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RESUMEN

En este articulo describimos las implicaciones observacionales de modelos tedricos
de la formacién de nudos en jets estelares. En particular, presentamos predicciones de los
desplazamientos espaciales entre la emisién en He y [S II] obtenidas con dos modelos :
un modelo de “choques internos” (en el cual los nudos corresponden a pares de choques
incidentes y reflejados) y un modelo de “superficies de trabajo internas” (en el cual los
nudos corresponden a pares de choques formados como consecuencia de una variabilidad
temporal de la fuente del jet). Una comparacién entre las predicciones tedricas y las
observaciones del objeto Herbig-Haro HH 34 parece favorecer al segundo modelo.

ABSTRACT

We discuss the observational implications of theoretical models for the formation of
knots in stellar jets. In particular, we present predictions of the spatial offsets between the
He and the [S II] emission from two possible models : a “crossing shock” model (in which
the knots correspond to incident/reflected shock pairs), and an “internal working surface”
model (in which the knots correspond to shock pairs that result from a time-variability of
the outflow source). A comparison of the theoretical predictions with observations of the
jet-like Herbig-Haro object HH 34 appears to favour the second of these scenarios.
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I. INTRODUCTION

The subclass of Herbig-Haro (H-H) objects
known as “stellar jets” have a structure of a-
ligned, more or less evenly spaced knots (see, e. g.,
Reipurth et al. 1986; Mundt, Brugel, and Biihrke
1987; Reipurth 1989). A large part of the theore:i-
cal effort on stellar jets has been focussed on the in-

aligned condensations in the predicted emission
line intensity maps (Falle, Innes, and Wilson 1987,
Raga et al. 1991). Incident/reflected shock pairs
could also be formed as a result of instabilities in the
jet/environment boundary (see, €. g., the discussion
of Biihrke, Mundt, and Ray 1988; and Blondin,
Fryxell and Konigl 1990).

terpretation of this condensation structure.

It was first proposed by Konigl (1982) that
the excitation produced by incident/reflected shock
pairs in a jet flow might be responsible for the
emission spectrum of H-H objects. Models of steady
jets show that initially over or underexpanded
jets have a series of incident/reflected crossing
shock pairs, which do result in the production of

1. Present address: The University, Manchester, U.K.

An alternative possibility is that the knots in
stellar jets might correspond to “internal working
surfaces”. In this scenario, perturbations in the
ejection velocity resultin the formation of two-shock
structures (reminiscent of the working surface at
the head of the jet) that travel downstream along
the jet flow. Rees (1978) proposed this scenario for
extragalactic jets, and Raga et al. (1990) have stud-
ied it in the context of stellar jets.

In this paper, we present predictions of the Ha
and [S I1]6717+31 emission for both of the scenar-
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ios described above. The crossing shocks are mod-
eled with the steady, axisymmetric, nonadiabatic
hydrodynamical code of Raga, Binette, and Canté
(1990). We model the internal working surfaces
under the assumption that the leading shock (the
bowshock) dominates the emission, so that the
simple formulation of Raga and Béhm (1985) can
be used.

In particular, we discuss the offsets obtained
between the Ha and [S II] intensity maxima.
This prediction is useful for comparisons with
observations, because even though the knots are
at best only marginally resolved in images of stel-
lar jets, very small offsets (~ 0.5”) can be quite
accurately measured. We then compare these
predictions with the results obtained for HH 34.

II. CROSSING SHOCKS IN STEADY JETS

Raga et al. (1990) have developed a steady,
nonadiabatic jet model in which the nonequilibrium
ionization and cooling are considered. From these
models it is possible to obtain predictions of the
intensity emitted along the jet (integrated over the
Jet’s cross section) in any emission line.

In Figure 1, we show the He: and the [SI1]16717 +
6731 intensities as a function of distance from the
source. The results correspond to a jet with initial

velocity vo =150 km s, hydrogen number density
nd H 104 cm™3, temperature T0 = 9000 K, radius
j = 10'® cm, and jet to enwronment pressure ratio

P](-’ /Pe = 20 (the environment is assumed to be ho-
mogeneous). We assume that at X = O the jethasa
“top hat” cross section and is parallel to the axis, and
that the gas is in coronal ionization equilibrium (i.e.,
collisional ionizations balanced by radiative and die-
lectromc recombinations) at the initial temperature
T These assumptions are completely equivalent

Lo the ones of Raga et al. (1990).

The intensity maxima resulting from the inci-
dent/reflected crossing shock cells are clearly seen
in Figure 1 (see also Raga et al. 1991). From this
figure, it is also clear that the positions of the He in-
tensity peaks do not coincide with the [S II] peaks.

