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It is 

so* mass 

/'" 
ABSTRACT 

0,4?3 
shown that molecular hydrogen protostars Grger  than about a 

suffer  a rapid free fall coUapse when they are s t i l l  quite 

cool (- S P K ) .  The collapse resul ts  from the high luminosity of a tralis- 

parent protostar f o r  28p l i n e  radiation resulting f r o m  the  J = 2 t o  J = 0 

ro ta t iona l  quadrupole t rans i t ion  

detecting galactic 28p radiation 

i n  parahydrogen. The poss ib i l i ty  of 

and star formation is considered. P 
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stellar gas and tha t  star formation is s t i l l  taking place in  the sp i r a l  arms 

of our galaxy. 

poorly understood, however, and the general phenomenon of star formation has 

remained one of the biggest unsolved problems of modern astrophysics. 

pr incipal  d i f f i cu l t i e s  are: 

The quantitative detai ls  of t h i s  condensation process are 

Two 

(1) how do the d i lu te  gas clouds reach the stage 

where  t h e i r  gravitational self energy is  large enough t o  allow them t o  con- 

t r a c t  against the pressure from the kinet ic  energy (temperature) of t h e i r  

consliituent atoms and molecules, and (2) how is the i n i t i a l  angular mentum 

of the gas cloud l o s t  as the cloud contracts? 

questions are unknown although there have been a number of suggestions. 

The answers t o  both of these 

Several usef'ul surveys of t he  general problem may be found i n  the collection 

of pr ize  essays by Burbidge, Kahn, Ebert, von H o e r n e r ,  and Temesv6x-y (1960). 

A more recent review has been given by Spitzer (1963). 

H e r e  w e  shall consider only one part icular  phase of star formation, a 

phase which all stars are l ike ly  t o  go through, however. 

ear ly  stage of stellar evolution in which the protostar is s t i l l  cool but has 

reached a density where gravitational interactions are strong enough so t h a t  

a quasi-equilibrium s t a t e  ex i s t s  and the v i r i a l  theorem holds. W e  sha l l  not 

consider the effects of i n i t i u  rotation of the protostar o r  of magnetic f ie lds .  

"he assumption is made tha t  e i ther  the rotation is small o r  that them is some 

ef f ic ien t  prdcess whereby the  protostar loses i t s  angular momentum as it con- 

t r a c t s .  Moreover, it is assumed t h a t  either the magnetic f ield i s  mnall o r  

tha t  the degree of ionization is very small. 

point out that  under these conditions a protostar composed of molecular hydrogen 

w i l l  suffer  a rapid collapse when it is still  quite cool (T - 5OoK).  

This i s  the very 

The purpose of t h i s  paper is  t o  

The 
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collapse comes about because the  hydrogen molecule is  very e f f ic ien t  at  

radiating away energy (predominantly by de-excitation of the J = 2 rotational 

leve l  of para-hydrogen) at such low temperatures. 

protostar  had only a s m a l l  amount (say, l$) of molecular hydrogen, the radiation 

from J = 2 de-excitations would be sufficient t o  cause a rapid contraction. 

Because of the d i f f icu l ty  of cooling interstellar matter t o  temperatures 

below about 20" - 30°K (cf. Gould and Salpeter 1963, Gould, Gold and Salpeter 

l963), the thermal kinetic energy % of a gas mass of stellar s i z e  is so 

Actually, even i f  the 

. 

large tha t  high densit ies (see Table 1) are required for  the magnitude of 

the gravitational potential  energy V t o  be large enough t o  satisfy the v i r i a l  

theorem 3 + V = 0. A t  high densities it is very l i ke ly  that  an appreciable 

fraction o f t h e  hydrogen is in molecular form, since even i f  recombination on 

the surfaces of the in t e r s t e l l a r  grains does not occur, molecules can form by 

the associative detachment process H- + H --. H2 + e (Gould and Salpeter, loc c i t . ) .  

After discussing protostar energy losses i n  Section I1 t h e  contraction 

and collapse is t reated in Sections I11 and IV. The overall  phenomenon is 

summarized i n  Section V. 

ideas presented here is considered i n  the last section. 

