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RESUMEN

Las cadenas de nudos alineados que definen los haces de los chorros HH a
veces son observadas tanto en lineas atómicas/iónicas como en ĺıineas moleculares
(de H2). Modelamos estos objetos como chorros con una velocidad de expulsión
dependiente del tiempo, la cual produce superficies de trabajo internas que viajan
a lo largo del chorro. Si esta interpretación es correcta, entonces la presencia de
nudos alineados de H2 es un indicador de alta sensibilidad de las amplitudes de la
variabilidad en la expulsión. Encontramos que para variabilidades con amplitudes
de ∼ 10 km s−1, las superficies de trabajo internas tienen condiciones apropiadas
para que se forme H2 (mediante qúımica de iones negativos y positivos en la fase
gaseosa). Presentamos simulaciones axisimétricas hidrodinámicas+qúımicas que
muestran que fracciones de H2 de hasta ∼ 1–10% pueden ser obtenidas, y que
la emisión de H2 1–0 S(1) resultante puede ser substancialmente más alta que la
emisión de Hα. De nuestro estudio, conclúımos que la emisión de H2 observada
en las cadenas de nudos de algunos chorros HH podŕıan corresponder a moléculas
formadas in situ dentro de superficies de trabajo internas que viajan a lo largo del
chorro.

ABSTRACT

The chains of aligned knots that define the beams of HH jets are sometimes
observed both in atomic/ionic as well as in molecular (H2) emission lines. We
model such objects as jets with an ejection velocity time-variability, which produces
internal working surfaces that travel down the jet beam. If this interpretation is
indeed correct, then the presence of aligned H2 knots is a sensitive indicator of
the amplitude of the ejection velocity variability. We find that for variabilities
with an amplitude of ∼ 10 km s−1, the internal working surfaces have appropriate
conditions for H2 to be formed (via negative and positive ion gas phase chemistry).
We present axisymmetric gasdynamic+chemical numerical simulations which show
that H2 fractions as high as ∼ 1–10% can be obtained, and that the resulting H2 1–0
S(1) emission can be substantially larger than the Hα emission. From our study, we
conclude that the H2 emission observed in the chains of knots along some HH jets
could correspond to molecules formed in situ within the internal working surfaces
that travel down the jet flow.

Key Words: ISM: HERBIG-HARO OBJECTS — ISM: JETS AND OUT-

FLOWS — ISM: KINEMATICS AND DYNAMICS

1. INTRODUCTION

Many Herbig-Haro (HH) flows have been de-
tected in the IR rovibrational lines of H2. Some
of these objects show H2 emission which appears to
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be associated with the bow shock wings of the ma-
jor working surfaces, in which the HH flow might
be pushing shocks into the surrounding, molecular
environment. This is the situation found in HH 1
(Davis, Smith, & Eislöffel 2000a), HH 47 (Fernandes
2000) and possibly also in HH 32 (Davis, Eislöffel &
Smith 1996), though the interpretation of the emis-
sion from this object is complicated by the nearness
of the outflow axis to the line of sight.
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138 RAGA, WILLIAMS, & LIM

Other HH flows, however, show H2 emission that
more closely follows the chains of aligned knots seen
in optical and IR atomic/ionic lines, which appear to
define the beam of the HH jet. An object which falls
into this category is HH 110 (Reipurth & Olberg
1991, Reipurth, Raga, & Heathcote 1996), which
shows an extended chain of H2 features which lie
directly to one side of the atomic/ionic jet (Davis,
Mundt, & Eislöffel 1994; Noriega-Crespo et al. 1996).
This H2 emission has been interpreted as correspond-
ing to molecular material which has been dragged
by the HH jet as it interacts with the surface of a
dense, molecular cloud core (Noriega-Crespo et al.
1996; Raga et al. 2002a).

Even though the offset between the atomic/ionic
and molecular emission of HH 110 allows an inter-
pretation of the H2 as entrained molecular gas, other
objects do not show such spatial offsets. For exam-
ple, Gredel & Reipurth (1994) observed spatially co-
incident H2 1–0 S(1) and [S II] 6716/30 emission in
the chain of knots extending up to ∼ 30′′ away from
the source along the HH 111 flow.

The best studied example of this kind of spatial
coincidence appears to be the HH 1 jet. Reipurth
et al. (2000) have compared HST WFPC and NIC-
MOS images of this jet, and detect no difference ei-
ther in the positions or the widths of the knots along
the jet as seen in the H2 2.12 µm and [Fe II] 1.64 µm
emission lines. Likewise, in the region in which
the knots are also detected in the [S II] and Hα
lines, no difference is seen between the H2 and the
atomic/ionic emission.

