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A B S T R A C T . G a l a x i e s a n d t h e f irs t s t a r s i n t h e u n i v e r s e f o r m e d b i l l i ons of y e a r s a g o 

a s a r e s u l t of t h e c o o p e r a t i v e effects of g r a v i t a t i o n a l c o l l a p s e a n d n o n e q u i l i b r i u m 

c h e m i s t r y . G r a v i t y d r e w t h e p r i m o r d i a l g a s t o g e t h e r i n t o l u m p s ; t h e f o r m a t i o n of 

t h e f i rs t m o l e c u l e s i n t h e u n i v e r s e , s i m p l e d i a t o m i c m o l e c u l e s l ike H2, H^~, H D , 

H e H + , L i H , a n d L i H + , m a y t h e n h a v e e n s u r e d t h a t t h e h e a t g e n e r a t e d b y g r a v i -

t a t i o n a l c o l l a p s e a n d s h o c k w a v e s w a s r a d i a t e d a w a y r a p i d l y e n o u g h t o a l low t h e 

g r a v i t a t i o n a l c o l l a p s e a n d f r a g m e n t a t i o n of t h e s e g a s e o u s l u m p s t o p r o c e e d t o t h e 

p o i n t of f o r m i n g s t a r s a n d g a l a x i e s . W e brief ly m e n t i o n a few of t h e l a t e s t s t u d i e s 

of t h i s p r i m o r d i a l c h e m i s t r y , i n c l u d i n g t h a t in t h e e v o l v i n g i n t e r g a l a c t i c m e d i u m 

( I G M ) in a C o l d D a r k M a t t e r ( C D M ) m o d e l c o s m o l o g y a n d t h a t in r a d i a t i v e s h o c k s 

i n t h e e a r l y u n i v e r s e . 

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

M o l e c u l e f o r m a t i o n in t h e e a r l y u n i v e r s e h a s b e e n s t u d i e d u n d e r t h r e e r e l a t e d 

c i r c u m s t a n c e s : ( 1 ) t h e u n i f o r m p r e g a l a c t i c I G M a t h i g h r edsh i f t z i n t h e p o s t r e -

c o m b i n a t i o n e p o c h (z ^ 1 0 3 ) [ l - 4 ] ; (2 ) t h e g r a v i t a t i o n a l c o l l a p s e of p r i m o r d i a l g a s 

c l o u d s [5-16]; a n d (3 ) t h e r a d i a t i v e s h o c k s w h i c h o c c u r i n a w i d e r a n g e of g a l a x y 

a n d p r i m o r d i a l s t a r f o r m a t i o n t h e o r i e s [17-29]. I n v i e w of t h e s p a c e l i m i t a t i o n h e r e , 

I wil l j u s t m e n t i o n a few h i g h l i g h t s of w o r k c o m p l e t e d s ince t h e l a s t r e v i e w s of t h i s 

s u b j e c t [25,30] a n d refer t h e r e a d e r t o t h o s e r e v i e w s for t h e full b a c k g r o u n d a n d 

r e f e r ences . 

W h e n t h e u n i v e r s e r e c o m b i n e d a t z ~ 1 0 3 , t h e g a s w a s c o m p o s e d p r i m a r i l y of 

H , D , 4 H e r

 3 H e , a n d 7 L i , w i t h n u c l e a r a b u n d a n c e s b y n u m b e r r e l a t i v e t o H of o r d e r 

I , 5 x 1 0 " 5 , 1 0 " 1 , 1 0 ~ 5 , a n d 1 0 " 1 0 , r e s p e c t i v e l y [31]. I n t h i s e s s e n t i a l l y m e t a l - f r e e 
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gas, H2 was likely to have been the most abundant molecule and was potential ly 

impor tan t as a source of radiative cooling in collapsing pregalactic clouds and in 

shock-heated pregalactic gas. Since H2 has no dipole moment , formation by direct 

radiat ive association of two H a toms is very slow, and H2 formation is thought 

to have been dominated, instead, by the creation of H~ by radiat ive a t t achment , 

followed by associative detachment [5,6]: 

H + e~ - > H~ + 7 

H + H~ -» H2 + c " 

and by the creation of H^" by radiative association, followed by charge transfer [32]: 

H + H+ - * # 2

+ + 7 

H+ + H ->H2 + H+. 

