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ABSTRACT 
We present an analytical model that describes the time-evolution of a highly supersonic jet of small opening 

angle ejected from a time-dependent source. With this model, we explore the possibility that the aligned knots 
observed along astrophysical (and in particular, stellar) jets might be the result of “ internal working surfaces ” 
produced in the jet flow as a result of a time-dependent ejection velocity. 

This model allows us to carry out very concrete predictions of the shock velocities, Ha luminosities and 
characteristic masses of the knots in a stellar jet. We present a comparison between these predictions and 
previously existing observations of the HH 34 outflow (which has a very well defined, jetlike structure), and 
find a surprisingly good agreement between theoretical predictions and observations. 
Subject headings: ISM: jets and outflows — shock waves — stars: pre-main-sequence 

1. INTRODUCTION 

Both extragalactic and stellar jets many times show struc- 
tures of more or less regularly spaced, well aligned knots, 
extending away from the outflow source. These knots have 
been interpreted as being a result of either recollimation shocks 
or internal shocks formed by instabilities in the jet/ 
environment boundary (see, e.g., the recent book on astro- 
physical jets of Hughes 1991). 

An alternative possibility was proposed by Rees (1978), who 
suggested that a time-variability in the outflow source could 
result in the formation of shock waves travelling along the jet 
flow. These shock waves would produce excitation and com- 
pression in the gas, which could be identified with the knots 
observed in astrophysical jets. 

The numerical simulations of Wilson (1984) show that 
supersonic variations in the source velocity result in the forma- 
tion of two-shock “internal working surfaces” that travel 
down the jet flow. Such a model can be used to explain the 
intensity and velocity structure of jets that show more than one 
“head” (e.g., HH 46/47, Reipurth 1989; Hartigan, Raymond, 
& Meaburn 1990; Raga et al. 1990). Also, the structures of 
knots in stellar and extragalactic jets could in principle corre- 
spond to a series of such internal working surfaces travelling 
away from the source. In a recent paper (Kofman & Raga 
1991) we have explored this possibility and we have con- 
structed an analytical formalism (based on solutions to the 
viscous Burgers’ equation) for describing the global structure 
of jets ejected from time-dependent sources. In the present 
paper, we extend our formalism to treat the case of jets with 
variable densities (Kofman & Raga 1991 studied the idealized 
case of a constant density flow). 

Based on our simple theory, we also obtain predictions of 
observable quantities (e.g., the emission line intensities of the 
knots) and carry out a direct comparison with observations of 
stellar jets. In particular, for our comparison we have chosen 
the parameters derived from observations of the HH 34 
outflow, which has one of the most striking jetlike structures 
found in any of the known Herbig-Haro (HH) objects (see, e.g., 
the reviews of Mundt 1986; Reipurth 1989). The parameters 

1 On leave of absence from: Institute of Astrophysics and Atmospheric 
Physics, Tartu, Estonia, 202444 USSR. 

derived from observations of this stellar jet are discussed in § 2. 
In § 3, we derive the equations for a variable density jet ejected 
from a time-dependent source, and in the following sections we 
show the predictions and implications of our model for the 
physical parameters found in stellar jets. 

2. PARAMETERS FOR THE HH 34 JET 

In this section, we discuss the physical parameters that can 
be derived from the quite extensive observations of the HH 34 
outflow that have been carried out in the past. In the rest of 
this paper we will then focus on these parameters in order to 
show the properties and implications of our theoretical model. 

The HH 34 system shows a chain of very well aligned knots 
close to the source. We will call this chain of knots (which 
points approximately northwards, towards HH 34 itself) the 
“ HH 34 jet.” This jet is observed to have six bright knots, 
which have been labeled B through G by Reipurth et al. (1986). 
Also, several fainter knots have been discovered by Bührke, 
Mundt, & Ray (1988). However, we will concentrate exclu- 
sively on the brighter knots (B through G; Reipurth et al. 
1986), which have intensities larger by factors of ~5-10 than 
the fainter knots discovered later (Bührke et al. 1988). 

