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ABSTRACT 
The production and destruction processes for molecules in very fast protostellar winds are analyzed and 

modeled with a one-dimensional chemical kinetics code. Radial density and temperature distributions sug- 
gested by protostellar theory are explored as are a range of mass-loss rates. The efficiency of in situ formation 
of heavy molecules is found to be high if the wind temperature falls sufficiently rapidly, as indicated by theory. 
The degree of molecular conversion is a strong function of the mass-loss rate and of density gradients associ- 
ated with the acceleration and collimation of the wind. Even in cases where essentially all of the heavy atoms 
are processed into molecules, a significant fraction of atomic hydrogen remains so that highly molecular, pro- 
tostellar winds are able to emit the 21 cm line. Although CO has a substantial abundance in most models 
relevant to very young protostars, high abundances of other molecules such as SiO and H20 signify more 
complete association characteristic of winds containing regions of very high density. Although the models 
apply only to regions close to the protostar, they are in qualitative accord with recent observations at much 
larger distances of both atomic and molecular emission from extremely high-velocity flow. 
Subject headings: molecular processes — stars: pre-main-sequence — stars: winds 

1. INTRODUCTION 

Both observations and theory support the idea that very 
high-velocity winds are generated by newly formed protostars. 
The most direct evidence is the detection of both atomic 
hydrogen and carbon monoxide at speeds of up to a few 
hundred km s_1 in several low-luminosity protostars (Lizano 
et al. 1988; Koo 1989). Theoretical notions on the formation of 
a protostar from an accretion disk also lead to high-velocity 
winds, generated, for example, by centrifugally driven magnetic 
stresses (e.g., Shu, Adams, & Lizano 1987). These winds orig- 
inate close to the protostar and carry fundamental information 
about the star-formation process out to large distances, where 
their effects are observed in a variety of phenomena, e.g., in 
low-velocity, bipolar, molecular outflows (Lada 1985; Snell 
1987). Observations also suggest that low-luminosity proto- 
stars produce partially recombined winds (Natta et al. 1988). 
We are thus led to investigate in this paper both the ionization 
and the molecular properties of the primary winds generated 
by protostars. 

In an earlier paper (Glassgold, Mamón, & Huggins 1989, 
henceforth Paper I), we concluded that molecular synthesis in 
protostellar winds can be efficient, in contrast to the work of 
Rawlings, Williams, & Canto (1988). Our preliminary results 
were based on ad hoc representations of the wind properties, 
dictated by the absence of temperature information. Paper I 
prompted Rüden, Glassgold, & Shu (1990, henceforth RGS) to 
investigate the heating and cooling of the protostellar winds of 
very young, low-luminosity protostars, for which the theory is 
sufficiently developed that the dynamics can be reasonably 
well-specified (see, e.g., Shu et al. 1987). According to this 
theory, the protostar and the accretion disk corotate at the 
protostellar brakeup speed so that there is no accretion shock 
(a condition that is not likely to be satisfied during later stages 
of protostellar evolution). RGS find that the temperature 
depends mainly on the chemistry of hydrogen and not on the 

1 Permanent address: DAEC, Observatoire de Meudon, 92195 Meudon 
Principal Cedex, France. 

heavy elements. In principle, the dynamical, thermal, and 
chemical properties of the wind should be obtained in a com- 
pletely self-consistent calculation. The complexity of the 
chemical considerations to be described below and the two- 
dimensional nature of the hydrodynamics indicate that such 
calculations would be extremely difficult, if not infeasible, at 
the present time. 

The primary objective of this paper is to describe the physi- 
cal and chemical considerations that apply in low-luminosity 
protostellar winds. We illustrate the role of the most important 
processes with simplified models, especially those suggested by 
protostellar theory (RGS). In order to develop a basis for 
applications to other models, we vary the wind parameters and 
consider particular modifications in the basic model such as 
the effects of far-UV radiation, which might arise, for example, 
from an accretion shock. Our results provide insights into the 
physical conditions that are required for efficient molecular 
synthesis and on potential molecular diagnostics of protostel- 
lar winds. 

The organization of the paper is as follows. Section 2 gives a 
full description of the dynamical model and the underlying 
physical and chemical processes, including radiation transport. 
Section 3 presents the results of the calculations, and § 4 sum- 
marizes the main conclusions, particularly those relevant to 
observational studies. The reader interested primarily in the 
results may wish to first read § 2.1, where the basic models are 
described, and then skip to § 3. 

2. THE MODEL 

2.1. The Physical Model 
We represent the primary wind of a low-luminosity proto- 

star by a steady, spherical flow with density, velocity, and tem- 
perature fields, n(r), v(r), and T(r), all specified functions of the 
radial distance r from the center of the protostar. Our objective 
is to calculate the ionization and the chemical abundances with 
these functions as “given.” This separation of the chemistry 
from the hydrodynamics is justified in practical terms, i.e., the 
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full problem is too complex. A similar justification underlies 
the use of one-dimensional flows. However, here we invoke the 
device of an “equivalent, quasi-spherical” flow (RGS) that 
incorporates the most important effect of wind collimation, 
which is to increase the density of the wind near the protostar. 

The density n(r) is defined as the volume density of hydrogen 
nuclei in all species. The velocity is represented as 

v = u(r)V , (1) 

where V is the terminal speed of the wind and u describes its 
acceleration; usually u < 1. We assume steady flow and, fol- 
lowing RGS, allow for the possibility that, at a distance r, the 
wind crosses an area 4nr2A(r), with A < 1, i.e., only a fraction 
A of the allowed area. Thus the density n(r) is determined 
directly by mass conservation and is parametrized by the 
hydrogen mass-loss rate M as follows : 

n(r) = (M/4nr2mV)(l/uA) . (2) 

In practice we mainly consider three flow cases : 

Case 1: A = 1, u = 1 , (3a) 

Case 2:A = l,u=l- RJr , (3b) 

Case 3 : A = 1 — RJr, u = \ — RJr . (3c) 

In Case 1, the flow is started “impulsively” at the stellar radius 
(RJ and emerges isotropically; this is the flow assumed in 
Paper I. Case 2 is more realistic than Case 1 in that the termin- 
al speed is reached over a finite distance of the order of the 
stellar radius; the flow is still everywhere isotropic. In Case 3, 
the flow emerges from an infinitesimal (equatorial) region and 
becomes isotropic at large distances; this case is actually RGS 
Case 4. The singularities in Case 2 and Case 3 are avoided by 
starting the integration at the sonic point, as discussed by 
RGS. The function 1 — RJr then varies from a/V to 1, where a 
is the sound speed at R* and a <^V. 

In accord with observations and theory for protostars, (see, 
for example, the review of Shu et al. 1987 or RGS), typical 
parameters for low-luminosity protostars are T* = 3500-6500 
K, R* = 5 x lO11^ x 1012 cm, and M = 10-7-10~5 M0 
yr-1. We adopt a “standard” set of parameters suggested by 
the observationally important protostellar source SSV 13, 
associated with HH 7 - 11: T* = 5000 K, R* = 6.63 x 1011 

cm, M = 3 x 10~6 M0 yr-1; the luminosity is about 50 L0. 
For this set, equation (3) becomes 

n{r) = 2.4 x 1012(R5|c/r)
2(l/wA) cm'3 , (4) 

and V/a = 22. In going from Case 1 to Case 3, the density close 
to the protostar increases by {V/a)2 = 466 for these parameters 
and is greater than 1015 cm-3 for Case 3. 