2 . H2 i n t h e I G M i n a P o s t r e c o m b i n a t i o n C D M U n i v e r s e 

Previous studies of molecule formation in the pregalactic IGM beginning with the 

recombination epoch at z = 10 3 considered a uniform expanding IGM of fixed 

comoving density ft/GM (in uni ts of the critical density for an Einstein-deSit ter 

universe) and focused on the epoch prior to nonlinear s t ructure formation in the 

universe [1,2]. (An exception is [3], which considered the effect of radiat ion from 

pos tu la ted primordial stars at high z.) As par t of our general s tudy of the IGM, 

we have reconsidered this problem within the context of the recently popular C D M 

model for galaxy and large-scale s t ructure formation. We have coupled our detailed, 

numerical calculations of the thermal and ionization balance, molecule formation, 

and radiat ive transfer in a uniform IGM of H and He to the linearized equat ions for 

the growth of density fluctuations in bo th the gaseous and dark ma t t e r components 

[4,33,34]. The mean IGM density parameter in this case is Q j g m (Z) = ft&[l—/c(z)], 

where fi& is the to ta l baryon mass fraction in the universe and fc(z) is the t ime-

varying, collapsed baryon fraction. We consider a s t andard CDM model wi th 

tttot = 1, ^ 6 = 0.1, and Hubble constant h = # o / ( 1 0 0 km s - 1 Mpc~l) — 0.5, wi th 

a power spec t rum normalized so tha t the rms density fluctuation evaluated using 

a " top-hat" filter is aQ = 1/6 at R = 8 / i - 1 Mpc at present, where 6 is the so-called 

bias parameter . In order to account for the observed absence of a detectable H Ly 

a absorption t rough in the spectra of high z quasars due to a smoothly dis t r ibuted 

IGM (so-called Gunn-Peterson effect; " G P " ) , we assume tha t the collapsed fraction 
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releases jus t enough ionizing radiat ion at a constant ra te per collapsed baryon, with 

an AGN-like spec t rum (Fv oc ^ ~ 1 , 5 ) , to reduce the G P optical dep th to less t han 

0.1 by z = 4 .1 . This minimal emissivity corresponds to 1200 (6 = 1) or 24,400 

(6 = 2.6) ionizing photons per collapsed baryon per present Hubble t ime. 

Shown in Figure 1 are some results of our calculations, which solve ra te equa-

tions for the concentrations of H°, H + , He°, H e + , H e + + , H2, Hr> (vibrationally 

excited), H^~, H~ , and e~, the energy conservation equation, including the effects 

of cosmological expansion, radiative cooling, and cooling (or heat ing) by Comp-

ton scat ter ing of the cosmic microwave background (CMB) , and the equat ion of 

radiat ive transfer, including the opacity of the IGM and its own diffuse emission, 

as well as the mean opacity of an evolving distr ibution of gas clumps (i.e. quasar 

absorption-line clouds) embedded in the smoothly dis tr ibuted IGM. As in previous 

studies, H2 formation shortly after recombination was limited by the photodest ruc-

tion of H~ and H ^ by the CMB. It is impor tant in this case to take account of 

the populat ion of excited states of H^" with an excitation t empera tu re equal to 

the C M B radiat ion tempera ture . Otherwise, photodissociation of H ^ at high z is 

underes t imated, and H2 formation is spuriously accelerated and enhanced. For 200 

^ z ^ 600, the H ^ process dominated the formation of H2, yielding a concentrat ion 

<> 1 0 ~ 6 by z ~ 300. By z ~ 100, the H " process boosted this to ~ 2 x 1 0 ~ 6 , before 

the collapsed fraction finally released enough radiat ion by z ^ 25 (b = 2.6) or 

z ^ 50 (b = 1) to heat and ionize the IGM, destroying the H2. Figure 1 shows tha t 

once IGM reionization began, unshielded photodissociation would have destroyed 

the H2 more quickly than collisional dissociation, but even in the fully self-shielded 

limit (no photodissociation), collisions would have been more than enough to re-

duce the H2 concentration by many orders of magni tude to undetectable levels 

even before the G P constraint was satisfied. 

3 . R a d i a t i v e S h o c k s a n d N o n e q u i l i b r i u m H 2 C h e m i s t r y in t h e E a r l y 

U n i v e r s e 

Shock waves in a metal-free gas are predicted to occur in the IGM and inside 

protogalaxies under a wide range of circumstances in the theory of galaxy and 

primordial s tar formation, including gravitational collapse of density fluctuations, 

cloud-cloud collisions, and blast waves from the explosive heat ing of the IGM. In 

all cases, the radiative cooling of the postshock gas is essential in order to dissi-

pate enough gravitat ional or explosion energy to make gravitat ional instability and 

fragmentation possible in the shock-heated gas, a prerequisite for galaxy or s tar 
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1000 
1 + z 

Figure 1. IGM tempera ture T ( ° K ) ( x l O ~ 5 ) , collapsed baryon fraction / c , and 

species concentrat ion by number relative to H, ra,/n#, as labeled for bias 6 = 1 . 