These observations represent an important chal-
lenge for models in which the molecular gas is in-
terpreted as material entrained by an atomic/ionic
jet flow (see Downes & Cabrit 2003 and references
therein), as these models in practice predict that the
molecular gas should be mostly confined to an enve-
lope around the jet beam. As the observations of the
HH 1 jet of Reipurth et al. (2000) resolve the cross
section of the jet beam, they appear to eliminate
the possibility of the existence of an “H2 envelope”
surrounding the jet beam.

Another possibility for obtaining more effective
entrainment of molecular gas into an HH flow has
been suggested by Lim et al. (2002). These authors
have explored models of a jet produced with a slowly
increasing ejection velocity, and find that the leading
working surface can then set in motion a substantial
amount of molecular environmental material (with-
out dissociating it). However, it is not clear whether
this material ends up being entrained into the main
body of the jet, or whether it eventually also forms

an envelope around the jet beam.

Völker et al. (1999) have taken a simpler ap-
proach. These authors directly assume that the jets
are injected with a partially molecular composition,
and then calculate the excitation and dissociation
of H2 in the internal working surfaces which result
from a time-variability of the ejection velocity. These
models do produce spatially coincident atomic/ionic
and molecular knots, corresponding to the succes-
sive internal working surfaces, qualitatively resem-
bling the structures observed along the HH 111 and
HH 1 jets. This success of the models of Völker et al.
(1999) at reproducing the properties of HH 111 and
HH 1 make them very attractive, so that we feel that
they deserve further study.

If we want to justify this kind of model, we have
to answer the question of whether or not an initially
atomic wind (or jet) can generate an at least partially
molecular constitution downstream. This question
has been addressed by Rawlings, Williams, & Cantó
(1988), who modeled the formation of molecules in
a dust-free wind from a T Tauri star, and concluded
that for mass loss rates Ṁ ∼ 10−8 → 10−7 M� yr−1

the fraction of H present as H2 molecules is very
low. Glassgold et al. (1989) computed similar
models, but with higher mass loss rates, and con-
cluded that a spherical wind with Ṁ ∼ 10−5 →

10−4 M� yr−1 does produce substantial molecular
abundances. However, such mass loss rates are too
high by 2–3 orders of magnitude compared to the
rates appropriate for HH flows.

The models of spherical, dust-free winds from
T Tauri stars used by Rawlings et al. (1988) and
by Glassgold, Mamon, & Huggins (1989) in order to
model molecule formation have now been replaced by
the more sophisticated MHD “disk wind” models (in
which the wind comes from the surface of an accre-
tion disk, or from close to the accretion disk/stellar
magnetosphere interface). A number of authors
(Safier 1993; Shang et al. 2002; Garćıa et al. 2001)
have studied the ionization state of the gas in these
winds, but they have not discussed the possibility
of forming molecules within the outflows. However
(S. Lizano, private communication), it appears that
the conclusions of Rawlings et al. (1988) and Glass-
gold et al. (1989) still hold for these more evolved
“MHD disk wind” models, namely that mass loss
rates Ṁ ≥ 10−5 M� yr−1 are required for molecules
to form in the wind. This issue will become more
clear when papers on this subject begin to appear in
the literature.

In the present paper we explore another possibil-
ity: that the sites of molecule formation in a dust-
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free HH flow are the internal working surfaces. Raga
et al. (1990) suggested such working surfaces (which
result from a time-variability of the ejection veloc-
ity) as a possible model for the aligned knots along
HH jets, and more recently, high angular resolution
observations (see, e.g., Reipurth et al. 1997) appear
to have confirmed this model at least for some HH
flows.

Internal working surfaces in radiative jets have
high densities (resulting from the compression in the
radiative shocks) and warm temperatures (typically
of a few thousand K), which appear to be appropri-
ate for the formation of H2 in a dust-free, partially
ionized gas through the reaction chains explored by
Rawlings et al. (1988). In the present paper, we
discuss calculations which include the dynamics and
chemistry of a jet from a variable source, and we ex-
plore a limited parameter range (centered on a set
of parameters that appears to be appropriate for the
HH 1 jet) in order to find whether or not a substan-
tial fraction of H2 is produced. We then carry out
predictions of the Hα and the H2 1–0 S(1) emission
in order to be able to compare our models with the
observations of Reipurth et al. (2000).