The HH 34 jet shows a very low excitation spectrum, with 
[O i] 6300/Ha and [S n] (6717 + 31)/Ha line ratios substan- 
tially greater than unity. As Brugel, Böhm, & Mannery (1981) 
have shown, low-excitation HH spectra indicate that the emit- 
ting gas has a temperature not in excess of ~ 104 K, and a low 
ionization fraction (of order 10%). Because of this, as a rough 
estimate we will consider that the emitting regions in the HH 
34 jet have a temperature T æ 104 K, and an ionization frac- 
tion such that Ç = n/ne æ 10 (where ne is the electron, and n the 
ion + atom + electron number density). 

Bührke et al. (1988) have derived electon densities ~600- 
1000 cm-3 for the brighter knots of the HH 34 jet (from the 
density sensitive [S n] 6731/[S n] 6717 line ratio). We will 
choose ne æ 1000 cm-3 as the typical electron density of the 
emitting regions of the HH 34 jet. 

The bright knots (B through G) of the HH 34 jet have radial 
velocities of ~80 km s-1 (Reipurth et al. 1986; Bührke et al. 
1988), and proper motions of ~200 km s-1 (Reipurth 1989). 
From this, we derive an angle of 22° between the outflow axis 
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and the plane of the sky. In other words, the outflow is almost 
on the plane of the sky, so that we can adopt a spatial velocity 
v ä 200 km s_ 1 for the knots of the HH 34 jet. 

The knots B through G are at positions ranging from 
roughly 10" to 26" from the source, corresponding to distances 
~(0.7-1.9) x 1017 cm (adopting the orientation angle derived 
above, and a distance of 450 pc to the HH 34 outflow). The 
consecutive knots in the HH 34 jet show angular separations of 
roughly 2"-4", corresponding to spatial separations of (1.5- 
3) x 1016 cm. In the following we will adopt x = 1.5 x 1017 cm 
and Ax = 2 x 1016 cm as typical values for the distance from 
the source and the knot separation (respectively) for the bright 
knots of the HH 34 jet. 

The remaining parameter that is necessary for a comparison 
with our theoretical model (described below) is the jet radius. 
Even though the radius is only barely resolved, Raga & Mateo 
(1988) and Bührke et al. (1988) have independently derived 
(using different deconvolution methods) a radius of «0"35 for 
the brighter regions of the HH 34 jet (corresponding to 
»2.4 x 1015 cm at the distance of HH 34). We therefore adopt 
a jet radius rjet = 2 x 1015 cm for our comparison with the 
theoretical model. 

3. EQUATIONS FOR A JET FROM A 
TIME-DEPENDENT SOURCE 

3.1. Global Structure of the Jet 

Rees (1978) first proposed that the structures of knots 
observed in astrophysical jets might be the result of a time- 
variability of the source. The numerical simulations of Wilson 
(1984) show that supersonic perturbations in the outflow veloc- 
ity (at the injection point of the jet) result in the production of 
two-shock “ internal working surfaces ” which move down the 
jet flow (see also Raga et al. 1990). We present a schematic 
diagram of such an internal working surface in Figure 1. 

A jet from a source with an extended time-dependent history 
(e.g., with a number of “outflow events”) will have several 
internal working surfaces, which would be identified with the 
emitting knots observed along an astrophysical jet. The knots 
of the jet would be separated by regions of continuous flow 

Fig. 1.—Schematic diagram showing the structure of an internal working 
surface in a jet flow. A two-shock structure is formed as the faster, upstream 
material (of velocity uj catches up with the slower, downstream material (of 
velocity u2). The gas trapped in between the two shocks is ejected sideways by 
the on-axis overpressure (resulting from the compression in the shocks), 
forming a “ cocoon ” (possibly of cool gas, see the text) with a possibly very 
complex structure around the jet. This diagram has been taken from Raga et 
al. (1990). 

(Wilson 1984; Kofman & Raga 1991). A schematic diagram of 
this configuration is shown in Figure 2. We first present a 
solution for the flow in the continuous regions of the flow 
(§§ 3.2 and 3.3) and then derive the equation of motion for the 
knots. 

3.2. Free-Streaming Solution 
We assume that we have a jet with a small opening angle 

(i.e., with a slowly varying cross section), so that the motion 
occurs mainly along the symmetry axis. For such a jet, the flow 
can be described with the one-dimensional equation of motion : 

du du 1 dP 
dt dx p dx (1) 

where t is the time, x and u are the distance and velocity 
(respectively) along the symmetry axis, and P is the pressure. 

