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ABSTRACT 
The interaction between an isotropic stellar wind and a stratified environment can lead to the formation of 

de Laval nozzles (in the adiabatic case) or to the formation of an elongated cavity surrounded by a dense, 
cold shell of shocked gas (in the limit of short cooling distances, i.e., in the highly nonadiabatic case). A pre- 
liminary exploration of the intermediate regime between the adiabatic and the highly nonadiabatic regimes 
yields very interesting results. We find that while for large cooling distances (i.e., cooling distances larger than 
~5 times the environmental scale height) the flow resembles the adiabatic de Laval nozzle, for short cooling 
distances (i.e., cooling distances smaller than ~ 5 times the environmental scale height) the flow is considerably 
different from the adiabatic case, leading to the formation of very narrow, well collimated, cold jets. A prelimi- 
nary comparison between observations of the HH 1/2 source and radio free-free spectra computed from our 
models gives very encouraging results. 
Subject headings: hydrodynamics — stars: winds 

I. INTRODUCTION 

Regions of low mass star formation show the occurrence of 
well collimated, high-velocity outflows from protostars or 
young stellar objects (see, e.g., Mundt 1985). The regions of 
interaction between these outflows and their environment 
show a number of interesting observational characteristics. 
The Herbig-Haro objects, “cavities,” and “jets” which are 
produced by these interactions have been the focus of quite 
extensive theoretical and observational studies in the recent 
past (see, e.g., the reviews of Mundt 1987 and Dyson 1987). 

Some of the observed stellar outflows are very highly colli- 
mated, showing very thin jets (with unresolved or almost unre- 
solved cross sections) extending outward from the central 
source of the outflow. Typical examples of this kind of object 
are the HH 34 (Reipurth et al. 1986; Raga and Mateo 1988; 
Bührke, Mundt, and Ray 1988) and the L1551 (Mundt, Brugel, 
and Bührke 1987; Campbell et al. 1988) jets. These objects 
show the necessary existence of mechanisms for producing very 
well collimated outflows during the process of stellar formation 
or early stellar evolution. The present paper consists of an 
exploration of a mechanism for the production of this kind of 
collimation. 

A possible mechanism for the formation of collimated out- 
flows has been explored in detail by Cantó (1980) and com- 
pared with observations by Cantó, Sarmiento, and Rodriguez 
(1986). A source with an isotropic wind is assumed to be 
located in a stratified environment, and the interaction 
between the wind and the environment leads to the formation 
of one or two (oppositely directed) elongated cavities. The apex 
of these cavities correspond to the starting points of well colli- 
mated jets (Cantó, Tenorio-Tagle, and Rózycka 1988). A fun- 
damental assumption of these models is that the flow is highly 
nonadiabatic, so that the stellar wind, which is shocked at the 
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edges of the cavity, forms a thin, cold layer surrounding the 
cavity. 

A similar scenario has been explored by Königl (1982), who 
suggested that for an adiabatic stellar outflow such a configu- 
ration would lead to the formation of one or two (oppositely 
directed) de Laval nozzles. This scenario had been previously 
proposed by Blandford and Rees (1974) for extragalactic out- 
flows, and explored numerically and analytically by Norman et 
al. (1981) and Smith et al. (1983). As discussed by Dyson (1987), 
the Cantó and the Königl models correspond to the limits of 
high and low cooling efficiencies, respectively, for the problem 
of an isotropic wind source in a stratified environment. 

In this paper we extend Königl’s (1982) calculation of a de 
Laval nozzle flow to the nonadiabatic case. This allows us to 
explore a regime of moderate cooling which might be relevant 
for stellar outflows. 

However, one has to be very cautious in interpreting the 
present models as an intermediate case between the Konigl 
and the Cantó models. Because of the way our approximate 
models have been constructed, while we can regain Konigl’s 
(1982) results for adiabatic flows, we do not obtain a transition 
to the Cantó (1980) models for the highly nonadiabatic case. A 
study of whether or not a transition between the Cantó and 
Königl models actually occurs in real flows lies outside the 
scope of our simplified formulation. 

II. THE NONADIABATIC DE LAVAL NOZZLE FLOW 

a) Equations 
Following Königl (1982), we assume that a source with an 

isotropic wind is located in a stratified environment. It is 
assumed that the stellar wind goes through a shock at a radius 
Rs, and is then channelled into two oppositely directed de 
Laval nozzles (see Fig. 1). 