The possibi l i ty  of observationally verifying the 

11. ENERGY LOSSES I N  A PFOTOSTAR 

a) Population of the J = 2 State  of Parahydrogen 

Consider a gas of molecular hydrogen at a f a i r l y  l o w  temperaturn 

T (- 50°K) so tha t  the molecules are predominantly i n  the ground (J = 0) 

rotational state. A t  such l o w  temperatures para-ortho col l is ional  conversion 

is  very slow. The population i n  the J = 2 state results essent ia l ly  from 

col l is ional  excitation from the ground Gtate (cross section: 

de-excitation from the J = 2 s ta te  (cross section: 

(5 ), col l is ional  02 

(;r ), and radiative de- 20 
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excitation from t h e  J = 2 state ( t ransi t ion probability per uni t  time 1, . 
L This is the  quadrupole transit ion probability as calculated by Spitzer (1949). 

Recently it had been thought ( c f .  Osterbrock 1962) that the J = 2 + 1 -. 0 

para-ortho-para radiative decay w a s  more l ike ly .  However, a more recent 

investigation by Raich and Good (1963) indicates a negligible probability 

fo r  para-ortho radiative transit ions.  
~ ~ ~~ 

= 2.4 x lowu see-’). Under steady state conditions the number density A2 

n2 of molecules i n  the excited state would be 

n (v ao2) 

n (v u20) + A2 
w 

2 n - 
n 

where n i s  the t o t a l  density (essentially the density of molecules in  the  

ground s ta te ) ,  v is the relative velocity, and the angular brackets denote 
E2lkT a thermal mean. F r a n  detailed balance w e  have (v 020) = (v oo2) (go/g,) e Y 

-14 where E2 is  the excitation energy (7.068 x 10 erg) of the J = 2 level, and 

the g’s  are the degeneracies (go/g2 = l/’j). The de-excitation cross section 

= has been measured indirectly and is 4.0 x *20 - Od 

approximately independent of energy (temperature). 

constant is then given by 

(m = mass of €I2). 

cm2 (see Spitzer 1949) 

The de-excitation rate 
1 

with = 4 (kT/mn)’ t he  mean r e l a t ive  velocity r 
W e  then have 

- 
q = A2/nv u 

r 6’ 

q mmsures the  deviation f r o m  thermal equilibrium. 

n - 6 0 c m  . 
For T - 50°K q -1 for  

-3  
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b) Energy Losses by Various Processes 

Cooling i n  H I regions has been considered by Spi tzer  (1949, 1954) and 

others. Here we give a b r i e f  summary (see Fig. 1) of the  results. The 

energy los s  ( in  ergs/cm 3 /sec) i n  a moPecular hydrogen gas at  low density 

(q > > 1) resulting from J = 2 excitations and 2 8 ~  emission is (see par t  a 

of t h i s  section) 

For n 2 60 cm3 t h i s  expression must be divided by 1 + q-l t o  take account 

of col l is ional  de-excitations . The cooling by col l is ions with i n t e r s t e l l a r  

grains w a s  a lso  considered by Spitzer. Assuming tha t  i n  a molecule-grain 

col l is ion all the kinet ic  energy of the  molecule is transferred t o  the  grain 

before the  molecule leaves the surface with 

is the  grain temperat-, w e  have 

a mean e n e r a  (E) FJ kT where T 
g' €5 

1 
= nn TT r (8 ~ T / W ) ~  k (T - Tg); H2g Q g  

(4) 

here n is the number density of grains and 
Q 

me cooling rates A and A are 
KH2 H2g 

r is t h e i r  radius. 

plot ted in  Figure 1 for  r = 2 x cm, 
g 

g 
T 

H2 is the cooling rate A 
col l is ions and the effect ive cooling rate Aei - ci resul t ing from electron 

col l is ions with the ions C , S i  , and Fe+ and the  photoionization of these ions 

(cf.  Gould and Sal-ter, - -  op. c i t . ) .  The curve (Aei - Li)/n2 corresponds t o  a 

gas i n  which the hydrogen is completely mdlecular and is thus simply four times 

= 10"K, and n /n = (n = molecule density). Also shown in the figure 
Q Q 

r e s u l t i n g  from 28p excitations resul t ing from H - 
MI2 

+ + 

t he  curve given in  the  paper by Goad and Salpeter. 

