n t react ion types are des t ruc t ion by He+ , (CO + He+ —• He + C + + 0 ) and 
pho tons , negat ive ion react ions , charge exchanges , th ree-body react ions (wi th He as t h e 
th i rd b o d y ) , dissociative recombinat ions and collisional dissociat ions. 

Pe tuchowski et ai 1989 [1], Rawlings and Wil l iams 1990 [2], and Lepp et al. 1990) [3], 
have developed models of t he chemist ry in which it was found t h a t t h e C O format ion oc-
curs v ia several channels . T h e direct rad ia t ive associat ion referred t o above is dominan t 

C O R E 
400-1000 
1.1X10 9 

2000-3000 
< 0.001 
0.54 

M A N T L E 
1500-3500 

6.7x10s 

6000-7000 
0.45 
0.54 

C + O — > C O + hv 
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b u t format ion via C ~ , C2, and O2 a re all significant. T h e C O format ion r a t e is therefore 
robus t t o p a r a m e t e r changes and the CO abundance is essentially controlled by t h e efficacy 
of t h e des t ruc t ion mechanisms (photoioniza t ion/d issocia t ion and react ion wi th H e + ) . T h e 
models differ in t h e relat ive impor t ance t h a t they ascribe t o CO des t ruc t ion by t h e radia-
t ion field and H e + . Different hydrogen abundances are also assumed (hydrogen chemist ry 
is only significant in the model of [3]). A much grea ter C O + abundance is predicted by 
t h e model of [3] t h a n those of [1] or [2] bu t b o t h [2] and [3] predict C O abundances t h a t 
a re 100X too small as compared t o t he observat ions . Lepp et al. [2] po in t out t h a t this 
could be improved if the charge exchanges of He+ wi th low I P me ta l s have r a t e coefficients 
of 3 . 3 x l 0 ~ 9 c m 3 s " 1 . W h a t is more probable is t h a t t h e supernova ejecta is poorly mixed. 
Rayleigh-Taylor instabil i t ies m a y then form a t t h e boundar ies of t he abundance disconti-
nui t ies so t h a t fingers of m a n t l e mate r i a l are pushed back in to t h e core region. T h e CO 
emission could t hen or iginate from this low velocity m a n t l e ma te r i a l . If th is is t he case then 
b o t h models predict a CO mass t h a t could rise t o as high as 1O~ 2 M0 at l a te t imes . The 
only o the r molecular species predic ted t o be present are SiO, C2, O2, H3 and HeH+. 

4 . T h e F u t u r e 

T h e direct associat ive ionizat ion react ion of H ( n = 2 ) wi th H to form H £ has been shown 
t o be highly significant in dense protos te l lar outflows (Rawlings et al. 1991). Miller et al. 
(1991) have suggested t h a t (as a result of t he react ion of wi th H2) th is m a y be t h e main 
fo rmat ion rou te of H j in SN1987a. It is likely t h a t react ions involving H ( n = 3 ) m a y be even 
m o r e i m p o r t a n t . In any case, as d a t a on these newly s tudied reac t ion types emerges we can 
expect ma jo r a l te ra t ions in our under s t and ing of t he chemis t ry in these env i ronments . 
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Q U E S T I O N S A N D A N S W E R S 

V.Esca lan te : At which stage of the nova outburst did you carry out the chemistry calculations? We know 
that red giant stars produce dust. How do we know that the dust observed in a nova outburst comes from 
the outburst itself and not from the red giant companion? 

J . M . C . R a w l i n g s : Calculations are performed at times that are consistent with observations. Thus the 
pre-dust formation chemistry is studied over the period 3 - 2 0 days post-outburst (when CO is seen) and the 
dust nucleation chemistry is studied from ~ 30 to 80 days post-outburst (typically 50 days) ie. immediately 
prior to dust formation. There are many reasons why the dust cannot originate from the red star. I list a few 
below: (i) dust formation can result in an optically thick dust shell which completely covers the nova 'sky'. 
Dust picked up from the red star would be localized into one area; (ii) the radius of the IR pseudo-photo 
sphere and the dust temperature are consistent with rapid condensation - in any case the blackbody radius of 
the dust shell is very much larger than the binary separation; (iii) it is highly unlikely that any pre-existent 
dust will survive a wind moving at between 500 and 10,000 km/s . 

J .P .Mai l lard: Providing the detection of H£ is correct - which is not completely convincing at the resolution 
of the spectrum - what would be the rate of production of the HeH+? And did you look at it because the 
fundamental band of HeH+ is located in the same spectral range 3 to 4 i*m? 

J . M . C . R a w l i n g s : This work was done by Miller et al. As we have two of the authors here I will pass this 
question to one of them: 

S .Lepp: Our models produce between 10 and 100 times less HeH+ than H%. Still we have tentatively 
identified two lines as being from vibrationaly excited HeH+. 

J . A . d e Freitas P a c h e c o : Concerning your dust calculations for novae, what CNO enhancement have you 
assumed? 

J . M . C . R a w l i n g s : We have considered various enhancements in the range 10 times to 100 times (being 
compatible with the observations). In the results that I have presented here we assume enhancement of 
about 50 times. Note that, of course, we require C > O in this model. 

M . G u e l i n : Did anybody detect ClsO in the ejecta of SN1987A? Would it be possible to derive the 
C190/C160 abundance ratio? l s O could be comparable to i e O in these ejecta? 

J . M . C . R a w l i n g s : To my knowledge C l s O has not been detected in SN1987a, but I would not like to make 
a definitive statement on that. The problem is that the near infra-red spectrum is heavily crowded with Ar 
II and Nickel lines. I would also think it unlikely that an abundance ratio could be determined as the CO 
emission is almost certainly very optically thick. 

S .Lepp: I just wanted to comment that in a recent work by Liu, Dalgarno and Lepp, we have analysed the 
CO spectra and found that much larger CO masses may be fit, when optical depth and non-LTE populations 
are accounted for. 

J . M . C . R a w l i n g s : Yes, I think our models have predicted this to be in the core: either conditions are 
unfavorable in which case CO has a very low abundance or, in favorable situation CO is very optically thick. 
The condition required so as to predict the CO mass deduced in the optically thin approximation would 
have to be somewhat contrived. 
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