Let us define the Hea/[S 11] offsets (norynalized to
the size of the knots) as :

_ Xg1—Xs1

Al = WS], ] (1)
Xg2 — Xg2
A, = 2H2 — 482

where Xg1 and Xg; are the positions of the He:
and [S II] peaks of the first crossing shock cell, and
X2 and Xgj are the corresponding parameters for
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Fig. 1. Hea (top) and [S II] 6717+6731 (bottom)

intensities along a jet flow (integrated over the cross
section of the jet). The intensities are given in arbitrary
units. The results shown have been obtained from a v¢
=150 km s~ 1, Po/Pc = 20 steady jet model (the other
parameters of the flow are discussed in the text). X
corresponds to the distance measured from the source,
along the flow axis. The posmons X1 and Xprg of the
Ho i mten51ty maxima, and the positions X g3 and X, 52 of
the [S II] intensity maxima of the first and second crossing
shock cells (respectively) are indicated in the diagrams.

The values of the full width half maximum Wg; and Wgo
of the [S II] peaks of the first and second crossing shock
cells (respectively) are indicated in the bottom diagram.

the second crossing shock cell. Wg; and Wg, are
the FWHM of the [S II] emission (measured along
the jet axis) of the first and second crossing shock
cells (respectively). These parameters are clearly
indicated in Figure 1.

In Figure 2, we show the values of A; and
A; for four different jet models. These models
have parameters identical to the ones of the mod-
el discussed above, except that different initial jet to
environment pressure ratios (P}’/Pe = 2.5, 10, 20

and 30) are considered.

We see that for low initial jet to environment
pressure ratios, the offsets between the Ha and
[SII] peaks are small relative to the size of the knots
(ie., forP /Pe = 2.5, we have A1 ~ Ay ~ —0.1).

For P‘,,O/Pc > 10, we have A; ~ —0.9 and Ag ~

—0.6. In other words, for all models we see that
the He intensity peaks are closer to the source than

the [S II] intensity peaks. As we will see in §IV, this
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Fig. 2. Normalized Ho/[S II] offsets A1 and Ag

(corresponding to the first and second crossing shock
cells, respectively) for steady jet models with v;-)
150 km s~ 1 and initial jet to environment pressure ratios
PJp/Pe = 2.5, 10, 20 and 30. Itis clear that for all models,

only negative A values are obtained.

resultis in disagreement with the observations of the
HH 34 jet.

III. INTERNAL WORKING SURFACES

Raga et al. (1990) show that time changes in
the injection velocity can result in the formation
of internal working surfaces in the jet flow. As
is clearly seen in the adiabatic flow simulations of
Wilson (1984), these working surfaces consist of two
shocks: a Mach disk, and a bowshock (which is
driven into the downstream region of the jet and
into the environment).

In order to calculate the emission from such
structures, it would in principle be necessary to
carry out a full time-dependent simulation of the
nonadiabatic flow (such as the ones of Raga 1988;
Blondin, Konigl, and Fryxell 1989). However, in
the present paper we limit ourselves to a much
simpler calculation.

We assume that the emission of the internal
working surface is dominated by the contribution
from the bowshock. As discussed, e.g., by Hartigan
(1989) and Raga (1988), this is indeed the case
provided that the density upstream of the working
surface (i.e., closer to the source) is considerably
higher than the downstream density. Of course, it
is at this time unclear whether or not this might be
the actual case in stellar jets.

We further assume that the bowshock is moving
into a uniform density medium, and that its shape
is described by the simple, parametrized form de-
rived by Raga and B6hm (1985). Under these as-
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sumptions, we can use the simple, quasi-one dimen-
sional formulation (which consists of approximating
the emission from the bowshock as a superposition
of locally one-dimensional recombination regions)
of Hartmann and Raymond (1984).

In this way, we can carry out predictions of
emission line intensities (integrated over the cross
section of the bowshock) as a function of position
along the symmetry axis (similar predictions have
been discussed by Noriega-Crespo, Bohm, and
Raga 1989, 1990). In Figure 3, we show the
prediction of the He and [S II] intensities as
a function of distance X from the head of the
bowshock (given in units of the stagnation radius
Ry of the bowshock). We have assumed a preshock
atom and ion number density n = 100 cm"3, and
a velocity V. = 100 km s™! for the bowshock.
For calculating the emission we have used the
intensities from one-dimensional shocks predicted
by Hartigan, Raymond, and Hartmann (1987).

If we believe that the emission from an inter-
nal working surface in a jet resembles the predic-
tions from our simple bowshock models, the results
shown in Figure 3 would correspond to the emis-
sion line intensities measured along the jet, going
through a knot. The direction away from the jet
source is towards positive X. We can then use these
results to calculate the offsets between the positions
of the He: and [S 1I] intensity maxima (normalized
to the FWHM of the [S 11] emission), in an analo-
gous way to what we have done in §II (see equations
1 and 2).