In §2, we describe the chemical network that we
have considered for our models. In §3, we describe
the numerical setup for the integration of the gas-
dynamic+chemical rate equations. In §4, a set of
parameters is chosen, so as to model the emission
along an HH jet. The results from these models are
then presented in §§5, 6.

2. THE CHEMICAL NETWORK

We will assume that outflows from young stars
are dust-free, and that they are not subjected to a
substantial radiative field. Rawlings et al. (1988)
have shown that in such a situation the formation
of H2 is dominated by negative ion and postitive ion
chemistries. In our simulations, we have considered
the following set of species : H, H+, He, He+, He++,
C+, C++, C3+, O, O+, O++, H2, H−, and H2

+.
We have included the collisional ionization, ra-

diative+dielectronic recombination and charge ex-
change processes of the atoms and positive ions of
H, He, C, and O in the way described by Raga et al.
(2002a). We have also included the formation of H2

via negative and positive ion chemistry:
H + e− → H− + hν
H− + H → H2 + e−

H + H+ → H2
+ + hν

H2
+ + H → H2 + H+

H− + H2
+ → H2 + H

as well as the destruction and charge exchange pro-
cesses:

H2 + H2 → H2 + 2H

H2 + H → 3H

H2 + H+ → H+ + 2H

H2 + e− → 2H + e−

H2
+ + e− → 2H

H− + H+ → 2H

H− + He+ → He + H

We have used the values for the rates from the
RATE2000 UMIST data base (Le Teuff, Millar, &
Markwick 2000). We have chosen logarithmic ele-
mental abundances of (12, 11.0, 8.5, 8.8) for (H, He,
C, O), respectively.

We have not included any photoreactions. In
this, our chemical network differs from the one of
Rawlings et al. (1988), who modeled the chemistry
at the base of a T Tauri wind, where the stellar radi-
ation field plays an important role. However, in the
context of the present paper we are interested in the
chemistry taking place at thousands of AU from the
star, where the stellar radiation field is strongly di-
luted. The lack of photoreactions strongly affects the
abundances of the H− and H2

+ species, and allows
them to initiate a strong H2 formation sequence, un-
like the situation found in the models of Rawlings
et al. (1988). It is possible to show with simple an-
alytic estimates that the reaction network described
above will indeed lead to the formation of a substan-
tial amount of H2 in the conditions found in internal
working surfaces of HH jets.

We should note that in our network it is assumed
that C is at least singly ionized. This provides a seed
electron density which feeds the beginning of the col-
lisional ionization cascade of H. This assumption of
singly ionized C at first sight appears to be incon-
sistent with the “zero radiative field” assumption of
our chemical network. A possible way to justify the
ionization of C is to assume that it was made close to
the surface of the star, where the jet material *orig-
inates. At this location, the radiation field emitted
by the star and/or by accretion shocks could easily
lead to a full ionization of C into C+.

It is possible to show that if carbon is fully ionized
to C+ close to the star, the ionization fraction will
be “frozen in” in the expansion away from the stellar
surface out to the ∼ 1015 cm diameter of an HH
jet. If one considers a spherical, isothermal, constant
velocity wind with initially fully ionized carbon, with
a mass loss rate Ṁ and a velocity vw, which expands
from an initial radius R0 out to infinity (i.e., to the
much larger radius of an HH jet), one can show that
the final ionization fraction fC in the wind is given
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by

fC =

[

1 +
yCαCṀ

1.3mH4πR0vw
2

]−1

=

[

1 + 0.13
( Ṁ

10−7 M� yr−1

)

.

(10 R�

R0

)(200 km s−1

vw

)2
]−1

, (1)

where yC is the abundance (by number) of carbon,
mH is the mass of hydrogen, and αC is the coeffi-
cient of recombination to neutral carbon. The sec-
ond equality has been obtained considering the C
abundance that we have used for our simulations,
an αC = 4.7 × 10−13 cm3 s−1, and an initial radius
for the wind of 10 R�. From this equation, it is
clear that for the parameters of our HH jet models
(see Table 1), the jet will indeed have a C+ ioniza-
tion fraction of fc ∼ 1, of course provided that C is
singly ionised at the base of the wind.