Figure 1 shows the RGS temperature distributions for M = 
3 x 10_6Moyr"'1.For comparison, we show the ad hoc form 
introduced in Paper I, 

T — T0 r < R0 , 

T = T0(R0/r)p r>R0, 
(5) 

for the choice p = —4/3, T0 = 5000 K, and R0 = 2R3je. The 
RGS distribution for Case 1 has a modest increase at large r, 
relative to the adiabatic distribution (T = T^r-473), due to 
ambipolar diffusion heating. For Cases 2 and 3, the tem- 
perature drops very rapidly at first because of enhanced adia- 
batic cooling, but then H2 formation heating and ambipolar 
diffusion heating reverse this trend. Ambipolar diffusion 

Fig. 1.—Temperature distributions corresponding to the RGS cases 
defined by equation (3) and M = 3 x 10“6 M0 yr-1. The dashed curve, 
labeled S, is the temperature model used in Paper I. 

heating is responsible for keeping the gas warm at large dis- 
tances and, in Case 3, reheats the gas to 3000 K, high enough 
to destroy H2, but not CO, by collisional dissociation. 

Another physical property important for the molecular 
physics of the wind is the radiation field. We assume that the 
only source of radiation is the protostar, which we treat as a 
blackbody with (photospheric) temperature T*. At a distance r, 
radiative rates are reduced by the standard dilution factor, 

W(r) = 1/2[1 - (1 - R2/r2)1/2] (6) 

and by absorption by various species. We shall take up the 
calculation of radiative transfer in the wind in § 2.3 and depar- 
tures from a blackbody in § 3.4. 

2.2. Chemistry and Ionization 
We describe the calculation of the chemical abundances in 

the wind, assuming that the wind flows from the protostar in 
the manner described in § 2.1. Electrical neutrality is assumed 
so that the electron density ne is the difference between the 
densities of positive and negative ions. The short dynamical 
time scale of the flow, typically 

idy = r/v x I05(r12/v1) s (7) 

(ri2 = r/1012 cm and v7 = v/101 cm s-1), means that kinetic 
rather than steady state chemistry is required. Thus the rate 
equation for species Y has the generic form 

vd/drx(Y) = P(Y) - D(Y)x(Y) (8) 

where P and D are appropriate production and destruction 
rates. The initial conditions are calculated for steady state 
photospheric physical conditions using standard cosmic abun- 
dances. Our program reads the input set of chemical reactions 
and rate coefficients and internally derives the rate equations 
for each species. The system of rate equations is integrated 
using Gear’s (1971) method for stiff, ordinary differential equa- 
tions. The integration is performed for the abundances as a 
function of log r, starting at the stellar surface and integrating 
outwards. The calculations typically require about 20 minutes 
of CPU time on a Convex C210 mini-supercomputer. 

For the flows in equation (3), the hydrogen density n ranges 
up to 1015 cm-3 and the temperature T up to 5000 K or more. 
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Although n and T decrease rapidly with distance, their values 
in chemically active regions are considerably higher than 
encountered in interstellar clouds away from star-forming 
regions. The radiation field and velocity gradient (essentially 
the inverse of tdy in equation [7]) are also much greater. Thus 
protostellar wind chemistry involves relatively extreme physi- 
cal conditions and differs from familiar interstellar chemistry. 
There are interesting connections with the chemistry of the 
early universe (Dalgarno & Lepp 1987), with the reformation 
of molecules behind shocks (Neufeld & Dalgarno 1989a, b), 
and with the formation of molecules in supernova shells (Lepp, 
Dalgarno, & McCray 1990; Petuchowski et al. 1989). In the 
following subsections, we describe the essential aspects of our 
chemical model. Although the chemistry is reasonably com- 
plete, we have had to be judicious in the selection of the 
included processes because of the heavy computational 
demands of the radiation transfer. 

2.2.1. T hree-Stage Synthesis of Heavy Molecules 
We start with an overview of the chemistry and consider the 

synthesis of CO, one of the most important molecular diagnos- 
tics. Figure 2 is a greatly simplified schematic diagram of the 
three-stage synthesis of CO described briefly in Paper I. 
Because the wind is hydrogen-rich and the density and tem- 
perature are high, the first step toward molecular synthesis is 
the formation of H2, which can be achieved in three ways, 
which we refer to as the H-, H2, and three-body routes. The 
first two dominate for Case 1 (unless M > 10"4 M0 yr-1) 
whereas the densities in Cases 2 and 3 are sufficiently high for 
three-body formation to dominate (unless M<10~7 M0 
yr-1). In addition to the three progenitor reactions, the full 
hydrogen chemistry includes reactions that neutralize H - and 
H2, that ionize H, and a variety of photo processes to be 
discussed in § 2.2.3. The ionization of atomic hydrogen occurs 
by collisional excitation of the n = 2 level followed by photo- 
ionization from this level by Balmer continuum radiation. The 
main destruction mechanisms for H+ are radiative recombi- 
nation and charge exchange. We forego an extensive discussion 
of the hydrogen chemistry (other than photo processes) 
because it is described in full detail in RGS. 

Once H2 is formed, neutral reactions with atomic oxygen 
produce OH if the wind is warm (the energy barrier is 3940 K) 
and then CO by reaction of OH with atomic carbon (without 
any significant energy barrier). A similar three-stage pathway 
with CH is also shown in Figure 2; it is less effective because of 
the larger barrier for the formation of CH. Also illustrated in 

dashed arrows give the energy barriers for the endothermic reactions, 
O + H2 -► OH + H (3940 K) and C + H2 - CH + H (14,100 K). 

Figure 2 are the fourth-stage molecules 02 and C2, each of 
which can lead to CO by another neutral reaction. 

Under appropriate circumstances, molecules can also be 
formed by ion-molecule reactions and by radiative association 
(for diatomic species). Destruction routes are also critical and 
we have considered a wide range of processes that include 
neutral and ionic reactions, collisional dissociation, charge 
exchange, photoionization and photodissociation, and recom- 
bination and neutralization of ions. In the following, we 
discuss the roles of the different reactions and how we obtained 
their rate coefficients. 

2.2.2. Neutral Reactions 
The schematic chemistry in Figure 2 indicates the type of 

neutral reactions that are important in protostellar winds : 

A + H2 - AH + H , (9) 

AH + B -► AB + H , (10) 

where A, B = O, C, N, S, and Si. The level of laboratory and 
theoretical information on these types of reactions is mixed, 
with rather reliable data for reactions of O, C, and S (at and 
just above T = 300 K) and considerably less for N and Si. We 
rely primarily on the compilations of Baulch et al. (1984) and 
on the recent theoretical work of Graff and collaborators 
(Wagner & Graff 1987; Graff & Dalgarno 1987; Leen & Graff 
1988; Graff 1989). Even with limited data, some general trends 
are readily discernible within the set of atoms that we consider. 
The most important factor is the relatively small energy barrier 
oftheO + H2-> OH + H reaction, which means that reaction 
(9) leads to the production of much more OH than any other 
hydride. By contrast, O, C, N, and S all are known to engage 
readily with OH in reaction (10); Si probably does too, 
although the rate coefficient has not been measured. The 
important conclusion here is that OH can be effectively formed 
from H2 by reaction (9) and that essentially all of the heavy 
oxides can be synthesized from OH with reaction (10). 

The primary role of three-body, neutral reactions is the syn- 
thesis of H2 (Paper I ; RGS). The inverse process of collisional 
dissociation is potentially important for H2 and other mol- 
ecules with vanishing or small dipole moments, notably CO 
and the homonuclear molecules C2, N2, and 02. This process 
only occurs rapidly from excited vibrational levels and the rate 
coefficient kd is negligible unless the density exceeds some criti- 
cal value ncr (Roberge & Dalgarno 1982). For H2, ncr « 105 

cm - 3 (Lepp & Shull 1983), but it is much larger for CO, « 1011 

cm-3 (Roberge & Dalgarno 1982). For n > ncr, kd goes over to 
the high-density, thermal equilibrium limit, presumably also 
characteristic of laboratory measurements (when they exist). 