The calculation is carried out under the assumption that the 
motion of the gas is almost completely parallel to the axis of 
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Fig. 1.—Schematic diagram showing the general configuration assumed for a de Laval nozzle flow. An isotropic wind source is located at the origin, and at a 
radius Rs the wind goes through a shock. The stratified environment [with a pressure stratification Pe(x) = Pc(-x)] collimates the wind into two oppositely directed 
de Laval nozzles (see text). 

symmetry of the flow. This approximation is obviously not 
valid in the region close to the source, where the flow can have 
substantial velocities perpendicular to the axis of symmetry (as 
is intuitively obvious from Fig. 1). 

On the other hand, the flow velocities close to the star (but 
outside the shock situated at a radius Rs ; see Fig. 1) are sub- 
sonic, so that the main characteristics of the flow are deter- 
mined to a large extent by pressure gradients (rather than by 
advection). Because of this, a precise knowledge of the velocity 
field is not essential for a determination of the general charac- 
teristics of the flow in this region. As Königl (1982) has done, 
we will assume that the radius Rs of the stellar wind shock is 
small (compared, e.g., to the scale height of the environment 
and to the cooling distance), and solve the problem under the 
assumption that velocities are almost parallel to the axis of 
symmetry throughout the flow. 

For the environment, we assume (following Cantó 1980) a 
self-gravitating isothemal disk pressure stratification: 

Pe(x) 4ex/H 

"Ë7 = (1 + ex/H)2 9 (1) 

where 

p 1/2 

(21 

G is the gravitational constant, and P0 and 0 are the 
environmental pressure and density, respectively, at x = 0 (see 
Fig. 1). This simple description of the environment as a self- 
gravitating slab is at best a very crude approximation to the 
stratification of a circumstellar disk, but it provides a conve- 
nient parametrization appropriate for the very simplified cal- 
culation we have carried out. The effects introduced by 
different environmental stratifications should be explored in 
the future, possibly in the context of more realistic de Laval 
nozzle models. 

Under the assumption of flow motion almost parallel to the 
axis of symmetry (see above), the Euler equations take the 
simple form : 

pvnr2 — const. (3) 

(continuity equation), 

d_ 
dx 

(equation of motion), 

dh 
dx 

v2\ 1 dP ^ 
l) + ~pd^ = 0 (4) 

L , v2 y P 
~ ; h = — -\ 7 - v 2 y — 1 p 

(5) 

(energy equation), where x is the distance measured along the 
axis of symmetry, r is the cylindrical radius of the nozzle, p is 
the density, v the velocity (assumed to be parallel to the x-axis), 
P is the pressure, L the energy loss (per unit mass and time), 
and y is the specific heat ratio of the gas (assumed to be con- 
stant throughout the flow). The gas is also assumed to be in 
pressure equilibrium with the environment : 

P(x) = Pe(x). (6) 

This approximation is valid provided that the ratio of the 
environmental scale height to the radius of the nozzle, H/r, is 
larger than the Mach number M = v/cs of the flow. 

In order to carry out an integration of the flow equations, it 
is necessary to determine the value of the cooling function L 
(see eq. [5]). In order to determine the cooling of a non- 
adiabatic flow, it is in principle necessary to explicitly solve the 
ionization rate-of-change equations for all the ions in the gas 
(see, e.g., Kafatos 1973). 

We have carried out a calculation of the cooling rate with 
the following simplified approach. It is possible to obtain an 
approximate estimate of the cooling rate by assuming that the 
gas continuously relaxes to coronal ionization equilibrium (i.e., 
collisional ionizations balanced by radiative and dielectronic 
recombinations). In this approximation, the ionization state of 
the gas is determined by the local temperature (and not by a 
number of complex ionization rate-of-change equations). If we 
additionally assume that all the collisional line excitation is 
occurring in the low density regime, the cooling rate is given by 

L = pF(T), (7) 

where p is the density and T the temperature of the gas, and 
F(T) is a function which is determined by the coronal ioniza- 
tion equilibrium condition and all the cooling processes which 
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occur in the gas. For this function, we have taken the approx- 
imate parametrized form : 

F(T) = 2.21 x 1029 (ergs s-1 cm3 g~2)T~0 63 

X [1 - ¿-<77105)1.63-. HT) 
J 1 + r(T) ’ K ’ 

where r(T) = 0.244T1-2 exp ( — 157900/T) is the ratio between 
the collisional ionization and radiative recombination rates for 
hydrogen, and temperatures are in Kelvins. Equation (8) rep- 
resents an analytic approximation to the cooling function 
determined numerically by Raymond, Cox, and Smith (1976), 
for the T = 104-107 K temperature range. 