For a highly supersonic flow, the term in equation (1) involv- 
ing the pressure is negligible. In this way, see that the total 
derivative of the flow velocity u (following a fluid parcel) is 
du/dt = 0. In other words, in the absence of pressure forces, 
parcels ejected at a time t with a velocity u0(t) preserve this 
velocity as they move away from the source. This is the “ free- 
streaming ” solution : 

x 
u(x, t) = m0(t) =   , (2) 

t — x 

where u0(x) is the velocity with which the parcel at position x 
and time t was ejected from the source. As discussed by 
Kofman & Raga (1991), in jets from time-dependent sources a 
number of internal working surfaces are in principle formed 
(one for each “pulse” of the outflow). Most of the material 
from each pulse ends up being “ swallowed ” (and then ejected 
sideways see Fig. 1) by the working surfaces. Because of this, at 
large distances from the source the continuous flow between 
two successive knots is formed by fluid parcels that were 
ejected from the source in a narrow time-interval around a 
time t„ (for the nth pulse of the time-dependent jet source). 
From equation (2), we see that the continuous flow segment 
coming from the nth pulse (see Fig. 2) then degenerates into 

w(x, t) = , (3) 
* - In 

or, in other words, for any given time the flow velocity 
increases linearly with distance from the source. This asymp- 
totic solution has been described in detail by Kofman & Raga 
(1991). 

Because of the fact that we have neglected the pressure 
forces, the density of the flow does not appear in our solution 
for the flow velocity (eq. [3]). However, the motion of the 
internal working surfaces does depend on the time- and 
position-dependent density of the flow. Because of this, in the 
following section we discuss an analytic solution for the 
density of a free-streaming flow. 

3.3. Continuity Equation 
For the sake of simplicity, we assume that the jet cross 

section o has a power-law dependence on distance x from the 
source : 

a(x) = <r0| Xq 
X + *0. 

P 
(4) 
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x 
Fig. 2.—Schematic diagram showing the structure of successive working 

surfaces formed by a jet source with a time-dependent outflow velocity. The 
vertical segments of the velocity versus position curve correspond to the 
working surfaces (which on principle have a two-shock structure, but are 
treated as single discontinuities in our simplified formalism). The oblique, 
continuous segments (which at large distances from the source degenerate into 
straight lines, see the text) correspond to the gas ejected during the consecutive 
“ pulses ” of the source (which we have numbered n — 1, n and n + 1 in this 
diagram). This figure has been taken from Kofman & Raga (1991). 

For example, for the case of a jet with a constant (half) opening 
angle a, we would have p = 2, tan a = ^/(<j 0/7r)/x0, and x 
would be the spherical radius. The Lagrangean continuity 
equation is then 

^ | P d 
dt (x + x0)p dx 

[u(x + Xo)*] = 0 . (5) 

If the flow field u(x, t) is determined by the free-streaming 
condition (eq. [2]), the continuity equation (5) has the general 
solution 

p(x, t) = p 0(t)| 
X + X( 

1 - (i - t) 
d In UqI 1 

dT J ’ (6) 

In the limit of large distances from the source this equation 
becomes 

pn(x, t) « an 

for the continuous segment of the flow arising from the nth 
pulse of the source. The constant an is given by 

<*n = Po^n)l 
d\n u0 

dx 
(8) 

The characteristic mass mn of the nth pulse of the source is 
defined as 

™n = <7o/>oCr>o(*>d , (9) 
where cr0 is the initial cross section of the jet (which we assume 
to be independent of time), u0(xn) and p0{xn) are the velocity and 

density (respectively) of the outflow at the injection point, and 

is the characteristic decay time scale of the nth pulse. In prin- 
ciple, mn is of the same order of magnitude as the total mass 
Mn ejected in the pulse. However, the precise relationship 
between mn and Mn depends on the details of the time- 
dependent velocity and density of the ejection event. From 
equations (7) and (8), we then finally obtain 

In the following section, we will use the density and velocity 
fields derived above in order to derive the motion of the inter- 
nal working surfaces of the jet. 

din m0 

dx 

3.4. The Motion of the Knots 
In the previous two sections, we have derived the velocity 

and density profiles of the continuous segments of the jet flow 
for the asymptotic regime of large distances from the source. 
These solutions can be used in order to obtain an equation of 
motion for the internal working surfaces of the flow. 