In practice we use the experimental values for H2 recom- 
mended in the critical review of Cohen & Westburg (1983). We 
ignore the density dependence of the rate coefficients because 
n > nCT in the chemically active regions of protostellar winds. 
Furthermore, kd has a temperature barrier of about 53,000 K in 
this case, which cuts in before the dependence associated with 
n/nCT. In the absence of any information on the collisional dis- 
sociation rates of other homonuclear molecules, we use the 
same rates as for H2 but with barriers determined by the disso- 
ciation energies. For CO, we use the high-density theoretical 
calculation of Roberge & Dalgarno (1982) whenever the initial 
density is greater than 1011 cm-3. The large temperature 
barrier (ä 97,000 K) helps to suppress the effect of CO col- 
lisional dissociation as does destruction by the chemical reac- 
tion, H + CO -* OH + C, which has a barrier of 77,500 K. 
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Similar reactions play an even more important role in destroy- 
ing 02, C2, and N2 because of the smaller energy barriers. Our 
approximate treatment of CO collisional dissociation overesti- 
mates its effect in cases where the density in the region of CO 
formation is about the same as the critical density. For 
example, in Case 1 for the standard mass-loss rate, our calcu- 
lation of the freeze-out abundance of CO may be too small by 
a factor of 2 because we ignore the cutoff of this process for 
n < ncr. 

2.2.3. Ionic Reactions 
Ion-molecule reactions familiar in interstellar chemistry sup- 

plement molecular synthesis in protostellar winds that do not 
recombine strongly. The primary ions in such winds are atomic 
rather than molecular and they are produced by the protostel- 
lar radiation field. Although H2 is important in the synthesis 
of H2, its abundance is generally quite small (usually < 10"10). 
Consequently only a small amount of H3 is made by the reac- 
tion 

H2
+ + H2^H3

+ + H. (11) 

A more important molecular ion is CO+, which is produced by 

C++ OH-+CO++ H , (12) 

and produces CO by charge exchange with atomic hydrogen 

CO++H-CO + H+. (13) 

Some HCO + is formed by the reaction 

CO+ +H2->HCO+ + H . (14) 

The most abundant molecular ion after H2 is generally OH+, 
which is formed by the ion-molecule reaction 

0++H2->OH++H, (15) 

and, somewhat more efficiently, by charge-exchange 

H+ + OH -> OH+ + H . (16) 

Where there are enough ions for these processes to be inter- 
esting, the H2 abundance is too small to make much H20 + 

and the OH+ is destroyed by dissociative recombination, 
which is a very rapid process for the ionization levels charac- 
teristic of these winds. Thus reaction (15) fails to lead to heavy- 
molecule synthesis, and reaction (16) effectively destroys OH. 
This conclusion applies fairly generally because H+ is able to 
charge-exchange with many molecules. 

In addition to charge exchange with molecules (which leads 
to their destruction by dissociative recombination following 
charge exchange), purely atomic charge exchange 

A++B->B++A (17) 

is crucial for the correct calculation of the ionization of the 
wind. Only a few of the relevant charge-exchange rate coeffi- 
cients have been measured or even studied theoretically in any 
detail. In the absence of any better information, we rely on the 
educated theoretical guesses of Pequignot & Aldrovandi 
(1986). We list the charge-exchange reactions in Table 1; the 
energy barriers for the reverse reactions are taken as the differ- 
ences in the ionization potentials. The most important charge 
exchange reactions are H+ with O and Fe for which, fortu- 
nately, some experimental results exist. For the H+ + O rate 
coefficient, we use the theoretical temperature variation of 
Chambaud et al. (1980) which agrees with the room tem- 
perature measurement of Fehsenfeld & Ferguson (1972). The 

TABLE 1 
Atomic Charge-Exchange Chart3 

Atom 

Ion H Fe Mg A1 Na 

o+ 

H + 

C + 

S + 
Si + 

Fe + 

Mg+ 

Al + 

0.18b 2.9b 

7.4C 

3 
3 
3 

0 
0d 

0 
0 
1 
3 

0 
3 
0.3 
0 
3 
1 
0 

a Units for rate coefficients are 10" 9 cm3 s" ^ 
b Measured value for H+ + O at 300 K (Fehsenfeld & Ferguson 

1972) supplemented by theory (Chambaud et al. 1980) at other tem- 
peratures. 

c Measured value at T = 300 K (Rutherford & Vroom 1972). 
d We use the theoretical result of Allan et al. (1988), 

1.25 x 10"9 exp (-22,100 K/T). 

H+ + Fe charge exchange cross section was measured at high 
energies (more than 8 eV) by Rutherford & Vroom (1972) and 
extrapolated by them to much lower energies using theory; we 
use their T'0,5 dependence for T < 5000 K. Charge-exchange 
greatly reduces the abundance of H + and causes the ionization 
to be transferred to heavier atomic ions which can survive 
longer in the wind. This tendency is assisted by the reduction in 
the shielding of various ionizing continua that results from the 
ionization of the atoms. Charge-exchange ensures that the ion- 
ization level remains moderately high even for high-density 
winds. 

2.2.4. Radiative Reactions 
Two-body association accompanied by the emission of radi- 

ation can form heavy molecules as well as the progenitor 
species H" and H2 (paper I; RGS). Although the character- 
istic rate coefficients are small, ä10-18-10-17 cm3 s-1, this 
process can be effective in the cooler parts of the wind where 
other production mechanisms are shut off. We list the radiative 
association reactions in Table 2. Radiative recombination of 
electrons and ions is a much better studied process, and the 
rates we adopt are similar to those used by others. 

2.3. Photoprocesses 
Ultraviolet photons from the protostar ionize the atoms and 

dissociate the molecules of the wind. Because we are concerned 
with very young, highly embedded protostars, we neglect the 
interstellar radiation field and Galactic cosmic rays. Table 3 
lists the photoprocesses that we consider and the sources for 
the cross sections, which are mainly for the ground state of the 

TABLE 2 
Atomic Radiative Association Rates 

System Rate (cm 3 s x) Reference 

O + H   6.2 (-19) Smith &Zweibel (1976) 
C + H  1.5 (-18) Brooks & Smith (1974) 
Si-I-H   1.5 (—19) Adapted from carbon 
C+ + H   1.7(-17) Graffetal.(1983) 
C + O  2.6 (-17) exp (- 1450 K/T) Dalgarno, Du, & Yu (1990) 
C+ 4- O   2 (-18) Dalgarno, Du, & Yu (1990) 
Si + O   2 (—17) Adapted from carbon 
Si+ + O .... 2 ( —18) Adapted from carbon 
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TABLE 3 
Photo Rates' 
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a 

Reaction Typical Rate Reference 

H (n = 2) -► H +   3.63(3) Karzus & Latter (1961) 
+   5.21 (5) Wishart(1979) 

H2
+ - H+ + H   3.87 (3) Argyros (1974) 

H2 -► H + H   2.10 ( — 5) Stephens & Dalgarno (1972) 
CO - C + O   5.43 (-4) Letzelter et al. (1987) 
SiO -► Si + O   0.470 Adapted from CO 
OH -►O + H   0.442 van Dishoeck & Dalgarno (1984) 
H20 -► OH + O   2.04 Hudson(1971); Lee(1984) 
02->0 + 0   0.819 Black & Smith (1984) 
CH - C + H   16.4 van Dishoeck (1987) 
C2-C + C   1.74 (-4) Pouilly et al. (1983) 
C (n = 1)->C+ + é? .... 4.89 ( — 4) Escalante & Victor (1990) 
C (n = 2) -► C+ -he  7.90 ( - 3) Escalante & Victor (1990) 
C(n = 3)-C++e.... 1.88 ( - 2) Escalante & Victor (1990) 
C(n = 4)->C+ -he .... 4.66 Escalante & Victor (1990) 
Si -*■ Si+ + e   0.993 Hudson & Kieffer (1971) 
S-S++i?   2.69 ( - 2) Tondello (1972) 
Mg -> Mg+ -he   9.98 (-2) Hudson & Kieffer (1971) 
Fe - Fe+ + e   0.184 Kelly & Ron (1972) 
A1 -► Al+ + e   1.07 (2) Roig(1975) 
Na -> Na+ + e   0.905 Hudson & Kieffer (1971) 

a At 1.05R* for a T% = 5000 K blackbody ; units are s ^ 

species and are well established. The third column of Table 3 
gives the rate at the photosphere (RJ for T* = 5000 K. 