We have assumed that hydrogen produces the most impor- 
tant contribution to the electron density (neglecting the contri- 
butions of other elements). In this approximation, the coronal 
equilibrium condition determines the temperature as a func- 
tion of the pressure and density through 

J^= 1 + 2r(T)~ 
pm |_ 1 + r(T) J ’ (9) 

where m is the gas constant, and the function r(T) has been 
defined above (see eq. [8]). From equation (9) it is possible to 
obtain (numerically) the temperature as a function of the pres- 
sure and density of the gas : T = T(P/p). 

Writing distances in units of the scale height H of the 
environment (x' = x/H\ the pressure in units of P0 (P' = 
P/P0\ the velocity in units of the value cs 0 of the speed of 
sound at x = 0 (t/ = y/cs 0), the density in units of p0 = 
p (x = 0) (p' = p/po), and defining /(F/p') = F(T)/F(T0) (see 
eqs. [8] and [9]), equations (l)-(7) can be combined to obtain 

where 

df^ = f^ 
dx' y 

1 P,2f(P'/p') . F 

dv'2 

dx' 

v'P' 

2 F 

7 P' 

F 

1 + 

is the logarithmic pressure gradient, and 

(10) 

(11) 

(12) 

^cool   1 Pq ^s, 0 
ir-Miy-VpoLo’ 

(13) 

is the ratio of the initial cooling distance dcool (i.e., the cooling 
distance for x = 0) to the environmental scale height H (the 
subscript 0 indicates values for x = 0). The exact definition 
used for the cooling distance dcool is given by equation (13). 

b) Boundary Conditions 
The problem now consists of integrating equations (10) and 

(11). For this integration, an appropriate choice of boundary 
conditions has to be carried out. Blandford and Rees (1974) 
and Königl (1982) have chosen the condition v'(x' = 0) = 0 (the 
other boundary condition is p^x' = 0) = 1, a result of the fact 
that densities are given in units of p0, see above). This choice of 
boundary conditions is based on the fact that the gas at radii 
slightly larger than Rs (see Fig. 1) has a high temperature and a 
low velocity, corresponding to the postshock conditions of the 
stellar wind shock. Even more, in the real, two-dimensional 

flow the velocity along the axis at x' = 0 is indeed 0, but the 
flow has a nonzero velocity along the equatorial plane (an 
effect which cannot be described in our simplified one- 
dimensional formulation). 

However, the choice of v'(x' = 0) = 0 as a boundary condi- 
tion has an important problem. The continuity equation (eq. 
[3]) implies that if the velocity goes to 0 while the density 
remains finite, the radius of the nozzle has to go to infinity. 
Because of this choice of boundary conditions, a divergence of 
the radius of the nozzle for x' -► 0 is present in the solutions of 
Blandford and Rees (1974) and Königl (1982). This divergence 
in principle is not a fundamental problem, because the simplifi- 
cations introduced in the equations (i.e., the assumption of 
velocities almost parallel to the axis of symmetry) are not valid 
for x' -► 0, so that the low x' region of the obtained solution 
should anyway not be taken too seriously. 

A somewhat more appropriate choice of boundary condi- 
tions can be obtained by noting that at low values of x' the 
velocity of the nozzle flow is not actually 0, but has a value 
which approximately corresponds to the velocity of the post- 
stellar wind shock (i.e., the shock situated at Rs ; see Fig. 1). 
The conditions for a strong shock give us the value 
v'(x' = 0) = 5"1/2, in units of the postshock sound speed cs 0 = 
cs(x' = 0). 

This choice of boundary condition (which we will use for the 
following calculations) appears to be more appropriate than 
the boundary condition used by Blandford and Rees (1974) in 
that it does not produce an unphysical divergence in the nozzle 
radius for x' -> 0. On the other hand, both choices of boundary 
conditions are somewhat arbitrary because the simplified, one- 
dimensional equations actually cannot describe the nozzle flow 
close to the source (a region in which the velocities along and 
across the axis of symmetry have comparable magnitudes). 