In Figure 4, we show the normalized He/[S I1]
offsets Ap and Ag for bowshock models of veloc-
ities V = 30, 50, 80 and 100 km s~1. The val-
ues of Ap have been calculated assuming that the
pre-bowshock gas has fully ionized hydrogen, and
the values of Ag represent bowshocks with “equi-
librium preionization” (i.e., the preshock ionization
is determined by the photoionization due to the
postshock emission, see Hartigan et al. 1987).
Due to the fact that stellar jets are observed to
be mostly neutral, the Ag values might be more
representative of the actual conditions we are
interested in.

The Ag values shown in Figure 4 indicate that
for low bowshock velocities (V' < 80 km s~ 1) the
Ho emission peaks farther away from the source
than the [S II] emission (for a definition of the
normalized offsets A see equations 1 and 2). How-
ever, the converse is true for larger shock velocities
(V >80 kms™1, see Figure 4).

As we have mentioned above, internal working
surfaces in jets will actually have emission not only
from the bowshock, but also from a Mach disk.
We find that even if we constrain ourselves to the
subset of “bowshock dominated” working surfaces
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hydrogen, and with “equilibrium preionization”, re-
-2 0 spectively) for bowshock models with velocities V' = 30,
P y
X / Ry 50, 80 and 100 km s~1. Both positive and negative A
values are obtained for different models.
Fig. 3. Ha (top) and [S II] 671746731 (bottom)

intensities as a function of position along the bowshock
axis (integrated over the cross section of the bowshock,
see the text). The intensities are given in arbitrary units.
X is the position along the symmetry axis, and X = 0
corresponds to the position of the head of the bowshock
(the distances are given in units of the stagnation region
radius of the bowshock Rp). The direction to the source is
towards negative X values. The results shown have been
obtained from a V' = 100 km s~ bowshock model with
“equilibrium preionization” (see the text). The positions
XpgE and Xgg of the Ha and [S 1I] intensity maxima
(respectively) are shown in the diagrams. Also shown in
the bottom diagram is Wg g the full width half maximum
of the [S II] intensity.

(which are obtainer only for appropriate upstream
to downstream density ratios, see above) we can
obtain both positive and negative values of A.

This possibility of having both positive and neg-
ative A values is an important difference between
internal working surface models and crossing shock
models (for which we only obtain negative A val-
ues, see §1I). In the following section, we discuss
how this result can be used to provide an interesting
observational constraint on the mechanism for the
formation of knots in stellar jets.

IV. DISCUSSION: A COMPARISON WITH
OBSERVATIONS OF HH 34

We have presented a discussion of the properties
of the Ha and [S II] emission predicted from two
different models for the formation of knots in stel-
lar jets. We have shown that steady crossing shock
models predict that the He emission of the knots
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peaks closer to the source than the [S II] emission.
On the other hand, we find that for models in which
the knots are identified with “internal working
surfaces” in the flow, both positive and negative
He/[S I1] offsets are in principle possible.

We have measured the normalized Ho/[S I1] off-
sets, A, for the knots in the jet of HH 34, in order
to compare it with our theoretical predictions. The
offsetsaredefined by A = (Xpg, = X[SII])/W[S]I]
(where Xpr, and X|s11) are the distances from the
source to the knots, and W(s1y) is the [S 1] FWHM

measured along the jet axis for the corresponding
knot). The positions and the FWHM of the knots
were measured from CCD images takes by one of us
at the KPNO 2.1-m telescope (see Raga and Mateo
1988, for details of the observations).

We reproduce these A values in Figure 5, where
we show the normalized Ha/[S II] offsets as a
function of distance from the source for the brighter
knots of the HH 34 jet. The uncertainty in positions
of the knots is ~ 0.3 pixel and the uncertainty for
the FWHM is approximately 1/10 of its values. The
error bars in Figure 5 are based on both uncertain-
ties. We have not included the knots associated with
the leading working surface of HH 34 due to the
complexity of the flow. The brightest features in
the working surface, however, show a clear shift be-
tween the Ha and [S11] CCD images, as well as with
respect to the [O III] 5007 image (see e.g., Fig. 9,
Biirke, Mundt, and Ray 1988). The knots in the
HH 34 jet show Ho/[S IT] offsets with values A ~ 0.2
— 0.5, with the exception of the knot farthest away
from the source which shows a negative A value.
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Fig. 5. Normalized He/[S II] offsets for the knots along
the ITH 34 jet (see the text for details).

From this result, we would conclude that the
observed positive values of the He/[S II] offset
cannot be explained by a “crossing shock model”
for the knots of the jet. On the other hand, the
observations might be consistent with an “internal
working surface model” for the knots (for which
both positive and negative A values are possible, see
above).

This conclusion, however is based on models
with important simplifications. For example, our
crossing shock models are based on the assumption
of a steady state flow. Time-dependent effects (see,
e.g., Blondin et al. 1990) might produce important
differences in the predicted line intensities. Also,

our models for the internal working surfaces are ex-
tremely simplified, and more detailed calculations
will have to be carried out in order to better under-
stand the characteristics of the emission from such
structures.
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