Because photoreactions often dominate the ionization of 
these winds, it is important to treat the transfer of the UV 
radiation self-consistently. Stellar photons can be absorbed 
and scattered by atoms and molecules and by dust grains. The 
corresponding cross sections generally depend on wavelength 
and a wavelength-dependent treatment of the radiative transfer 
is called for. In our model, we divide the UV spectrum into a 
finite number Nabs of bands and calculate averages over the 
photoabsorption cross section for each species in each band. 
For this purpose, we tabulate the cross sections referred to in 
Table 3 and fit them with cubic-splines in log-log space for 
greater accuracy. When necessary, the tabular data is extrapo- 
lated assuming a constant slope in log-log space. 

Our program allows for the incorporation of dust opacity 
although we have not included it in the present calculations. 
RGS did consider the possibility that dust might heat the gas 
and found that it had little effect. The formation of dust could 
have some chemical consequences at distances from the 
protostar of the order of 10R*, e.g., it could increase the UV 
opacity for wavelengths where the atoms are ineffective. Dust 
might also reduce the ionization of the outer wind by neutral- 
izing the atomic ions that are the dominant source of ioniza- 
tion far from the protostar. We have chosen not to include dust 
formation at this time because it mainly forms outside the 
region of rapid molecule formation. 

The unshielded photorates are computed from cross sections 
by integration with the spectral distribution of the flux, most 
often a blackbody spectrum. Labeling the wavelength bands by 
/c, the photorate for species j at a distance r from the protostar 
is 

9jir) = mr)Zkg
(Fk exp [-T*(r)] , (18) 

where W is the dilution factor of equation (6) and g^l is the 
unshielded rate evaluated at the photosphere; the optical 

depth for band k is a sum over species j: 

^M = £/TM(r), (19) 

U» ^ dr'Xjnir^j k, (20) 
Jr* 

where aJtk is the average absorption cross-section of species j in 
wavelength band k. 

In principle, the calculation of photorates should take into 
account the population of excited states. Because of the large 
computational demands of such calculations in a chemical 
kinetics program, we generally assume that photodestruction 
occurs from the ground state, with three exceptions: H, C, and 
H2. For atomic hydrogen, most of the photoionization occurs 
from the first excited level, so we include both the n = 1 and 
n = 2 levels (Paper I, RGS). Atomic carbon is the single most 
important far-UV shielding species and we include photoion- 
ization from and recombination to its first three excited elec- 
tronic levels as well as the ground level. We calculate the 
population of the levels in a fully kinetic manner, including 
collisional excitation and de-excitation and chemical reactions 
as well as the radiative processes just mentioned. 

Photodissociation of thermally equilibrated H2 occurs from 
a large number of excited vibrational levels. Because of the 
small Einstein A-values, thermal equilibrium is a good approx- 
imation in the inner wind where the peak abundances of H2 
occur. We have tabulated the thermally averaged cross sec- 
tions of Argyros (1974) as a function of wavelength and tem- 
perature, and have fit log-log cubic splines to these data, 
extrapolating with a constant slope in log-log space when 
necessary. The photorates are computed by integrating out to 
36,000 Â, which yields an accuracy typically better than 5%. 
Photodissociation is the most important destruction mecha- 
nism for H2 and it is not suppressed very significantly by 
shielding by other species as are most other molecules. For a 
protostar with a 5000 K blackbody spectrum, the photo- 
destruction time scale for H J in gas with a kinetic temperature 
of 5000 K is 10“3s. 

The calculation of the shielding of the ionizing and disso- 
ciating radiation is done self-consistently using the method of 
Mamón, Glassgold, & Omont (1987) where the differential 
form of equation (20) is integrated for each band simulta- 
neously with the chemical rate equations. If Vabs is the number 
of absorbers, /max the number of bands, and Nsp the number of 
chemical species, then altogether we integrate Nsp + /max Vabs 
equations, or about 250 in practice. For purposes of simplicity, 
we treat all molecular shielding as a continuum process. 
Although H2 and CO photodissociation occur through lines, 
our approximation makes little difference because the relevant 
900-1000 Â wavelength band is so heavily blocked by atomic 
absorption, especially by carbon and sulfur. 

3. RESULTS 

In this section we present results for the models introduced 
in § 2. The three cases defined in equation (3) represent a 
sequence of increasing physical complexity and, presumably, of 
increasing realism in modeling very young, low-mass proto- 
stars. For each case we calculate the abundances for mass-loss 
rates, M = 3 x 10-7, 3 x 10-6, and 3 x 10-5 M0 yr-1. 
Because the three cases differ in their velocity and temperature 
fields, the grid of nine basic calculations provide a good idea of 
how the results depend on the most important physical vari- 
ables : temperature, density, and flow velocity. The asymptotic 
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TABLE 4 
Asymptotic Abundances 

Case 1 Case 2 Case 3 

M 
3 (-7) 3 (-6) 3 (-5) 

(M0 yr l) 
3 (-7) 3 (-6) 

(M0 yr l) 
3 (-5) 3 (-7) 3 (-6) 

(M0 yr"1) 
3 (-5) 

H ... 
H2 •• 
xe ... 
C .... 
c+ .. 
CO .. 
CH .. 
C2... 
o ... 
OH . 
h2o 
o2 
Si ... 
Si+ .. 
SiO . 
s+ .. 
Mg+ 

Fe+ . 
Al+ . 
Na+ 

1.0 
5.0- 6 
1.4-4 
4.0- 4 
3.8- 11 
2.8- 7 
7.0- 12 
3.1- 12 
8.0-4 
2.2- 10 
0 
4.2- 16 
1.2- 7 
3.7- 5 
2.2- 14 
1.6-5 
3.8- 5 
3.3- 5 
3.2- 6 
2.3- 6 

1.0 
2.1-6 
7.5- 5 
4.0- 4 
0 
7.9- 6 
7.2- 11 
3.6- 11 
7.9- 4 
4.1- 9 
0 
2.3- 11 
2.6- 5 
1.1- 5 
3.7- 10 
0 
3.6-5 
2.2- 5 
3.2- 6 
2.3- 6 

0.99 
5.2- 3 
5.5- 6 
0 
0 
4.0- 4 
0 
0 
1.6- 4 
2.6- 8 
8.2- 5 
5.8- 5 
0 
0 
3.8- 5 
0 
6.0- 9 
0 
3.2- 6 
2.3- 6 

1.0 
1.1- 5 
1.2- 4 
3.9- 4 
1.1-11 
1.1- 5 
6.8-12 
3.4- 12 
7.9- 4 
2.2- 10 
0 
1.5- 12 
3.0- 8 
3.7- 5 
2.4- 14 
3.8- 10 
4.0- 5 
3.4- 5 
3.2- 6 
2.3- 6 