In t h i s  paper we sha l l  assume tha t  elements l i k e  C, Si ,  and Fe have con- 

densed in to  the grains so that there is  no flei - f cooling rate. Moreover e i  

we consider a hydrogen gas which i s  essent ia l ly  completely mozecular so t h a t  

A (which has essentially the  same temperature dependence asA ) t he  cooling 
=2 H2H2 
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i s  inoperative. It w i l l  turn out that  fo r  the  temperatures of interest  

cooling by molecule-molecule collisions dominates cooling by grain collisions. 

Thus we sha l l  consider only cooling according t o  the rate  A /(1 + q-'). 
H2H2 

Since energy los s  i n  protostar contraction is a central  problem in star 

formation, it is clear  tha t  the conditions assumed here are  not optimum. 

Specifically, as is  c lear  f r o m  Figure 1, i f  the elements C, Si ,  and Fe 

(especially C, since C -+ produces most of the cooling at l o w  temperattL1.e) ex is t  

i n  the gas phase, the energy loss a t  l o w  temperatures is much greater and con- 

t rac t ion  proceeds m o r e  readily. Protdstar contraction i s  considered in the 
@ 

following section. 

111. L O W  TEMPERATURE CONTRACTION AND COLLAPSE OF A TRANSPARENT PROTOSTAR 

Because the cooling by molecular hydrogen increases rapidly with temperature, 

a protostar composed of hydrogen molecules would be nearly isothermal. The 

mass distribution of an isothermal gravitational gas sphere follows the 

Boltzmann l a w  e- ""p/m, where cp is the loca l  gravitational potential ,  and 

extends t o  inf ini ty .  I sha l l  actually consider a f i n i t e  gas sphere of radius 

R, assuming external pressures ( for  example, radiation pressure on the inter- 

s t e l l a r  grains contained in the protostar) cut off the mass distribution. 

However, it is assumed tha t  such pressures do not contribute significantly t o  

the value of the t o t a l  energy of the gas sphere. 

Neglecting rotational and vibrational energies (since we are considering 

low temperatqres), the t o t a l  energy o f  the  molecular protostar can be written, 

w i t h  the  help of the  v i r i a l  theorem, i n  terms of t he  gravitational potent ia l  

energy: E = $V. "he potent ia l  energy is  approximately2 - d / R  so tha t  the  

2The numerical factor i n  t h i s  expression fo r  V depends on the detailed mass 

distribution, but is of order unity. 

- 7 -  



~~ - ~~ 

~ - .  . -  
c -  . .  

re lat ion between luminosity and contraction rate  is  

. 
( 5 )  

w i t h  5 = 3 d. By the v i r i a l  theorem the relation between temperature and 

radius is 

T = QnM/SR.  ( 6 )  

If the energy of the protostar is l o s t  by radiation of the J = 2 4 0 (28~) 

l ine ,  and the  protostar is transparent t o  the 2 8 ~  l ine ,  the luminosity comes 

f r o m  the en t i re  volume and we have, f r o m  the relations (2) fo r  n@ and (6) 

for  T, 

(7 )  
- K R  dE/dt = - 71 e , 

where 

7 = %/(l + d, H = 3Er/W, 

(the mean density w a s  used t o  compute q). By equations ( 5 )  and (7) the con- 

t ract ion rate is 

Because of 

the radius 

the exponential dependence, the contract ion increases rapidly as 

decreases (and the ,temperature rises). An upper l i m i t  t o  the con- 

t rac t ion  rate,is given by the free f a l l  rate 

= ti; (7 G)* = 5 R"3/2 Yf f 
1 

wCtb 5 = ( ~ M G / ~ I T ) ~ .  
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By comparing the contraction rates y [eq. (9) 3 axid Yff [en. 0 0 ) l  one 
Y 

C 

finds tha t  the contraction caused by 2 8 ~  radiation approaches the free fa l l  

rate already at fa i r ly  large radi i  R and low temperatures T. The c r i t i c a l  

are given i n  radii Rc, temperatures Tc, and mean density 

Table 1 for  various protostar masses. The free fall  time is also given fo r  
-. Y f f  where y 