With the temperatures and the densities of the
different species resulting from the numerical mod-
els which we have carried out (see §3), we can then
compute the emission coefficients of different emis-
sion lines. In particular, we focus on the Hα and H2

1–0 S(1) (2.12 µm) lines.
For the Hα line, we compute an emission coeffi-

cient by considering the effective recombination co-
efficient for this line, and the population of the n = 3
level resulting from n = 1 → 3 collisional excitations.
We calculate the H2 1–0 S(1) emission using a de-
tailed model of the H2 molecule (A. J. Lim, S. Tiné,
J. M. C. Rawlings, and D. A. Williams, in prepara-
tion) which considers levels of the H2 molecule below
36,000 K (211 levels in total). Although this model
is capable of a non-equilibrium treatment of the level
populations, this is prohibitively expensive for these
simulations, and we have therefore ”post-processed”
the models to obtain the H2 emission maps. We iter-
ate the H2 level populations to equilibrium (using a
Runge-Kutta algorithm) for each cell in the numeri-
cal model. It is then easy to extract the 1–0 emission
coefficient which is used to make the images in Figs. 5
and 6.

3. THE NUMERICAL SIMULATIONS

We have carried out numerical integrations of the
2D, axisymmetric gasdynamic equations together
with the chemical network described in §2 with the
“yguazú-a” binary adaptive grid code. This code has
been described in detail by Raga et al. (2000) and ex-
tensively tested with laboratory experiments of laser-
generated explosions (Sobral et al. 2000; Velázquez
et al. 2001) and jets (Raga et al. 2001).

In particular, we have used the version of the
code described by Raga et al. (2002a), which in-
cludes the radiative cooling due to the different pro-
cesses associated with H2, H, H+, C+, C++, O, O+,
and a parametrized cooling for high temperatures,
as well as the cooling due to collisional ionization of
H and dissociation of H2. To this cooling scheme,
we have now added the cooling processes associated
with atomic and ionic He.

The numerical simulations are carried out in a
5-level, binary adaptive grid with a maximum reso-
lution of (3.91, 3.91) × 1013 cm (for models M1-M4,
see Table 1 and §4) along the axial and radial (z, r)
axes. In the z = 0 boundary, a “top hat” jet of outer
radius rj is injected with a time-independent density
ρj and temperature Tj , and a variable velocity of the
form:

v0(t) = vj + ∆vj sin

(

2πt

τ

)

, (2)

where t is the time and vj , ∆vj , and τ are con-
stants. We consider such a sinusoidal form for the
time-dependent ejection velocity because we do not
have a clear idea of what would be the correct func-
tional form for modeling the knots along HH jets
(this point has only been explored for the two well
studied objects HH 111 and HH 34, see Masciadri
et al. 2002 and Raga et al. 2002b).

On the z = 0, r > rj boundary we impose a re-
flection condition, as well as on the r = 0 boundary.
We impose a free outflow condition on the other two
boundaries of the computational domain.

4. PARAMETERS FOR THE HH 1 JET

In order to compute models of H2 formation in
the internal working surfaces of an HH jet, we first
consider what parameters are appropriate for such
flows. To this effect, we discuss the parameters
that have been deduced from observations of HH 34,
HH 111, and in particular the HH 1 jet, for which the
most detailed comparison of the H2 and atomic emis-
sion morphologies has been carried out (Reipurth
et al. 2000).

Even though the HH 1 jet is seen in older images
of the HH 1/2 system, it appears that its importance
was first brought to attention by Strom et al. (1985).
The HH 1 jet is composed of a chain of aligned knots
which extends out to ∼ 25′′ away from the VLA 1
radio continuum source (which is thought to be the
source of the HH 1/2 outflow, see Pravdo et al. 1985
and Rodŕıguez et al. 2000).

The proper motions of this chain of knots has
been measured by Eislöffel, Mundt, & Böhm (1994)
and more recently by Bally et al. (2002, from HST
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images), who found that all of the knots have almost
identical proper motions of vp ≈ 325 km s−1. These
proper motions correspond to the spatial velocity of
the knot, since the HH 1/2 axis lies almost on the
plane of the sky (see, e.g., Böhm & Solf 1985).

The separations between the successive knots
have values of ∆x ≈ 0′′.55 (see, e.g., Reipurth et al.
2000). If one interprets these knots in terms of a
variable ejection velocity jet model, one would then
deduce an ejection variability period τ = ∆x/vp ≈

3.7 yr (assuming a distance of 460 pc to HH 1).