As discussed by Raga et al. (1990), the motion of an internal 
working surface can be derived by considering a coordinate 
system moving with the velocity vs of the working surface. In 
this coordinate system, we have a balance between the pre- and 
post-working surface ram pressures: Piv\ = p2v\ (where v is 
the flow velocity measured in this particular frame of reference, 
and the subscripts 1 and 2 indicate the values upstream and 
downstream of the working surfaces, see Fig. 1). Transforming 
the velocities back to a coordinate system fixed on the source 
of the jet, we obtain the differential equation (see Raga et al. 
1990) 

where 

dxs _ Uj + ßu2 

dt ~ 1+ß ’ 
(12) 

/?= Mr (13) 
V pi 

The value of ß can be determined from our solution for the 
density field (eq. [11]) : 

ß = 
¡a2(t - Tj) 
aft — X2) t>\z2-n\ 

(14) 

In other words, in the asymptotic regime of large distances 
from the source (which also can be characterized by the condi- 
tion í > I t2 

— Ti I) the value of ß is constant, and equal to the 
square root of the initial density ratio of the two consecutive 
pulses (inversely weighted with the corresponding decay time 
scales, see eqs. [8] and [14]) that gave rise to the working 
surface. 

For a constant value of ß (see eq. [14]), equation (12) can be 
directly integrated to obtain 

xs(t) = C[(t - T.Xt - t2/]
1/(1 ^ * c(t - —ff) > (15> 

where for the second equality we have again explicitly con- 
sidered the limit of large distances from the source. The quan- 
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tity C is an integration constant which is equal to the 
(constant) velocity vs of the working surface: from equation 
(15), we have 

,s = f = C. (16) 

Furthermore, if we use equations (2) and (12) we obtain 

„ «o(Ti) + ßu0(t2) 
V,-C- —p ■ (IT) 

From this, we conclude that at large distances from the source, 
the internal working surfaces move with a constant velocity vs 
(see eq. [17]), which is determined by the velocity and density 
profiles of the pairs of ejection events which lead to the forma- 
tion of the respective working surfaces. This result is a gener- 
alization of the work of Kofman & Raga (1991, who studied 
the case of a constant density jet) to the case of jets with vari- 
able densities. 

4. THE SHOCK VELOCITIES 

The asymptotic solution described in the previous section 
can be used to derive the strength of the shock waves associ- 
ated with the internal working surfaces. This has already been 
done by Kofman & Raga (1991) for the case of a constant 
density jet. 

The velocity jump Au is equal to u2(xs, t) — t), where 
the indices 1 and 2 indicate the material downstream and 
upstream of the working surface. For the limit of large dis- 
tances from the source, we can use equation (3) to obtain 

where At = t2 — Ti is the time interval separating the two 
outflow events that gave rise to the working surface, and for 
the second equality we have also used equations (15) and (16). 
From the ram pressure balance condition (eq. [12]) and the 
density field (eq. [7]), we can obtain the shock velocities and 
v2 (i.e., the velocities of the upstream and downstream flow 
measured in a frame of reference moving with the working 
surface) 

where 

»1,2 =A,2AU =/l,2 
i>?At 

/l,2 — 
\]a\a2~ a2,l 

*1,2 u2,l 

(19) 

(20) 

We should note that for the case of a jet from a periodically 
varying source, this result provides a very strong prediction 
that in principle could be observationally tested. For a periodic 
source, we have /i =/2 = i (see eqs. [8] and [20]), so that 
Vl = v2 = Am/2 (eq. [19]). Also, for this “ periodic jet,” all of the 
internal working surfaces should move with the same velocity 
vs (eq. [17]). The value of At = t2 — tx (which in this case is 
equal to the period of oscillation of the source) can then be 
calculated directly from the observations of a stellar jet as 

(21) 

where Axs is the spatial separation between two successive 
knots of the jet. Our model predicts that for the successive 
knots along the jet, the shock velocity (associated with the 
working surfaces) should decrease inversely proportional to 
the distance xs from the source (see eq. [19]). 