C C 

R = Rc. 

strongly on the exact mass distribution of the protostar since it appears in  

The c r i t i c a l  temperature. determined i n  t h i s  manner does not depend 

the exponent KRc = E2/kTc, which is f a i r ly  large (2  10). 

dependence of T 

from t h e m  equilibrium in the rotational levels at low density, t ha t  is, 

The reversal i n  the 

on protostar m a s s  at M/Ma - 300 is  a result of the deviation 
C 

q is no longer << 1, 

The contraction would begin t o  slow down when the  protostar became 

opaque t o  the  28p radiation o r  when h - R, where h is the mean free path fo r  

absorption of the radiation. For h << R, radiation escapes only f r o m  the 

shel l  of thickness X instead of from the  whole volume of the protostar, and 

the luminosity is reduced. This situation is considered in the following sect ion. 

IV. CONTRACTION O F  AN OPAQm PROTOSTAR AND DISSOCIATIJE COLLAPSE 

'a)  Absorption Cross Section fo r  the 28p Line 

The cross section fo r  28p absorption by interstellar grains composed 

-11 of ice  is CJ - 3 x 10 em2 (cf.  Gaustad 1963) and the r a t io  of grain density 
g 

t o  molecule density is ng/" - 
path X f o r  grain absorption is  proportional t o  n a R3 M - I .  The cross 

section f o r  self absorption of the l ine may be derived from the  t rans i t ion  

probability per unit time 

principal of detailed balance: 

With t h i s  r a t io  constant the mean free 
-.. 

Q 

for  the reverse process with the help of the 
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where X is  the  wavelength and dv the frequency width of the l ine.  Taking a 

Doppler width dv/v ss (kT/mc2)’ w i t h  T given by equation ( 6 ) ,  w e  have the 

effective cross section 

1 
*S = (84-l  A2 A 3  (g;t /go) ( 3 W W  (12) 

The mean free path hs for  self absorption is then proportional t o  
-1 -1 -l R5I2 M-ll2. The effective m e a n  free path is A = ( A  + As ) - . One finds 

tha t  at the radius where h - R, As < 1 

M/Mo 2 10, by the  time the protostar has contracted t o  the radius w h e r e  

opacity i s  important, the temperature of the  gas w i l l  be raised above 

- 100°K and the grains will have evaporated (Gaustad -- loc. c i t  .) . The 

radius (Rs) and temperature (Ts) of the  protostar when As = R am given i n  

Table 1 for  various s t e l l a r  masses. The temperature Ts given in the table  

will not be meaningful if the protostar has reached an opaque condition 

v i a  a free fall. The radius Rs, which is  proportional t o  +’8, is  not in 

serious error. 

fo r  M/Mo 5 100. However, for  
g I 

b) Contraction of an Opaque Protostar 

When the m e a n  f ree  path f o r  absorption of the  28p l i n e  is much less than 

the radius of the protostar, radiation escapes only from its outer edges. 

Neglecting stimulated emission one finds, i n  a straightforward manner, the 

following expression for the luminosity: 

- K R  , dE/dt = -TT €? 0-l E2 A2 (g2/g,) e 

where 0 is the absorption cross section per molecule; the result i s  independent 

of t h e  mass distribution at the edge of the protostar.  The effect ive cross 

- 10 - 



section u is (5 + ( n p )  og. 

the expression (12) for u we get 

Neglecting grain absorption, and employing S 

dE/dt 

I 

ll 
1 8 n 2 E2 A - 3  (GM/3)2, 

essent ia l ly  the black body luminosity within the width of the 28p l ine .  

K R  is no longer appreciably greater than unity, the specific Planck function 

When 

m u s t  be summed Over all appropriate frequenc4es corresponding t o  quadrupole 

rotational t ransi t ions.  By equations (5) and (14) the contraction rate  for  

a cool, opaque protostar i s  
1 

1 d R  1 R5/2 e-xR 
- 3  dt = 3  

By comparGg the contraction ra te  (15) with the free f a l l  ra te  (10) one finds 

tha t  f o r  M = Mo free fa l l  is attained tihen the temperature of the protostar 

reaches about 76OK. 

is  not attained and the contraction proceeds a t  a slower rate. 

reaches a maximum when K R  = E /kT, o r  when T = 205OK. 