Because the cooling function (see eq. [7] and [8]) depends 
on the actual value T of the temperature (and not only on the 
dimensionless temperature T/T0\ in order to integrate the flow 
equations it is also necessary to specify the initial value of the 
temperature T0 = T(x' = 0). The necessity of specifying the 
initial temperature as a boundary condition disappears if one 
considers power-law cooling functions (which are scale-free). 
This appears to be a clear advantage for a preliminary explora- 
tion of the problem, such as we are carrying out in this study. 
Unfortunately, it is not possible to define a unique power-law 
index for the temperature range T = 104-107 K relevant to 
stellar outflows (see, e.g., Cox and Daltabuit 1971). One would 
have to obtain solutions for a range of power-law indices, in 
this way introducing again an extra free parameter. 

Even though in our simplified equations (eq. [10] and [11]) 
the region of radii comparable to Rs is not properly described, 
it is still possible to relate (in an approximate way) the param- 
eters of the nozzle flow to the stellar wind parameters. 

The approximate equilibrium between the ram pressure of 
the stellar wind and the environmental pressure (P0 = pw vw

2) 
determines the positon of the stellar wind shock : 

(14) 

where M is the mass-loss rate, and vw is the stellar wind 
velocity. 

Another important relation can be obtained by noting that 
half of the mass going through the stellar wind shock has to go 
out through each nozzle (see Fig. 1). Under the assumption 
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that Rs is much smaller than the scale of variation of the nozzle 
radius (see above), this leads to the simple relation: 

M 
-j = nR0

2p0v0, (15) 

where R0 is the radius of the nozzle at x = 0 (see Fig. 1). In the 
derivation of equation (15) we have assumed that the material 
in the nozzle flow comes exclusively from the stellar wind. 
Effects like evaporation from the cavity walls under certain 
conditions might produce a substantial contribution to the 
material in the nozzle flow. 

Considering that the mass loss rate can also be written as 
M = 4nRs

2p0v09 from equation (15) we see that R0 = 21/2RS. 
This relation, together with equation (14) allows us to obtain 
predictions of nozzle flows for different stellar wind parameters 
from our approximate calculations. 

c) Numerical Integration 
We have integrated equations (10) and (11) numerically with 

a fourth-order, adjustable step size Runge-Kutta method. The 

boundary conditions described in § lib have been used. An 
exploration of the solutions for different initial temperatures T0 

and values of the ratio k = dcoJH gives very interesting 
results. 

We have carried out numerical integrations for initial tem- 
peratures T0 = 105 K (see Fig. 2), 5 x 105 K (Fig. 3) and 107 K 
(Fig. 4), and for a few values of k ranging from x = 1 to oo 
(jc = oo corresponds to the adiabatic case). 

The numerical integration of the equations for a non- 
adiabatic de Laval nozzle flow has given very interesting 
results. The introduction of an energy loss term produces 
nozzles with higher collimation than in the adiabatic case. For 
the higher k values which we have computed (Figs. 2-4), the 
solutions always look qualitatively similar to the adiabatic sol- 
ution, but the nonadiabatic nozzles always show a higher 
degree of collimation, higher density, lower velocity and tem- 
perature, and a higher Mach number than the adiabatic nozzle. 

For low k values (Figs. 2-4) qualitatively very different 
results are obtained. For example, the nozzle radius r as a 
function of the distance x from the star initially follows the 
adiabatic solution, but then starts to decrease more and more 

x 
a 

Fig. 2.—Stratification obtained for de Laval nozzles with different values of jc = dcool/H and initial temperature T0 = 105 K. The left-hand column shows the 
radius (top), density (center), and velocity (bottom), and the right-hand column shows the temperature, Mach number and the product M x (r/R0) as a function of the 
dimensionless distance x/H (see text). 
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Q. 

Q. 

Fig. 3.—The same as Fig. 2, but for nozzles with an initial temperature T0 = 5 x 105 K. 

rapidly. This “collapse” of the nozzle radius eventually stops 
when the gas recombines (causing the cooling rate to drasti- 
cally decrease), and for larger values of x a very narrow, slowly 
opening “jet ” is obtained. 

This effect is most pronounced in our T0 = 107 K calcu- 
lation (see Fig. 4) where we observe the formation of very thin 
jets for k = 1-10. The region in which the nozzle collapses to 
form a thin jet shows a sharp increase in the density and the 
Mach number of the flow. At larger values of x (i.e., in the “jet ” 
region of the flow) the density starts to decrease, the velocity of 
the flow is approximately constant, and the Mach number 
continues to increase (because of the temperature decrease 
brought about by the adiabatic cooling of the gas). 