For the parameters appropriate fo HH 34 (see § 2), we 
obtain At ä 20-40 yr (from eq. [21]), and (from eqs. [18] and 
[19]) rshock » 10-20 km s'1. In other words, if the knots of the 
HH 34 jet are indeed working surfaces formed from a quasi- 
periodic source variability, the shock velocities associated with 
the knots should be very low. This is in apparent qualitative 
agreement with observations of HH 34, which show that this 
object has a very low excitation spectrum (see § 2). 

These low values (~ 10-20 km s-1) for the shock velocity 
raise the following question about our models. For determin- 
ing the motion of the knots, we have considered a simple ram 
pressure balance across an internal working surface (see § 3.4), 
in which we have neglected the preshock thermal pressures. 
Put in another way, if the temperature of the continuous, free- 
streaming interknot regions (see § 3.2) were ~ 104 K, the sound 
speed would be lower but comparable to the shock velocities 
deduced for HH 34, so that the preshock thermal pressure 
would not be negligible. 

However, while the postshock region (i.e., the gas66 trapped ” 
between the shock pairs of the working surfaces, see Fig. 1) 
does have a temperature ~104 K, the preshock interknot 
regions are in principle very cold. Even if the jets were ejected 
with a high initial temperature, at large distances from the 
source the temperature would be low as a result of both radi- 
ative and adiabatic cooling. The adiabatic cooling is a direct 
consequence of the “stretching” of the flow that results from 
the time-dependence of the ejection velocity (see § 3.3). In this 
way, we expect that at large distances from the source the 
interknot regions will be very cold. Because of this, our simpli- 
fied equation of motion for the knots (in which the preshock 
pressure has been neglected, see above and § 3.4) should be 
valid, even for the low ~ 10-20 km s-1 shock velocities 
deduced for the HH 34 jet. 

5. THE LINE INTENSITIES 

We now have the shock velocities (§ 4) associated with the 
internal working surfaces of the jet. Also, we have found a 
solution for the density field (§ 3.3), which allows us to calcu- 
late the preshock density for both the forward and backward 
facing shocks of the working surfaces (see Fig. 1). If we assume 
that these shocks (and the recombination regions behind them) 
can be described in an approximate way with one-dimensional 
shock wave models, we can use the predictions of line fluxes 
from one-dimensional shock models in order to determine the 
emission of the working surfaces. For this approximation to be 
valid, the cooling distance behind the shocks should be smaller 
than the jet radius (the validity of this assumption is discussed 
in more detail in § 8). 

From the line fluxes predicted by Hartigan, Raymond, & 
Hartmann (1987), we find that the Ha intensity (per unit area of 
a plane-parallel shock front) is quite accurately described by 
the interpolation formula 

¡Ha = ePps «shock . (22) 

where pps is the preshock density, and vshock is the shock veloc- 
ity. From a fit to the “equilibrium preionization” models of 
Hartigan et al. (1987) in the ushock = 20-80 km s-1 velocity 
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1 range, we obtain k = 3.8, and e = 3.21 x 1011 ergs cm s"1 g -1 

^ (kms-1)-3,8. 
< The Ha luminosity of a working surface is then given by 

2 La* = £(PlV\ + p2 vK
2)(r , (23) 

where a is the cross section of the jet (eq. [4]), and we have 
added together the contributions from the forward- and the 
backward-facing shocks of the working surface. Using equa- 
tion (19) for the shock velocities v1 and v2 and equation (8) 
(which gives the values of the constants 2 as a function of the 
characteristic masses mi 2 of the pulses) we obtain 

€V^K(Az)K 

LHx= k + i K/i + ^2/2) • (24) Xs 
For the case of a jet ejected from a source with a periodically 
varying velocity, fi =f2 = 1 (see § 4), and mi = m2 = m (the 
characteristic mass of the pulses from the source, see § 3.3). The 
Ha luminosity of the successive working surfaces is then 

Lyj„ — 
“(Arf 

2k- m . (25) 

In other words, the Ha luminosity of the successive working 
surfaces should fall off as xs

-4‘8 with distance xs from the 
source. 