1.0 
1.5- 3 
4.3- 5 
0 
0 
4.0- 4 
0 
0 
3.6- 4 
7.3- 9 
6.8- 19 
9.1- 8 
5.2- 16 
0 
3.8- 5 
0 
3.7- 5 
2.5-7 
3.2- 6 
2.3- 6 

0.72 
1.4-1 
7.0- 6 
0 
0 
4.0- 4 
0 
0 
2.2-8 
2.6-12 
3.6- 4 
6.6- 10 
0 
0 
3.8-5 
0 
4.6-6 
0 
9.1- 8 
2.3-6 

1.0 
3.5-7 
2.8- 4 
3.8- 4 
2.8- 5 
5.9- 7 
6.7- 12 
1.9- 12 
8.0- 4 
2.2-10 
0 
2.4- 12 
2.4- 8 
3.8- 5 
3.8- 15 
1.8- 6 
4.0- 5 
3.4- 5 
3.2- 6 
2.3- 6 

1.0 
8.2-6 
8.5- 5 
8.5- 12 
0 
4.0- 4 
2.9-18 
0 
3.8-4 
1.1- 8 
7.0- 12 
6.7- 8 
1.3- 5 
7.4- 6 
1.7- 5 
3.4- 10 
4.0- 5 
3.3-5 
3.2- 6 
2.3- 6 

0.18 
4.1-1 
7.3- 6 
0 
0 
4.0- 4 
0 
0 
4.4- 11 
1.3- 15 
3.6- 4 
3.1- 12 
0 
0 
3.8- 5 
0 
4.9- 6 
0 
9.6- 8 
2.3- 6 

abundances of representative species for these models are sum- 
marized in Table 4. In § 3.4, we investigate the effects of 
varying the radiation field. 

3.1. Case 1 : Isotropic, Impulsive Wind 
Case 1 is similar to the model discussed in Paper I. The wind 

expands isotropically at constant velocity and the temperature 
decreases monotonically with distance. The relatively small 
departures from an adiabatic fall-off calculated by RGS have 
little effect on the chemistry because they occur at large dis- 
tances where the chemistry is frozen out. For Case 1 and M = 
3 x 10“6 M0 yr-1, Figure 3 illustrates the radial variation in 
the wind of the abundances of representative species. Com- 
pared with the corresponding Figure 1 of Paper I, the abun- 
dances of H2 and CO are about the same order of magnitude, 
10“5, but now the abundance of SiO is much smaller due to 
the implementation of a full rather than the earlier, schematic 
silicon chemistry. Another major difference is the rapid decline 
in the abundance of H+ at 2R* due to the inclusion of many 
more charge exchange reactions. The abundances of the n = 2 
level of hydrogen and H2 (which are not shown) also decrease 
rapidly. The bulk of the carbon is atomic throughout the wind 
and S+, which is produced by charge-exchange of H+ and S, 
recombines as soon as H + disappears. Among the other heavy 
ions, only Si+ recombines completely (by 200R*) so that the 
electron fraction is of order 10- 4 throughout much of the 
envelope. The asymptotic values of many of the calculated 
abundances are given in the third column of Table 4. The 
substantial asymptotic abundances of the radical hydrides, OH 
and CH, and of the molecules synthesized from them are due 
to radiative association. 

Figure 3 describes a wind that is still basically atomic; the 
density for M = 3 x 10“6 M0 yr“1 is too small to produce 
short chemical time scales, and the chemistry is incompletely 
developed. Although the asymptotic fraction of carbon atoms 
in molecules (0.02) is small, it is much larger than that of 
hydrogen (4 x 10“5). This difference reflects primarily the dif- 
ference in binding energy between CO and H2. For the tem- 

perature range expected for young, low-mass, protostellar 
winds (RGS), collisional dissociation of CO is much more 
strongly suppressed than for H2. Table 4 shows the sensitive 
dependence of the chemistry on the mass-loss rate; the degree 

Fig. 3.—Chemical abundances for Case 1 and M = 3 x 10-6 M0 yr-1. 
Ionic abundances are represented by dot-dashed lines; the solid and dashed 
lines are used to distinguish the neutral species. 
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P of molecular synthesis is smaller for the lower mass-loss rate, 
^ M = 3 x 10“7 M0 yr"1 [x(CO)/xc-► 7.5 x 10"4], but, for 

; M = 3 x 10“5 M0 yr-1, it is almost complete for CO and 
a SiO. For the highest mass-loss rate, none of the carbon or 
5 silicon is left in atoms or radicals at large distances, whereas 

only 0.005 of the hydrogen is in H2, i.e., the wind is still atomic 
from the point of view of hydrogen. The situation with oxygen 
is different, in that the residual oxygen left over from the syn- 
thesis of CO is divided among O and H20 but a significant 
amount remains in OH [x(OH) ^4 x 10 ~8]. The extent to 
which any oxygen is outside of H20 measures the incomplete- 
ness in the chemical evolution. The ionization fraction is sig- 
nificantly reduced in this case (the highest mass-loss rate, 
3 x 10"5 M0 yr-1) because all of the heavy ions except Al+ 

and Na+ recombine. These ions are the most resistant to 
recombination because the corresponding thresholds for 
atomic photoionization occur at long wavelengths (beyond 
2000 Â) where the protostellar flux is relatively large and where 
other, more abundant atoms, cannot shield the ionizing radi- 
ation. 

3.2. Case 2: Isotropic, Accelerated Wind 
This model is more realistic than Case 1 in that it includes 

wind acceleration. The most important consequences for the 
chemistry are that the dynamical time scale and the density are 
each increased by a factor of V/a at the base of the wind (where 
V = terminal speed and a = sound speed), which is a factor of 
22 in these calculations. Because the chemical time scale is 
decreased and the dynamical time increased by this same 
factor, molecular synthesis is much more efficient than in Case 
1 for the same mass-loss rate. The temperature distribution 
also changes so there is some potential for lower molecular 
abundances because the temperature is generally higher than 
in Case 1. However, the RGS temperature distributions are all 
monotonically decreasing for this case and, most important, 
fall even more rapidly near the protostar than in Case 1. Thus, 
relative to Case 1, the density increase dominates the changes 
in the chemistry because the photoprocesses remain at about 
the same rate. 

As can be seen from Table 4, the CO abundance reaches a 
substantial level, ælO-5, for the lowest mass-loss rate, M — 
3 x 10“7 M0 yr-1, but the abundances of all the other mol- 
ecules are low. This calculation illustrates again how a poorly 
collimated wind with a modest mass-loss rate can be essen- 
tially atomic and moderately ionized (xe » 10 ~4) but still have 
CO as the only molecule with a substantial abundance. Once 
the mass-loss rate reaches M = 3 x 10"6 M0 yr-1, however, 
all of the available carbon and silicon are in CO and SiO, as 
shown in Figure 4. Most of the residual oxygen is in O and 
there is also some in OH, but there is very little in 02 and H20 
which, under these conditions, are unable to compete with CO 
and SiO for oxygen. The ionization level is moderate because 
several ions are unrecombined, as given in Table 4. For M = 
3 x 10“5 M© yr-1, illustrated in Figure 5, essentially all of the 
heavy molecules are processed into their most stable forms. 
There are few radicals and the ionization level is small, again 
with only Al+ and Na+ unrecombined. It is interesting that the 
fraction of protons frozen out in H2 is still only 30% for this 
mass-loss rate. The large abundance of molecular hydrogen is 
due to three-body formation, which dominates the other two 
formation channels (see Fig. 2) because the density close to the 
protostar is very large, ælO14 cm-3. Ion-molecule reactions 
are now unimportant in the synthesis of the heavier molecules. 