Solid curve for H2 assumes unshielded photodissociation; dashed H 2 curve neglects 

photodissociation. 
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formation. We have numerically solved the hydrodynamical conservation equa-

t ions, along wi th the ra te equations for nonequilibrium ionization, recombination, 

molecule formation and dissociation, and the equation of radiat ive transfer, in de-

tail for s teady-s ta te , planar shocks of velocity in the range 20 < v3 < 400 km s~* 

for a range of conditions appropr ia te for shocks in the IGM and inside protogalax-

ies [22-29]. (Calculations for shocks in the IGM were also repor ted by [20].) We 

include the same species as in the calculations for Figure 1. Figure 2 shows results 

for shocks inside protogalaxies, with vs = 300 km s - 1 such as would be produced 

by the typical gravitationally-induced motions within a protogalaxy, in a gas of 

preshock density TIH,I = 0.1. T h e shocked gas generally cools faster t h a n it can 

recombine and, as a result, is able to form an H2 concentration as high as 1 0 - 3 

or higher via the H " and processes, thanks to the enhanced nonequil ibrium 

ionization at 10 4 K. W i t h such an H2 concentration, the gas cools rapidly by H2 

rotat ional-vibrat ional line excitation to T ~ 10 2 — 10 3 K, well below the canonical 

final t empera tu re of 10 4 K for a molecule-free gas without metals . This cooling be-

low 1 0 4 K significantly lowers the characteristic gravitationally unstable fragment 

mass for such shocks, relative to the value if the gas cooling stops at 10 4 K. 

This presents a problem for the suggestion tha t globular clusters formed within 

protogalaxies by gravitat ional instability in the compressed gas resulting from ra-

diative shocks with velocities of the order of the virial velocity of the protogalaxy 

or from thermal instability in gas at the virial t empera ture [35,36]. Under such 

circumstances, gas which cools to 10 4 K and, thereafter, remains at 10 4 K for a t ime 

longer t han its internal free-fall t ime will lead natural ly to gravitat ional instability 

with a characterist ic mass comparable to those of globular clusters. If, instead, 

the gas forms enough H2 to cool too rapidly below 10 4 K, however, the model fails. 

Our shock calculations have led to a new version of the model, in which a s t rong 

enough UV or soft X-ray source (L ^ 1 0 4 5 erg « s _ 1 ) , such as a quasar or early-type 

stars, is required to be present within the protogalaxy during the globular cluster 

formation epoch to suppress H2 formation in the shocks [26]. 

Figure 3 shows the effect of adding to the shock in Figure 2 a preshock magnet ic 

field of s t rength B\ = 1 /iG, oriented parallel to the shock front [29]. Flux-freezing 

and the nearly isobaric compression of the radiatively cooling postshock gas to-

gether cause magnet ic pressure to dominate downstream before the gas reaches 

~ 10 4 K. This hal ts the compression and makes the photon- to-a tom rat io higher 

in the t empera tu re pla teau at 10 4 K than in the nonmagnet ic case. T h e la t ter en-

courages the photodest ruct ion of H2 and makes it easier to suppress H2 formation 

and cooling wi th a given radiat ion flux level t han in the nonmagnet ic case, thereby 

lowering the threshold level required for the globular cluster formation model (e.g. 

L ~ 1 0 4 4 erg s - 1 or less, for B\ <; 1.6 fJ-G). 
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6.2 6.3 6.4 6.5 6.6 

LOG(tnH(2) (year c m - 3 ) 

Figure 2. Postshock flow quanti t ies versus tnn,2 (years c m " 3 ) for vs = 300 km s " 1 

and = 0.1 c m " 3 , where nj/,2 is postshock H a tom density and t is t ime since 

fluid element was shocked. Horizontal coordinate also corresponds to NH cm~2, 

to ta l H column density between fluid element and shock, at t ime where NH = 

nH,\Vst = ( n H , i / f i H , 2 ) vstriH,2, as long as we take logioNH = logio(tnHa) + 

14.382. Top panel shows tempera ture (scale at left) and to ta l H° and H 2 column 

densities between fluid element and shock (scale at right) as labeled. Second panel 

shows gas pressure (scale at left) and H a tom density (scale at r ight) as labeled. 

Thi rd and fourth panels show concentrations n , / n / / as labeled. 
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Figure 3. Same as Figure 2, but magnetized case with B\ = lfiG. All panels are 

the same as in Figure 2 except the second, where gas, magnet ic and to ta l pressure 

are plot ted, along wi th H a tom density. 
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Q U E S T I O N S A N D A N S W E R S 

L.Bli tz: I thought that the lowest temperature you could cool pure H2 gas was ~ 5 0 0 K 
which is the temperature of the lowest quadrupole H2 rotational transition. Your curves 
level off at temperatures a.little more than 100 K. Where does the other factor of 4 - 5 in 
the temperature come from? 

P . R . S h a p i r o : Although it is true that the lowest quadrupole rotational transition for H2 

corresponds to an excitation energy of 510 K (in temperature units) , this only means that 
the collisional excitation rate for this transition is exponentially cut-off at temperatures 
below 510 K. Hence, while the rate is reduced by this exponential T dependence, it is not 
zero. Another words, the high energy tail of the H a tom Maxwellian velocity distribution 
still has enough energy per atom to excite the H2 transition. In addition, in our post shock 
gas, as the temperature drops below 500 K, the H2 concentration continues to increase, so 
this offsets the exponential fall-off of the T dependence of the excitation cooling rate per 
H2 molecule. 
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