In Figure 3, we show the (relative) Ha luminosities of the 
knots of the HH 34 jet (integrated both along and across the jet 
for each knot) as a function of distance from the source 
(obtained from the observations of Raga & Mateo 1988). It is 
clear that at large distances from the source (where our asymp- 
totic solution should be valid), the intensities of the knots do 
approximately satisfy an x-4,8 dependence. From this we con- 
clude that the intensity decay (at large distances from the 
source) of the HH 34 jet is indeed consistent with what one 
would expect from a model of knots produced by quasi- 
periodic variations in the source velocity. 

6. THE ELECTRON DENSITY MEASURED IN THE 
WORKING SURFACES 

Let us now attempt to derive an estimate of the electron 
density ne in the recombination regions of the working surface 

x n 

Fig. 3.—Ha intensities for the bright knots of the HH 34 jet (B through G, 
using the nomenclature of Reipurth et al. 1986) as a function of distance xs 
between the source and the successive knots. The intensities are given in arbi- 
trary units, and have been taken from Raga & Mateo (1988). The dashed line 
represents an Intensity oc xs

-4'8 dependence, which seems to be consistent (at 
least in a qualitative way) with the intensity decay of the HH 34 jet at large 
distances from the outflow source. 

shocks. Even though with our simple formalism it is only pos- 
sible to derive a crude estimate, it is a highly interesting predic- 
tion because it can be directly compared with observational 
determinations of ne (from the density sensitive [S 11] 6731/ 
[S11] 6717 line ratio, see § 2) in stellar jets. 

The on-axis gas pressure in between the two shocks of a 
working surface is given by 

P = ÇnekT = pU2vl2, (26) 

where Ç = n/ne (n is the total, ion + atom + electron number 
density), and the preshock densities pl9p2, and shock velocities 
vu v2 have been defined in § 4. If we could empirically deter- 
mine ne, Ç and T, we could obtain the preshock densities as 

Pi,2 
ÇnekT 

'fl.lVÎ&l2 
(27) 

where we have used equations (19) and (26). 
We can also use the empirically determined electron density 

in order to determine the characteristic masses rnl 2 (of the two 
outflow events that have given rise to the observed working 
surface). From equations (3), (7), (8) and (27), we obtain 

"*1,2 
er&rJcTxl 

flzvfA-T2 ■ 
(28) 

For the case of a periodically varying source, this equation 
reduces to 

Anr%¿nekT xl 
vfAr2 = 7.35 x 1(T6 Mr. 

X 
2 x 1015 cm 

1.5 x 1017 cm 
200 km s 

v* 
30 yr 
At 

(29) 

where we have calculated the cross section as <r = 7ir?et (rjet = 
the cylindrical radius of the jet at position xs), and for the 
second equality we have normalized the equation to the 
parameters relevant for the HH 34 jet (which we have defined 
in § 2). From this, we would conclude that the ejection events 
which lead to the formation of the knots had characteristic 
masses of the order of 10“5 M0. For the chain of five bright 
knots of the HH 34 jet, we would then estimate a total mass of 
~5 x 10~5Mo. We can also estimate the mass-loss rate of the 
source as M æ m/Ax « (1-3) x 10“7 M0 yr-1. 

It is interesting to note that equations (25) and (29) can be 
combined to give 

LHa = e2*-Knrlt;nekTvtK-n- 
AtY 2 

= 3.11 x lO"7 La 'jet 
2 X 1015 cm 

1000 cm 104 K/V200 km s“ 

/ At 1.5 x 1017 cmV‘8 

■ ,3o) 

where for the second equality we have again normalized the 
parameters to the values of the HH 34 jet (see § 2). This 
amounts to a prediction of the Ha luminosities of the knots of 
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the HH 34 jet. Unfortunately, as far as we are aware no spec- 
trophotometric measurements of such line fluxes have been 
carried out for this object. 

7. THE MATTER LOST FROM THE JET FLOW 

The internal working surfaces have the very important effect 
of “ intercepting ” gas from the jet flow (i.e., the gas that goes 
through the forward- or the backward-facing shocks, see Fig. 
1). This gas is ejected sideways into the near environment, and 
will form a “cocoon” around the jet, with a possibly very 
complex structure. If the cooling distance behind the working 
surface shocks is smaller than the jet radius (see § 8), this 
cocoon will be cool, and in principle would be invisible in the 
optical atomic lines. In the following, we will estimate what 
fraction of the ejected mass ends up forming part of this 
cocoon. 