1012 1013 10U 1015 

r (cm) 
Fig. 5.—Chemical abundances for Case 2 and M = 3 x 10“5 M0 yr -1 
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3.3. Case 3 : Collimated, Accelerated Wind 

This case is closest to the theoretical models of very young, 
low-mass protostars developed by Shu et al. (1988). Relative to 
Case 2, the density at the photosphere is another factor of V¡a 
larger due to the area factor in equation (2). Thus the trend 
toward efficient neutral molecular synthesis is further 
enhanced. Another implication of the higher density is that the 
formation and destruction of molecular hydrogen can now 
have perceptible thermal effects. Collisional destruction of H2 

cools the gas whereas three-body formation heats the gas 
because the newly formed (vibrationally excited) molecules are 
collisionally de-excited at high density. The results of the 
thermal calculations of RGS in Figure 1 for the intermediate 
mass-loss rate, M = 3 x 10-6 M0 yr-1, illustrate these effects. 
RGS also found that ambipolar heating may reheat the gas 
sufficiently for the H2 balance to favor collisional dissociation. 
The reheating depends on the density and the ionization, the 
latter because ambipolar heating is inversely proportional to 
xe. For the case illustrated in Figure 1, the residual ionization 
is due to unrecombined Na+, i.e., xe « 10 ~6, because H + 

recombines close to the protostar. RGS found even greater 
reheating for M = 3 x 10“7 M0 yr-1 (to «4500 K) but, for 
M = 3 x 10“5 M© yr-1, ambipolar diffusion heating merely 
reduces the rate of decrease in the temperature. 

A further consequence of the extremely high initial wind 
densities in this case is that our integration method becomes 
difficult to use for mass-loss rates greater than M = 3 x 10“6 

M0 yr-1, corresponding to initial densities greater than 1014 

cm-3. As described in § 2, in addition to integrating several 
hundred chemical rate equations, many with highly disparate 
time scales, we also implement multiband radiation transfer for 
each photo-process. The deterioration in our numerical inte- 
gration capability is manifested by an increased sensitivity to 
the initial conditions. In order to carry out the calculations for 
M = 3 x 10-6 M0 yr-1, we start the integrations at some- 
what larger radial distances than in the previous cases. Starting 
at 1.0 x 1012 cm, instead of 6.9 x 1011 cm, for example, means 
that the initial density is reduced by a factor of 2.5. This has 
little effect on the final results because the density is still so high 
that steady state conditions apply at the start of the integra- 
tion. We have checked our results by redoing the calculations 
for a purely neutral chemistry starting at R* and find essen- 
tially the same asymptotic molecular abundances. 

Figure 6 shows our results for M = 3 x 10-6 M0 yr-1. In 
this case, the temperature (shown in Fig. 1) decreases very 
rapidly to a minimum of « 1750 K at 2RJ|C and, because of H2 
formation and ambipolar diffusion heating, reaches a 
maximum of «3130 K at about 10R*. As found by RGS, the 
H2 abundance is reduced from 0.1 to «10-5 by reheating. A 
similar effect is found for OH and even more so for 02 and 
H20, which are closely linked to OH. Unlike H2, the abun- 
dances of these three oxygen molecules increase again as the 
temperature drops, but they are more or less frozen beyond 
1000 R*. On the other hand, CO is unaffected by reheating and 
SiO is reduced by only a factor of 2; the wind beyond 10R* has 
roughly equal amounts of SiO and Si. 

The results for M = 3 x 10~7 M0 yr-1 shown in Figure 7 
illustrate the effects of even greater reheating from a tem- 
perature minimum of 1350 to 4500 K. In this case, SiO is 
greatly reduced and even CO has an abundance of only 
5 x 10“7. The high electron fraction in Figure 7 raises the 
question of whether reheating by ambipolar diffusion really 
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oó produces effects as large as those obtained by RGS. In the 
So present calculations, we include the ions of C, S, Si, Mg, Fe, 

; and Al, as well as Na, and find that » 10 "4, in contrast to 
^ RGS who assumed = xNa = 2.3 x 10 ~6. Our large electron 
^ fraction arises because only C+ and S+ recombine, although 
S Si+ recombines partially for M = 3 x 10-6 M0 yr_1. Factors 

of 40 or 50 in make a big difference in the thermal balance 
and suggest that the extreme reheating may be an artifact of 
the low electron fraction assumed by RGS. 

In order to further understand the effects of reheating on the 
chemistry, we calculated the molecular abundances for M = 
3 x 10"7 M0 yr-1 without reheating by assuming that the 
temperature falls monotonically and joins smoothly onto the 
asymptotic form given by RGS (Appendix C) appropriate to 
xe = 1.2 x 10 "4. The abundances shown in Figure 8 show 
fewer effects of reheating and 20% of the carbon is in CO. 

Finally, the results for the largest mass-loss rate, M = 3 
x 10-5Moyr-1, using the RGS temperature distribution are 
shown in Figure 9. Again we start the integration at 1012 cm. 
In this case, RGS predict little reheating and the wind is essen- 
tially molecular. All of the heavy atoms are in the molecules, 
CO, H^O, and SiO, etc., and 75% of the protons are in H2. The 
remaining 25% in atomic hydrogen might, of course, be obser- 
vable at 21 cm. Most of the atomic ions are recombined; in 
addition to Na+, 20% of the magnesium remains ionic. Thus 
the RGS estimate of xe is only a factor of 3 too high and the 
theoretical calculation of the temperature should hold. 

Fig. 8.—Chemical abundances for Case 3 and M = 3 x 10 7 M0 yr 1 for 
a modified temperature distribution without reheating. 

r (cm) 
Fig. 9.—Chemical abundances for Case 3 and M = 3 x 10 5 M0 yr 1 

3.4. Variations in the Radiation Field 
It is obvious that the inner protostellar wind is exposed to a 

very large radiation field. Its effects can be seen in the 
occurrence of some very large photorates in Table 3 for a 5000 
K blackbody spectrum. Because the density is also large, a 
proper comparison with other (particle) reaction rates in differ- 
ent astrophysical situations involves the ratio G/n, where G is a 
photorate and n is the density. In these terms, photo processes 
that depend on the far-UV band from 900-1100 Â, for example 
H2 and CO photodissociation, are weaker than in the diffuse 
interstellar medium whereas those that depend on the 1200- 
2000 Â band, for example H20 photodissociation and heavy 
element photoionization, are stronger. In this section, we intro- 
duce variations in the protostellar radiation to study how 
departures from the standard 5000 K blackbody spectrum 
affect our results. 

