
E X C I T E D H Y D R O G E N C H E M I S T R Y I N P R O T O S T E L L A R O U T F L O W S 

J . M . C . R A W L I N G S , J . E . D R E W 
Department of Physics 
Nuclear Physics Laboratory 
Keble Road, Oxford OX1 3RH, UK 

M . J . B A R L O W 
Department of Physics and Astronomy 
University College London 
Gower street, London WC1E 6BT, UK 

ABSTRACT. Chemical models of protostellar and other outflows have been reassessed in the light 
of new chemical data. In particular, reactions involving excited hydrogen (2s,p) are shown to be 
important in hot, dense outflows. The H(n=2) + H —• H2 + hi/ reaction is much less of a contributor 
to the H2 formation rate than the recently measured H(n=2) + H —• Hj" + e" reaction, providing 
conditions allow the 0.75eV endothermicity of this reaction to be overcome. 

1. C h e m i s t r y 

W e repor t here for t he first t ime t h e significance of t he associat ive ionizat ion react ion: 

H + H(n = 2) — • H+ + e~. (1) 

Cross-sections for th is react ion have been measured by Urba in et al. (1991). Using these 
we calcula te r a t e coefficients (in c m 3 s " 1 ) of: 1 . 7 x l 0 ~ 1 3 a t 3000K, l . l x l O " 1 2 a t 5000K, 
and 6.0X10- 1 2 a t 10000K. A good fit t o t he r a t e coefficient a t T > 2500 K is given by: 

k = 3.5X10- 1 4 + 3 . 1 x l O - n e " 1 6 3 5 5 / T c m V 1 (2) 

T h e react ion is endo thermic by 0.75eV and t h e cross-section shows a secondary barr ier of 
~ 2 e V . H2 format ion then occurs as a result of charge exchange: 

H+ + H ^ H 2 + H+ (3) 

We expect th is p a t h is par t icular ly i m p o r t a n t in t h e chemis t ry of pro tos te l la r outflows. In 
all cases of as t rophysical interest it is faster t h a n t h e rad ia t ive associat ion react ion proposed 
by L a t t e r and Black (1991): 

H + H{n = 2) — • H2 + hv (4) 

F u r t h e r m o r e , t h e negative-ion H2 format ion rou te is ineffective in outflows from cool as 
well as ho t s t a r s because of pho to -de tachment of H~ in t he IR rad ia t ion field. In shor t , 
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react ion (1) is a ma jo r con t r ibu tor t o t h e H2 format ion r a t e in b o t h (i) h igh - t empera tu re , 
s t rongly i r r ad ia ted regions where t he n = 2 level is well popu la ted , (ii) cooler (3000 - 5000 
K ) , denser regions. In ( i i ) , lower ionizat ion a n d large depar tu res from L T E (eg. a t 3000K, 
H ( n = 2 ) / H + > 2 x l 0 ~ 4 ) are necessary for react ion (1) t o be more i m p o r t a n t t h a n direct 
rad ia t ive recombinat ion of H+ wi th H. 

2 . M o d e l s 

We have tes ted t h e impor t ance of t he excited hydrogen chemis t ry in four s i tua t ions : T-Taur i 
winds , cool neu t ra l outflows, BN winds and the ejecta of supernovae. 

In t h e case of T-Taur i winds and cool neu t r a l outflows we have a d a p t e d t h e models of 
Rawlings et al. 1988 and a model of Glassgold et al. 1989 to a c c o m m o d a t e t he new chem-
istry. In b o t h cases t he ini t ial ionizat ion was calculated by balancing recombina t ion against 
collisional ionizat ion. T h e resul ts show t h a t wi th in a few stellar radi i H2 is significantly 
enhanced on including react ion (1) . However, a t l a te r t imes t he t e m p e r a t u r e and densi ty 
d rop whi ls t , in t he case of the T-Taur i wind, t he ionizat ion level remains qui te high. At 
this s tage rad ia t ive recombina t ion of H + wi th H becomes relatively more efficient (see also 
L a t t e r and Black 's discussion of H ( n = 2 ) chemist ry in t h e early universe) . No te these calcu-
la t ions do not include L y a t r app ing and so set a lower l imit t o t he efficiency of t he H ( n = 2 ) 
chemistry. 

T h e winds associated wi th BN- type objects are ho t , dense and fairly well ionized - the 
mos t promis ing condit ions for t he excited hydrogen reac t ions . In our model R* = 4 x l 0 n 

cm, M= l . O x l O " 6 M Q y r " 1 , VQQ = 150 k m s " 1 , and the under lying rad ia t ion field is a 
Kurucz model a tmosphere for T C / / = 2 5 0 0 0 K , log (g )=4 .0 . We adop t a slowly accelerat ing 
velocity law and a t e m p e r a t u r e profile consistent wi th t h e wind models of Drew (1989) . Self-
shielding for H2, CO a n d the carbon con t inuum have been included. To begin wi th , we use a 
two-level H° a t o m + con t inuum: transfer in L y a is accounted for using escape probabil i t ies 
based on the Sobolev approx imat ion , and the effect of Ba lmer con t inuum opac i ty is included. 
For t he ini t ia l condit ions we assume t h a t H ( n = l ) / H ( n = 2 ) are in detai led ba lance and t h a t 
photo ioniza t ion of H ( n = 2 ) balances case B recombina t ion . Pre l iminary calculat ions confirm 
H2 format ion via react ion (1) is very i m p o r t a n t in ho t , pa r t ly ionized winds . 

In t he case of supernovae we have looked a t b o t h t h e "core" and t h e " m a n t l e " of the 
ejecta. Despi te t h e presence of a s t rong , very non- the rmal high energy electron flux in 
t h e core region, N L T E models of t he ejecta of SN1987a (eg. Schmutz et al. 1990) show 
t h e depa r tu r e coefficients for H° n = l , 2 and 3 are less t h a n 10. Hence, as t h e t e m p e r a t u r e 
is also low (2-3000 K ) , there is unlikely t o be a significant enhancement t o t h e chemis t ry 
in t he core. In t he " m a n t l e " region, observat ions indica te t h a t t h e n = 2 level m a y be 
marked ly overpopula ted . However, even here , t he impor t ance of excited hydrogen chemist ry 
in SN 1987a appears t o be marg ina l . 

In some s i tua t ions , t he react ion: H(n = 3) + H — • + e~ m a y also be significant. It 
is exo thermic by 1.14eV bu t no cross-sections are yet available. 
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