In Figures 2-4 we have also plotted the product M x r/R0. 
As we have discussed above, the approximation of setting the 
pressure P(x) of the flow equal to the local environmental pres- 
sure Pe(x) (see eq. [6]) is valid only if the environmental scale 
height H is larger than r x M where r is the radius and M the 
local Mach number of the nozzle flow. For x = 0, M x r/R0 = 
5“1/2, so that the criterion for P(x) % Pe(x) is satisfied for initial 
nozzle radii R0 < 51/2 x H. On the other hand (as is clear from 
Figs. 2-4) even if H/R0 > M x r/R0 for low values of x (i.e., for 

r æ R0), the value of the right-hand term of this inequality 
grows with increasing x, so that for large enough values of x 
this inequality will no longer be satisfied. 

In other words, for large values of x, the approximation of 
setting the flow pressure equal to the local environmental pres- 
sure (on which our calculations are based) eventually breaks 
down. From this point onward, the flow will be overpressured 
with respect to the local environment. It is not possible to 
study this region of the flow with the set of simplifying assump- 
tions which we have used in the present calculations. We leave 
this description of an “overpressured jet” flow for a future 
paper. 

We also note the following interesting fact. For k = 
dcool/H -► 0, our solutions do not correspond anymore to the 
real physical situation found in a stellar outflow. Our calcu- 
lations are based on the assumption that the flow is almost 
parallel to the symmetry axis of the flow, a condition which 
is only satisfied if the cooling distance dcool is much larger 
than the radius Rs of the stellar wind shock (see Fig. 1). The 
k = dcool/H -* 0 regime of this flow has previously been 
analyzed in detail by Cantó (1980) with a different set of sim- 
plifying assumptions. 
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Fig. 4.—The same as Fig. 2, but for nozzles with an initial temperature T0 = 107 K. 

The condition of flow almost parallel to the axis of sym- 
metry also is not correct for another region of the flow. As we 
have discussed above, for low k values the nozzle collapses to 
form a narrow, jet-like flow (see also Figs. 2-4). In the region 
where the narrow jet is formed, substantially large radial flow 
velocities might be produced, leading to the formation of rare- 
faction waves and shock waves. This region of the flow is 
obviously not properly described by our simple one- 
dimensional equations, so that considerable deviations from 
our simplified solutions might be expected. We expect that the 
general result implying the formation of a narrow jet by the 
collapse of a de Laval nozzle (due to a strong radiative cooling) 
should still be correct, at least in a qualitative way. 

It is interesting to estimate the rate at which kinetic energy is 
deposited by the de Laval nozzle at x -► oo as a function of k. 
In Figure 5, we have plotted this rate as a fraction of the rate of 
kinetic energy input from the stellar wind (this quantity corre- 
sponds to a kinetic energy “ efficiency ”) for the three different 
initial temperatures which we have considered. We have 
stopped the curves at k: = 1 to stress the fact that our present 
simplified model breaks down at low k values. The highest 
efficiency is obtained in the adiabatic case (k -> oo), for which 

the kinetic energy efficiency has a value of j (i.e., one-half of the 
kinetic energy of the wind is deposited at the end of each of the 
two de Laval nozzles). For the low k regime, a considerably 
smaller (but finite) efficiency is obtained. 

This result indicates that highly nonadiabatic de Laval 
nozzles (with low k values) are not as efficient as adiabatic 
nozzles in transferring the energy of an isotropic wind into a 
collimated outflow. On the other hand, low k nozzles are able 
(as we have seen above) to produce a much higher degree of 
collimation than adiabatic nozzles. 