In a steady state, the mass m ejected sideways (per unit time) 
by a working surface has to be equal to the mass intercepted by 
the forward- and backward-facing shocks (see Fig. 1). In other 
words 

m = ap1 vx + (jp2v2 , (31) 

where <r is the cross section of the jet, and the preshock den- 
sities pl9p2, and shock velocities vuv2 have been defined in § 4. 
Using equations (11), (19), and (31) we then obtain 

i??At i;?At 
m = -^(mi/1+m2/2) = ^T-m, (32) 

*^s •X's 

where for the second equality we have assumed that the source 
is periodic. This equation can be integrated over time in order 
to give the total mass mL(xs) ejected (sideways, into the cocoon) 
by the working surface as it traveled from the source to the 
position xs. However, as it is clear from equation (32), the 
integral diverges at the position of the source. This is a direct 
result of the fact that our theory for the motion of the working 
surfaces applies only for large distances from the source (see 
§ 3). However, we can still carry out the integral and determine 
the integration constant by requiring that mL(xs) M (where 
M is the total mass of an ejection event) for xs -> oo. However, 
as we have discussed in § 3.3, we have M ~ m (i.e., for an 
outflow event the total mass is of the same order of magnitude 
as the characteristic mass). In this way we obtain 

mL(xs) _ i Ato, 
m ~ xs ’ 

(33) 

where we have again considered the case of a jet from a source 
with a periodic time-variability. For the parameters of the HH 
34 jet (see § 2), we obtain mjm ~ 0.87. In other words, 87% of 
the mass of the outflow is in the cocoon, and not in the jet itself. 
As we discuss in the conclusions, this result has very interesting 
implications. 

One question that remains is whether or not the mass that 
has been “intercepted” by the working surfaces is actually 
ejected sideways into the cocoon. In principle, it is also possible 
that a substantial mass of gas might accumulate in the regions 
between the two shocks of the working surfaces (see Fig. 1). 

The amount mtrapped of “ trapped ” matter of course depends 
on the velocity fout at which the material is ejected sideways 
into the cocoon. Let us assume that vout ~ cs, where cs is the 
sound speed of the line-emitting region. Under this assump- 

tion, from the shock jump condition (eq. [26]) and general 
geometric considerations, we obtain 

tapped » ( —We.P , (34) 
VT^shock/ 

where p is the density of the gas trapped in between the two 
shocks of the working surfaces (i.e., the density of the line 
emitting region). For the parameters appropriate for HH 34 
(see above and § 2), we obtain mtrapped «5xl0~7Mo. From 
this, we would conclude that only a fraction mtrapped/m ~ 0.1 
(see eq. [29]) of the outflow mass remains in between the shock 
pairs of the working surfaces, and the rest of the mass inter- 
cepted by the shocks (eqs. [32] and [33]) is indeed ejected into 
the cocoon of the jet. 

8. THE RADIATIVE COOLING IN THE WORKING SURFACES 

In § 5, we have presented a simplified calculation of the Ha 
intensity of the internal working surfaces. For this calculation, 
we have assumed that the cooling distance dcool behind the 
shocks (which are associated with the working surfaces, see 
Fig. 1) is smaller than the jet radius rjet. If this condition is met, 
the gas will cool before being ejected sideways into the cocoon, 
and the recombination region behind the working surface 
shocks can approximately be described with one-dimensional 
shock wave models. 

Let us now try to see if for the conditions found in the HH 34 
jet, the condition dcool < rjet is indeed satisfied. We first deter- 
mine the total (atom + ion) preshock density to be n æ 1300 
cm-3 (by evaluating eq. [27] with the parameters appropriate 
for HH 34, see § 2). If we then consider that the shocks in the 
knots of HH 34 have shock velocities vshock ~ 20 km s-1 (see 
§ 4), we find that the cooling distance is dcool « 1015 cm (where 
¿cooi is defined as the distance from the shock at which the gas 
has cooled to a temperature of 104 K). This value of dcool has 
been obtained by scaling to the appropriate preshock density 
the cooling distance for a 20 km s -1 shock calculated by Harti- 
gan et al. (1987). As for the HH 34 jet we have rjet « 2 x 1015 

cm, the dcool < rjet condition is marginally satisfied. 
In this way, we could conclude that the gas in principle does 