We first consider changes in the blackbody temperature T*. 
The first three columns of Table 5 offer a comparison between 
T* = 4000, 5000, and 6000 K for Case 2 and M = 3xl0-6 

M© yr-1. The results for T* = 5000 K have been discussed in 
§3.2 and displayed in Figure 4. We have changed only the 
photospheric temperature in the new calculations. Although 
the implied changes in the spectral distribution of the radiation 
and the total luminosity can, in principle, affect the gas tem- 
perature, such effects are actually small (RGS). The results in 
Table 5 indicate that the basic character of the 4000 and 5000 
K winds are similar, i.e., hydrogen is mainly atomic and almost 
all of the carbon is in CO, but there are differences in SiO and 
other oxygen-bearing molecules. In particular, oxygen is split 
equally between O and H20 for T* = 4000 K and all of the 
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TABLE 5 
Asymptotic Abundances3 

X 4000 K 5000 K 6000 K UV1 UV2 
(1) (2) (3) (4) (5) (6) 

H2 6.4-3 
e 4.2-5 
O 2.9-4 
OH 8.9-9 
H20 4.1-5 
02 1.6-5 
C 0 
C+ 0 
CO 4.0-4 
CH 0 
C2 0 
Si 2.6-19 
Si+ 0 
SiO 3.8-5 
S 1.8-5 
S+ 0 
Fe 3.4-5 
Fe+ 2.0-7 
Mg 4.1-6 
Mg+ 3.6-5 
A1 6.7-9 
Al+ 3.2-6 
Na 5.3-8 
Na+ 2.2-6 

1.4- 3 4.5-6 
4.3-5 1.2-4 
3.5- 4 8.0-4 
7.0- 9 1.2-10 
4.7-19 0 
3.9-6 5.4-13 
0 4.0-4 
0 2.8-10 
4.0- 4 1.0-7 
0 5.4-12 
0 2.7-12 

7.5- 9 
3.8- 4 
3.4- 15 
1.6- 5 
1.9- 6 
5.1- 8 
3.4- 5 
8.4- 8 
4.0-5 
1.3-11 
3.2- 6 
1.2- 9 
2.3- 6 

6.3-6 4.7-6 
1.2- 4 1.2-4 
4.5- 4 6.0-4 
1.7- 10 8.4-12 
0 0 
7.8- 13 1.6-15 
5.3- 5 2.0-4 
5.6- 16 3.2-15 
3.5- 4 2.0-4 
4.2- 12 8.6-12 
5.0- 13 2.8-13 
7.5- 9 1.8-10 
3.8- 4 3.8-4 
4.6- 15 9.0-15 
1.8- 5 1.8-5 
4.3- 15 5.2-15 
5.0- 8 1.4-9 
3.4- 5 3.4-5 
1.4- 7 6.7-9 
4.0- 5 4.0-5 
9.3-11 5.4-12 
3.2- 6 3.2-6 
6.5- 9 9.5-10 
2.3- 6 2.3-6 

6.2-16 
0 
3.8- 5 
1.8- 5 
0 
3.0-5 
7.5-7 
2.9- 8 
3.7- 5 
6.8- 11 
3.2- 6 
3.3- 9 
2.3- 6 

a Case 2,M = 3x10“6Mo yr“1. 

silicon remains in SiO ; the heavy atoms in this model are also 
slightly more recombined. By contrast, all molecular abun- 
dances are reduced for T* = 6000 K and the ionization is 
increased by a factor of 3 relative to T* = 5000 K. Even CO is 
much reduced and, most striking of all, the abundance of SiO is 
negligible. These substantial changes in going from T* = 
5000 to 6000 K are a consequence of the great sensitivity of the 
abundances of most oxygen-bearing molecules (other than 
CO) to the far-UV radiation field, which is markedly “ harder ” 
at 6000 K. 

Next we consider the possibility that the protostellar radi- 
ation field is not a pure blackbody, in particular that there may 
be a significant excess flux in the far-UV. Such an effect might 
arise in a natural way as the protostar-disk system evolves and 
the protostar rotation is braked, giving rise to an accretion 
shock and associated UV emission. We have carried out calcu- 
lations in which the protostellar spectral energy distribution is 
blackbody down to a “ cutoff” wavelength and constant below 
that wavelength. There is some observational evidence of T 
Tauri stars that is suggestive of this type of short-wavelength 
continuum (Kenyon et al. 1989). The results presented in 
columns (5) and (6) of Table 5 correspond to cutoff wave- 
lengths of 2000 and 3000 Â, respectively. Although the total 
excess UV luminosities are small, 4.0 x 10“3 and 9.8 x 10“2 

L0, respectively, the flux increases at 1000 Â are very large: 
5.5 x 104 and 8.8 x 105 for the cutoffs at 2000 and 3000 Â, 
respectively. Figure 10 shows the results for the case where the 
far-UV spectral energy distribution is flat below 2000 Á for 
Case 2 and M = 3 x 10" 6 M0 yr-1. Compared with Figure 4 
(no UV excess), there are substantial reductions in all mol- 
ecules but the reduction in the CO abundance is only 15%. The 
most striking change is that the abundance if SiO is reduced to 
an extremely low level. Increasing the cutoff wavelength to 
3000 Á continues this trend, e.g., the asymptotic CO abun- 
dance is reduced by 50%. Although a far-UV excess can be 

Fig. 10.—Chemical abundances for Case 2 and M = 3 x 10 6 M0 yr 1 

with constant UV energy flux below 2000 Â equal to that of a blackbody at 
2000 Â. 

very effective in reducing the abundance of many neutral 
atoms and molecules, the most easily observed molecule CO is 
fairly resistant to even quite large UV flux increases. 

4. DISCUSSION 

The results presented in the last section show how molecules 
can be formed at substantial levels in the very fast, primary 
winds generated by young, low-mass protostars. The under- 
lying processes proceed efficiently under a wide range of condi- 
tions. Even for situations where RGS predicted large reheating, 
the winds retain a substantial abundance of CO. The most 
important requirement for molecular synthesis in these winds 
is that the temperature fall to less than a few thousand K 
within several protostellar radii. The calculations of RGS are 
critical in this context because they show how difficult it is to 
heat the winds in the inescapable presence of cooling associ- 
ated with adiabatic expansion. We find that the efficiency for 
molecule formation is greater than in our preliminary report 
(Paper I), mainly because we now include the density enhance- 
ments due to acceleration and collimation. Of course for very 
low mass-loss rates, such as assumed in the one previous study 
of the subject by Rawlings et al. (1988), who considered a mass- 
loss rate, M = 10-9 M0 yr-1, typical of some T Tauri stars, 
molecule formation is indeed inefficient. 

The calculations also reveal that, given favorable tem- 
peratures, molecule formation increases rapidly with the 
density. Taking into account the effects of expansion, acceler- 
ation, collimation, and variations in the mass-loss rate, the 
calculations span a large range of density. Consequently we 
have had to implement several types of chemistry, for example 
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the H-, H2 , and 3H routes to form H2 and ion-molecule and 
neutral reactions to form heavy molecules. The proximity to 
the protostar also implies that photo effects and the shielding 
of the protostellar radiation are important. Of particular inter- 
est is the crucial role played by charge exchange in the rapid 
destruction of H+ ions and the concomitant increase in the 
ionization of the wind. The latter effect is due to the fact that 
the destruction of H+ differs from that of the typical heavy 
atomic ion because it interacts strongly with neutral radicals 
and molecules. Unfortunately, quantitative results on the ion- 
ization of the wind are rendered uncertain by the almost total 
absence of laboratory measurements of charge exchange reac- 
tions in the sub-eV energy range. 

The self-shielding of the neutral species subject to photo- 
destruction also plays a crucial role in molecule formation 
close to the protostar. Most of the shelding is due to the 
absorption of photoionizing continuum radiation by the abun- 
dant neutral atoms. The effectiveness of an atom in this respect 
is determined by the photoionization threshold as well as by 
the abundance of the element and the magnitude of its cross 
section. Thus, the order in which the ions recombine as the 
density increases is generally C + , S+, Si+, Fe+, Mg+, Al+, and 
Na + . For CO, which requires photons shortward of 1100 Â, 
the shielding is produced primarily by C and S atoms. In this 
context, it is useful to note that, in the least opaque Case 1, 
equation (2) implies that the optical depth from R* to infinity 
due to C at 1000 Â is more than 3 x 104 (for M = 3 x 10“6 

Me yr~1 and V = 150 km s-1). 
Although similar considerations apply to molecular hydro- 

gen, its formation proceeds relatively slowly except at the 
highest densities. In addition, H2 can be readily destroyed by 
chemical reactions and by collisional dissociation at interme- 
diate temperatures of the order of a few thousand K. It is for 
these reasons that fast, protostellar winds usually manifest an 
atomic hydrogen character even where most of the heavy 
atoms are incorporated in molecules. It is therefore important 
to keep in mind that the mere detection of atomic hydrogen, e.g., 
by its 21 cm emission, does not imply the wind is completely 
atomic. Not only may CO be abundant at relatively low mass- 
loss rates but, for high mass-loss rates, some hydrogen remains 
atomic, as shown in Figure 9. 