III. THE FREE-FREE CONTINUOUS SPECTRUM 
AND THE HH 1/2 SOURCE 

The sources of bipolar outflows generally are very highly 
obscured, so that they are many times not visible at optical 
wavelengths (except for a few noteworthy cases, e.g., the 
sources of HH 32 and HH 57). For example, the source of the 
HH 1/2 system (which is one of the brightest and better under- 
stood systems of Herbig-Haro objects) is not visible at optical 
wavelengths (see, e.g., Strom et al 1985), and has been dis- 
covered at radio wavelengths by Pravdo et al. (1985). A 
detailed discussion of infrared observations of this object has 
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Fig. 5.—Efficiency of a de Laval nozzle for depositing kinetic energy from the stellar wind into a collimated outflow as a function of k (see text). For k -► oo, the 
energy efficiency reaches an asymptotic value of j, indicating that one-half of the total kinetic energy produced by the wind (per unit time) ends up being deposited in 
each of the two de Laval nozzles which are produced in this scenario. Curves for nozzles with initial temperatures T0 = 105, 5 x 105, and 107 K are shown. 

been carried out by Tapia et al. (1987). Pravdo et al. (1985) 
have observed a spectrum with a spectral index of 0.4 ± 0.2 for 
the source of the HH 1/2 system (recent observations made by 
Rodriguez et al. 1988 show a spectral index of 0.3 ± 0.1). 
Because of this remarkable observation, it is interesting to try 
to obtain approximate predictions of the radio spectrum from 
our nonadiabatic de Laval nozzle models. 

We have computed Sv from our models by integrating 
numerically the radiative transfer equation : 

2kv2 ff 
Sv = — T(x)[l - e-Xvix'r )Wdx , (16) 

where 

tv(x, r') = 7.57 x 1046[p(x)yH+(x)ŸÎT(x)y1-35v-2A 

x i[r(x)]2 — r'2}1/2 cm-1 (17) 
r(x) 

and k is Boltzmann’s constant, c is the speed of light, v is the 
frequency, and T(x\ p(x), r(x) and yH+W are the temperature, 
density, radius, and hydrogen ionization fraction obtained 
from our nonadiabatic de Laval nozzle models. 

In Figure 6 we show the resulting spectrum, giving the 
values of SJSV0 as a function of the dimensionless frequency 
v/v0 for nozzles with different values of k and initial tem- 
peratures T0 = 105 K, 5 x 105 K and 107 K. The frequency v0 
is defined as the frequency for which a column of length R0 of 
gas with a density p0 and temperature T0 (the values for the 
x = 0 region of the nozzle; see Fig. 1) has an optical depth of 1 : 

v0 = [7.57 x lO^poyH^o)2^"1-35^]0-476 - (18) 

From Figure 6, we see that in all cases there is a transition 
from the optically thick (v2) regime for v v0 to the optically 
thin (v-01) regime for v v0. The extent of the range of fre- 
quencies over which this transition occurs depends on the 
initial temperature and cooling distance of the nozzle flow (low 
k nozzles show a more extended transition than high k 
nozzles). 

For example, for a nozzle with central temperature T0 = 
5 x 106 K, number density n0 « p0/mH = 2 x 105 cm-3 and 
radius R0 = 1015 cm, we obtain a value v0 » 6.4 x 108 s-1, 
corresponding to a wavelength 20 æ 50 cm. For these param- 
eters (which might or might not be appropriate for the case of 
the HH 1/2 source) the observations of Pravdo et al. (1985) 
(carried out at wavelengths of 2, 6, and 20 cm) would corre- 
spond to frequencies of v ~ (2-20) x v0. From Figure 6, we see 
that low k de Laval nozzles (e.g., the k: = 1 or k; = 5 nozzles 
with T0 > 5 x 105 K) produce a spectrum with a low (but 
positive) spectral index for this frequency range, in qualitative 
agreement with the results of Pravdo et al. (1985). 

The parameters chosen above are consistent with other 
observational properties of the HH 1/2 system in the following 
sense. We find that a T0 = 5 x 106 K, k; = 5 nozzle produces a 
“cold jet” with a terminal velocity of ~300 km s-1. This 
velocity is of the same order of magnitude as the velocities 
deduced from the proper motions of the condensations of 
HH 1 and 2 (the largest of which approximately correspond 
to 350 km s~1 ; see Herbig and Jones 1981). 

Also, we can use the relations between stellar wind param- 
eters and nozzle flow parameters sketched in § lib to obtain the 
characteristics of the stellar wind. From the above parameters 
we obtain a mass loss rate M ~ 4 x 10“ 7 M0 yr ~1 and a wind 
velocity vw ~ 500 km s-1. This gives a value for the kinetic 
luminosity of the wind : Lw = Mvw

2/2 ~ 8 L0. 
This result allows us to estimate the kinetic luminosity of the 

collimated outflow. Using the result that a T0 = 5 x 106 K, 
k = 5 nozzle has an “energy efficiency” of ~0.1 (see § lie and 
Fig. 5), we obtain a kinetic luminosity for the outflow: Lout ~ 
0.8 L0. This value of Lout agrees qualitatively well with the 
values estimated by Brugel, Böhm, and Mannery, (1981) for the 
luminosities of HH 1 and 2. 