However, fo r  smaller mass protostars, the free fa l l  rate 

The rate (15) 

2 

c) Dissociative Collapse 

Cameron (1962) has considered the protostar collapse which results 

when the temperature is raised t o  about 1800°~, wheRupon the hydrogen i s  

dissociated. The dissociation energy of the gas is balanced by an increase 

in the (negabive) gravitational energy of the gas and an increase in the 

temperature. As Cameron showed, the temperature of the gas a f t e r ' t h e  dis- 

sociative collapse is large enoughto ionize the hydrogen and the  collapse 

continues until the hydrogen (and the hklium, i f  present) is  fully .ionized. 

-11- 
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The dissociation energy Ed (4.48 eV) and ionization energy E. (2 m) of 

the M/m moiecules thus goes into increasing the  thermal energy of the 4 M/m 

ions (protons and electrons). 

. 1 

The resulting mean ternperature a f t e r  t h i s  

f i n a l  collapse is, by the v i r i a l  theorem, - (Ed + Ei)/6k = 6.1 x 10 4, K. f -  

A non-radiating collapse could also ensue i f  the r a t i o  of specific 

heats y approached 4/3. 

vibrational levels begin t o  be populated. 

remarked, y reaches t h i s  value a t  a temperature of about ~ ~ W O K ,  t ha t  is, 

roughly the same temperature at which the hydrogen begins t o  dissociate. 

For a gas of  molecular hydrogen y - 4/3 when 

As Cameron (loc. c i t . )  has -- 

Firs t  we consider the  early evolutionary steps through which a proto- 

star proceeds i f  there is no fragmentation. 

we  sha l l  discuss the  modifications i n  the condensation process required by 

fragmentation phenomena. The evolutionary steps may be summarized as 

follows: A cloud condenses t o  a f a i r l y  high density state where it 

is s table  against disruption (v i r i a l  theorem holds); it is assumed tha t  

molecules also form i n  the process. (2) The cool gas radiates the 28p 

l i n e  and the protostar contracts slowly; as it contracts the  temperature 

rises and the rate  of 28p emission increases. (3) The contraction rate 

increases u n t i l  f ina l ly  it reaches the free fa l l  rate. 

A t  the  end of t h i s  section 

(1) 

(4) The free fa l l  

begins t o  s l o w  as the  protostar becomes opqque t o  28p radiation; a slower 

contraction follows u n t i l  the temperature reaches about 1800°K. (5) When 

the protostar reaches t h i s  temperature, the hydrogen dissociates and a free 

fa l l  collapse ensues i n  which the temperature rises. 

tinues u n t i l  all the  hydrogen i s  ionized; the  mean temperature of the  

(6) The collapse con- 
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40 protostar i s  then about 6.1 x 10 K, (7) The normal s l o w  Helmholtz con- 

t rac t ion  t o  the main sequence begins. 
+ 

The above describes the evolution of protostars with M > Ma. For 

smaller masses the first collapse [step ( 3 ) ]  does not occur since the proto- 

s t a r  has become opaque t o  28p radiation and i ts  luminosity does not reach 

such a high value t o  allow the f irst  free f a l l  collapse. Moreover, for  the 

more massive protostars the  first collapse is not halted by an opaque 

condition, since fo r  the more massive stars the 28p opacity does not become 

significant u n t i l  the temperature of the gas is  f a i r ly  high (see Table 1). 

One can obtain a rough value f o r  the radius where the collapse is  halted by 

neglecting the emission in other lines (for example, the 3 = 4 -. 2 t ransi t ion 

and also orthohydrogen t ransi t ions)  and equating the expression fo r  the 

opaque contraction rate  (15) with the proper Planck factor  t o  the free fa l l  

rate (10). The min imum free fa l l  radius Rm is then found f r o m  Rm - (sc/T ) 4 t 

- 1). One can then compute the corresponding temperature f r o m  %I 
(e 

equation (6) and one finds tha t  t h i s  t e m p e r a t u r e  reaches the dissociation 

value 1 8 0 0 ~ ~  for  M/Ma - 4 0 .  

first free fa l l  collapse (which i s  caused by the high 28p luminosity) continues 

on through the collapse induced by dissociation and ionization. This is, 

Thus for protostar masses greater than t h i s  the 

step ( 5 )  above does not occur. 