have time to cool before being ejected into the cocoon of the 
jet, and that our approximation of the working surface emis- 
sion with one-dimensional shock wave models is approx- 
imately valid. We should note that for shock velocities vshock ~ 
20 km s“1 the cooling distance increases most steeply with 
decreasing shock velocity (see Raga & Binette 1992). Because 
of this, the validity of our conclusion that the gas has time to 
cool before leaving the working surface hinges on the precise 
value chosen for the shock velocity. For example, some of the 
knots in the HH 34 jet could have somewhat lower shock 
velocities, in which case the observed emission (at least from 
some of the emission lines) might come from gas which is 
already in the cocoon of the jet. Without detailed two- 
dimensional hydrodynamic calculations, however, it is very 
hard to say what would be the observable effects of such a 
situation. 

9. CONCLUSIONS 

We have presented a model for jets from time-dependent 
sources, under the assumption that the flow has a high Mach 
number and a slowly varying cross section. We find that it is 
possible to find a general analytic solution valid for large dis- 
tances from the source, that describes both the motion of the 
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internal working surfaces (which are produced as a result of the 
time-variability of the source) and the flow field in between the 
successive knots. 

From this solution it is possible to obtain very simple analy- 
tic relations giving the strength of the shock waves, the Ha 
luminosity, and the mass involved in the successive outflow 
events as a function of the observed parameters (position, knot 
spacing, velocity, electron density and temperature) of the 
knots of the jet. If we apply these relations to the parameters 
observed for the HH 34 jet, we conclude that the knots of this 
jet have associated shock velocities of yshock « 10-20 km s-1 

(which is in qualitative agreement with the very low excitation 
spectrum of this object), that the Ha luminosity of each knot is 
LHa ~ 3 x 10~ 7 L0 (which could be confirmed or not by future 
spectrophotometric observations of HH 34), and that the knots 
come from quasi-periodic outflow events with time periods 
At ~ 20-40 yr and characteristic masses m « 7 x 10 ~6 M0. 
We also conclude that the mass loss rate from the (time-depen- 
dent) outflow source of HH 34 should have an average value of 
M « (1-3) x 10-7 Mq yr-1. 

The properties deduced for the source of the HH 34 jet have 
the following uncertainty. The source in principle might have a 
time-variability with substantially shorter characteristic time 
scales. Provided that the source variability is nonperiodic, the 
closely-spaced knots that would be produced could overtake 
each other and merge into brighter, higher shock velocity 
knots (this merging process is described by Kofman & Raga 
1991). At large distances from the source, we would only 
observe such “merged knots,” so that the time scales, ener- 
getics, etc., deduced from the observations of these knots might 
not correspond to the parameters of individual “ejection 
events ” of the course. 

We also find that if we assume that the knots of the jet are a 
result of a quasi-periodic oscillation of the source, the Ha 
intensities of the knots should decrease (at large distances from 
the source, where our analytic model is valid) as xs

-4'8, where 
xs is the distance measured from the source. Very surprisingly, 

we find that the knots farther away from the source of HH 34 
do approximately follow such an intensity versus position 
trend. This could be interpreted as an indication that the knots 
of the HH 34 jet might indeed correspond to internal working 
surfaces in the jet flow. However, this interpretation of the knot 
structure of stellar jets needs further confirmation (tentative 
work in this direction has been recently carried out by Rei- 
purth, Raga, & Heathcote 1992; and by Raga & Noriega- 
Crespo 1991). 

Another interesting conclusion is that at the distance from 
the source at which we observe the bright knots of the HH 34 
jet, already ~90% of the mass of the outflow has been lost 
from the jet. This “mass loss” from the jet into the near 
environment (possibly forming a cool “cocoon” around the 
jet) occurs due to the fact that the internal working surfaces 
“ intercept ” gas from the jet flow, and eject it laterally into the 
near environment. 

One would of course be tempted to think that these cool, 
massive envelopes of jets might in some way be related to the 
associated molecular outflows (see, e.g., the review of Cabrit 
1989). However, in order to pursue this idea, one would have to 
understand (at least in a qualitative way) the interaction of the 
matter lost from the jet with the surrounding environment. 
This possibility should be addressed in future work. 
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