From the above discussion, we conclude that the observa- 
tions of the source of the HH 1/2 system can indeed be 
explained in terms of a nonadiabatic de Laval nozzle. A nozzle 
with k = dcoJH ~ 5 could produce a free-free radio spectrum 
with a spectral index consistent with the observations of 
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log (u/v0) 

Fig. 6.—Radio free-free continuous spectrum predicted from de Laval 
nozzle flows with different k values. The definition of the value of the frequency 
v0 (which is used to adimensionalize the frequencies and the fluxes) is given in 
the text. For decreasing values of k, more extended transition regions between 
the optically thick (v2) and the optically thin (v-01) regimes are obtained. 
Results for nozzles with initial temperatures T0 = 105 (top), 5 x 105 (center), 
and 107 K (bottom) are shown. 

Pravdo et al (1985), and at the same time be consistent with 
the velocities and proper motions observed for the Herbig- 
Haro objects 1 and 2. 

Let us finish the discussion of the HH 1/2 source with the 
following point. As we have described in §§ lia and lie our 
simplified nonadiabatic de Laval nozzle calculations are only 
applicable when the condition H/r > v/cs is met. For the 
parameters which we have suggested for the HH 1/2 source, 
from equations (8) and (13) we obtain a value dcool = 8.2 
x 1015 cm for the initial cooling distance (implying a value of 

H = dcooi/
K = 1.64 x 1015 cm for the environmental scale 

height). With these results we obtain H/R0 » 1.6, which is con- 

siderably larger than the initial Mach number v0/cs 0 = 5~1/2 

(see § Ilh), indicating that at least for low x values the flow 
indeed has a pressure similar to the environmental pressure (as 
has been assumed in our calculations). From this we conclude 
that our calculation of a pressure-matched de Laval nozzle is 
at least approximately applicable for the flow parameters dis- 
cussed above. 

We should note that the problem of prediction of radio 
free-free spectra from collimated outflows has been studied in 
considerable detail by Reynolds (1986). It is very difficult, 
however, to compare our results with those of Reynolds (1986), 
since we have carried out predictions from an actual flow 
model (in which hydrodynamic and ionization effects are cal- 
culated in an approximate, but self-consistent way) while Rey- 
nolds has carried out predictions from purely kinematic 
models (in which the flow has an assumed stratification, which 
is not actually calculated by solving the hydrodynamic 
equations). 

IV. CONCLUSIONS 
We have carried out simplified calculations of a non- 

adiabatic de Laval nozzle flow. These models describe the colli- 
mation of an isotropic stellar wind by a stratified environment, 
in a regime intermediate between the highly nonadiabatic 
regime assumed in the model of Cantó (1980) and the adiabatic 
regime assumed in the model of Königl (1982). 

The solutions to the nonadiabatic de Laval nozzle flow 
depend strongly on the initial temperature T0 of the flow and 
on the value of the dimensionless parameter k, defined as the 
ratio between the initial cooling distance of the flow and the 
scale height of the environment (which is assumed to have a 
self-gravitating, isothermal slab stratification). 

From numerical integrations of the simplified flow equa- 
tions, we have determined that while for high k values the 
solution resembles the adiabatic de Laval nozzle, for low 
values of k surprising differences appear. In the low k (i.e., high 
cooling) regime the radius of the nozzle rapidly decreases with 
increasing distance from the source, leading to the formation of 
a very well collimated, cold (T ~ 10,000 K) jet. 

We have carried out a qualitative comparison between the 
radio free-free spectrum predicted from our models and obser- 
vations of the source of the HH 1/2 system (by Pravdo et al. 
1985). We find that a nozzle with k ~ 5 can produce a spec- 
trum with approximately the correct spectral index, and at the 
same time explain the velocities and luminosities observed for 
the Herbig-Haro objects HH 1 and 2. Even though this result 
does not conclusively prove that the HH 1/2 outflow is indeed 
produced by a nonadiabatic nozzle, it shows that these new 
models offer an attractive possible explanation for the pro- 
duction of bipolar outflows from young stars. 
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