It is evident from Table 1 tha t  the c r i t i c a l  densit ies nc fo r  collapse 

are much higher than the  normal densit ies in interstellar clouds, except fo r  

the more masscve protostars. Actually, it is very likely t h a t  al l-stars are 

foxmed out of massive condensations (say, M - 10 Md which fragment as they 

contract. Moreover, it appears that  the most l i ke ly  stage fo r  fragmentation 

t o  occur is during the i n i t i a l  collapse from l o w  densit ies induced by 28p 

- 
3 

emission. During t h i s  free fa l l  the v i r i a l  theorem is no longer applicable 

- 13 - 
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. .  
i - -  - .  

and the temperature, instead of increasing as 1/R, w i l l  only increase 

6 sl ight ly ,  although the density i n  the protostar increases as 1 / R  3 . Sub- 

condensations w i l l  then form and the cloud will fragment. 

V I .  POSSIBLE OBSERVATION O F  28p RADIATION AND STAR F O W I O N  

On the assumption tha t  the collapse process described here occurs i n  all 

star formation one can estimate the rate of production of 28p quanta In the 

galaxy from the rate of conversion of galactic gas into stars. The number of 

28p quanta t h a t  a protostar of m a s s  M e m i t s  in contracting t o  

temerature  T i  = 1800°K is - 2 (M/m) (k Ti/E2). If galactic 

m a t t e r  is  converted into stars at a rate dM/dt, the number of  

duced in the galaxy per  second would then be 

m BT: dM - - - -  
d t  2m E2 d t  

reach the 

in t e r s t e l l a r  

28p quanta pro- 

Taking dM/dt = Mg/T, where M (- gm) i s  the galactic mass of interstellar 
g 

gas and T - 10 9 y r  (see Salpeter 1959), we get dN/dt - 5 x lo5' photons/sec. 

One can get a rough idea of the flux expected from the  galactic plane by 

supposing tha t  t h i s  photon source is placed at  a distance - 10 kpc. 

flux i s  then about 3 x 

carry out (balloon, rocket, o r  s a t e l l i t e )  experiments above the atmosphere, 

detection of the  background flux 3 x 

The energy 

Since t o  observe 28p radiation one m u s t  watt/m2. 

watt/cm2 m u s t  be considered beyond 

present day capabili t ies.  

Although the 28p background radiation from the galactic disk is rather 
I 

small, one might consider the possibi l i ty  of detecting t h i s  radiation f r o m  near- 

by regions of the galaxy where star formation happens t o  be taking place rapidly. 

A protostar of mass 100 Ma a t ta ins  a 28p luminosity of L - 
short time (- 10 yr) .  If such a collaps'ing protostar were at a distance of 

- 100 Lo f o r  a 

6 

about 500 pc (roughly the distance t o  the Orion Nebula), the flux 

- 14 - 



which would be received at the earth would be - 
f l u x  is  on the borderline of detect8bilLt.y. 

watt/cxn2. This 

Of C O ~ Z S ~ ,  O"P ! e f i d  k m e  t, 

be fortunate enough t o  observe the protostar during i t s  maximum 28p 

luminosity . 
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C R I T I C A L  P- OF A CONTRACTING PROTOSTAR 
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2.7 x i o  17 

17 
2.0 x 10 100 2.9 x i o  37 6.0 x io 18 

18 

19 

lloo 2.9 x i o  300 8.9 x i o  36 61 8.6 x 10 

1000 2.8 x 10 38 6.2 2.7 x i o  4.4 x 10 l7 (25oo) 
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FIGURE CAPTION 

Fig. 1 Cooling rates i n  H I regions by various processes i n  the l o w  

density l i m i t  (no col l is ional  de-excitation) . 
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