Our calculations are relevant to observations of protostellar 
winds in the emission lines of various species that can be 
detected at infrared and radio wavelengths. As we have just 
mentioned, the short dynamical time scales of protostellar 
winds ensures that atomic hydrogen is present unless the mass- 
loss rate is extremely large, i.e., more than 10"4 M0 yr-1. 
Being quite robust, CO is usually present unless the mass-loss 
rate is so low that the formation processes are inefficient. The 
abundance of SiO is more sensitive to density than CO, and 
the SiO/CO ratio is a tracer of high-density gas. SiO also 
appears to be particularly sensitive to the presence of excess 
UV radiation, largely because it has a relatively low threshold 
energy for photodissociation. However, we know practically 
nothing about the SiO photodissociation cross section so our 
ideas on this point are somewhat provisional. 

The hydroxyl radical reaches abundances of the order of 
10“8 and represents a potential diagnostic for intermediate 
mass-loss rates. Although 02 is another indicator of incom- 
plete oxygen chemistry, its abundance is generally small. The 
abundances of the CH and C2 radicals are small and their 
diagnostic potential for these winds appears to be slight. On 
the other hand, H20 is a high-density tracer because it can 
capture almost all of the residual oxygen not in CO. 

There is also considerable interest in the atomic component 
of these winds. Our calculations show that, except for the 
largest mass-loss rates, the dominant form of oxygen is atomic. 
Hence the emission in the fine structure lines in the far-infrared 
at 63 and 146 pm offers potential diagnostic opportunities. 
Although carbon is more readily incorporated into CO than 
oxygen is in H20, we find that atomic carbon dominates at low 
mass-loss rates. In this case, the submillimeter lines at 492 and 
809 GHz are of potential interest. In contrast to carbon, silicon 
occurs in the form of Si+ when it is not in SiO, so here the focus 
is the Si+ fine structure line at 35 pm. On the other hand, sulfur 
will generally be atomic except at the largest mass-loss rates; 
its fine structure lines are at 25 and 56 pm. 

Very high-velocity gas was detected by Lizano et al. (1988) 
near the highly embedded, protostellar source SSV 13 (with the 
associated Herbig-Haro objects HH 7 — 11) in both the 21 cm 
line of atomic H and the 2.6 mm line of CO. They interpreted 
their observations in terms of a protostellar wind with a mass- 
loss rate of 3 x 10“6 M© yr-1 and suggested that this wind 
drives the extended, lower velocity bipolar outflow, often 
observed near young stellar objects (e.g., Lada 1985; Snell 
1987). Detections of very high-velocity CO with speeds in the 
range 100-200 km s“1 in other sources (Koo 1989,1990; Mar- 
guiis & Snell 1989; Giovanardi et al. 1990) lend support to this 
conclusion. High spatial resolution observations of the HH 
7—11 outflow (Masson, Mundy, & Keene 1990; Bachiller & 
Cernicharo 1990) show that it is bipolar with correlated 
clumps on the two sides of the flow. High-resolution, near- 
infrared observations of more luminous protostars also 
provide important evidence for such flows (Mitchell et al. 
1989). 

At the nominal distance of the HH 7—11 source (350 pc), 
the highest-resolution radio observations (12", Bachiller & 
Cernicharo 1990), probe regions of linear dimension 6 x 1016 

cm (4000 AU). This is a size scale altogether different from the 
source of the wind, and it is difficult to comprehend which 
aspects of the primary wind are being observed with current 
instrumentation. Our chemical models express some of the 
qualitative features of the above cited observations. Most 
important, they explain how the primary wind can be pri- 
marily atomic hydrogen for mass-loss rates of the same order 
as measured in HH 7—11 and still contain substantial CO. To 
make further connections with observations, it will be neces- 
sary to understand the excitation of the observed lines and to 
calculate the line fluxes using radiative transfer techniques that 
are appropriate for these winds. Eventually, a high-speed 
primary wind will interact with the surrounding material and 
undergo significant dynamical and physical changes that 
include channeling of the flow, entrainment of ambient gas, 
and shock heating and chemistry. A full understanding of the 
observations requires consideration of these interactions of the 
primary wind. 

The basic concept of the model investigated in this paper is 
fairly simple, being based on specified one-dimensional flows 
and temperature distributions. It is important to keep its limi- 
tations in mind as well as the fact that even this “simple” 
model requires rather elaborate calculations. The assumption 
of only one spatial dimension is a serious limitation in model- 
ing protostellar evolution involving an accretion disk. We have 
adopted the RGS method for simulating the effects of colli- 
mation on the wind density (Case 3). Similar representations of 
the changes in the shielding of the protostellar radiation field 
and inclusion of the radiation emanating from the inner 
regions of the disk could be implemented. In the longer term, 
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however, it would be preferable to develop a two-dimensional 
version of the present calculation. 

Our discussion of the ionization and reheating for Case 3 
indicates that a more consistent treatment of the thermal 
effects is needed, one that extends the theory of RGS to include 
the heavy element chemistry of this paper. It should be recalled 
that we have emphasized the flow models of RGS in the 
present calculations and found that the molecular abundances 
are sensitive to density. The results for other flows may well 
differ quantitatively, but their qualitative properties should not 
be much different. 

Another assumption of the present calculations, that dust 
does not form, was made primarily for purposes of simplifica- 
tion but also because it probably has little effect on our general 
conclusions. As discussed by RGS, dust may form at about 
10 R* but at this point most of the critical molecular synthesis 
has already occurred. Dust formation can actually help mo- 
lecular synthesis by shielding wavelength bands longward of 
1200 Â that are not shielded by neutral carbon and sulfur. On 
the other hand, the dust will be silicates and therefore reduce 
the amount of silicon available for SiO and of oxygen for H20. 

Another chemical simplification in the present report is the 
omission of sulfur and nitrogen chemistry. We have actually 
developed a full sulfur chemistry and are investigating its 
implications. Because it more than doubles the number of 
chemical equations, a complete study requires further improve- 
ments in our numerical methods in order to deal with the 
problems mentioned in § 3.3. 

We have assumed that the flows are both steady in time and 
vary smoothly with position. Real winds may be variable and 
thus clumpy. The strong dependence of the chemistry on 
density would suggest that the denser parts of a clumpy flow 

would be even more molecular, as long as these regions are 
also well-shielded, and that the more rarefied parts would be 
more atomic. Even though our present program is one- 
dimensional, it could be adapted to simulate some aspects of 
clumpy protostellar winds. Finally, our calculations must 
eventually break down when the winds begin to interact with 
ambient interstellar material, particularly with other portions 
of the nascent cloud. Again some aspects of these interactions 
could be incorporated into our program but, in principle, they 
require a two-dimensional theory and the inclusion of shocks. 

5. CONCLUSION 

In conclusion, our calculations reveal the presence of a rich 
chemistry in the primary winds of young, low-mass protostars. 
The chemical abundances are sensitive to the basic properties 
of the flow such as the temperature, the mass-loss rate, and the 
spatial variation of the density due to the acceleration and 
collimation of the wind. Our calculations indicate that a 
variety of atomic and molecular diagnostics of these winds 
may eventually be able to provide direct information on this 
important aspect of the formation of stars. 
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