We note that the knots close to the source along
HH 34 have lower proper motions, with values of
≈ 200 km s−1 (see Reipurth et al. 2002), and that the
separations between successive knots imply a period
of ≈ 30 yr. The knots along HH 111 have velocities
of ≈ 300 km s−1 (Hartigan et al. 2001), and can be
modeled with a ≈ 60 yr ejection velocity variability
period (Raga et al. 2002c).

The H2 1–0 S(1) images obtained with the NIC-
MOS camera of the HST by Reipurth et al. (2000)
show that at ≈ 5′′ from the outflow source the
HH 1 jet has a diameter of ≈ 150 AU (correspond-
ing to a radius of ≈ 1.1 × 1015 cm), and that the
jet widens to ≈ 300 AU at 10′′ from the source.
Radii of ∼ 2.5 × 1015 cm are observed for the HH 34
(Reipurth et al. 2002) and HH 111 jets (Hartigan et
al. 2001).

Strom et al. (1985) have used the [S II] 6716/6730
line ratio to determine an electron density ne ≈

4 × 103 cm−3 for the HH 1 jet. As is typical for
an object with a low excitation spectrum, the ion-
ization fraction along the HH 1 jet is very low (as
initially pointed out by Brugel, Olmsted, & Böhm
1983), and one would have to multiply ne by a factor
of ∼ 102−103 in order to obtain the atom+ion num-
ber density in the working surfaces of the HH 1 jet.
For the HH 34 jet, Raga & Noriega-Crespo (1998)
have carried out numerical simulations of the out-
flow, and they find that in order to reproduce the ob-
served Hα and red [S II] line fluxes one needs to have
an initial density of atoms+ions of ∼ 5 × 104 cm−3.

For our numerical simulations, we have chosen
an rj = 5 × 1014 cm initial jet radius. This radius
approximately corresponds to an extrapolation to
the position of the source of the position-dependent
width of the HH 1 jet (see above and Reipurth et al.
2000). As discussed in §2, we assume that we have a
sinusoidal ejection velocity variability (see Eq. 2) for
which we choose a mean velocity v0 = 200 km s−1

and a period τ = 10 yr. These parameters are inter-
mediate between the ones deduced for the HH 1 jet
knots (which have a velocity of ∼ 300 km s−1 and

a period of ∼ 4 yr) and the ones of the HH 34 and
HH 111 jets.

We also have to choose the half-amplitude ∆vj

for the assumed sinusoidal ejection velocity variabil-
ity. While there are no estimates of this parameter
for the HH 1 jet, Raga & Noriega-Crespo (1998) have
estimated a ∆vj = 15 km s−1 for the chain of knots
close to the HH 34 source. Raga et al. (2002b) used
a lower ∆vj = 10 km s−1 value for the knots along
HH 34, and a ∆vj = 30 km s−1 value for the knots
of HH 111 (which apparently are formed by a “saw-
tooth” time-dependent velocity variability, see Mas-
ciadri et al. 2002). We then choose three values for
the velocity variability half-amplitude : ∆vj = 10,
15 and 20 km s−1 (see Table 1), which are represen-
tative of the range of values that might be relevant
for producing the chains of knots along HH jets.

For the initial jet density, we have chosen two val-
ues, nj = 2 × 105 and 2 × 106 cm−3 (see Table 1).
These values correspond to the electron density mea-
sured for the HH 1 jet multiplied by factors of 50 and
500 (respectively). Also, if we scale the density esti-
mated for HH 34 by Raga & Noriega-Crespo (1998)
to the radii and velocities of the HH 1 jet (so as
to maintain the same value for the mass loss rate),
we obtain a density of ≈ 106 cm−3. Therefore, the
density values that we have chosen appear to be rep-
resentative of the values that could be present in the
base of an HH jet (i.e., at a distance of a few hun-
dred AU from the source). For all of the models, we
assume that the jet is initially neutral, except for C
which is assumed to be singly ionized.

Finally, we impose an initially neutral (except for
C which is assumed to be singly ionized), homoge-
neous environment of density nenv = 103 cm−3 and
temperature T = 103 K. This is of course an oversim-
plification of the situation actually found in objects
like HH 1 or HH 111, which are clearly seen to be
emerging from a dense cloud core into a more diffuse
environment.

With the parameters discussed above, we have
chosen to run four models which share most of the
model parameters (namely, the same environment,
initial jet temperature, radius, mean velocity and
variability period), except for the amplitude of the
velocity time-variability and the initial density of the
jet. The combinations of parameters chosen for the
four models (models M1,...,M4) are given in Table 1.

5. MODEL PREDICTIONS

We have integrated the gasdynamical+chemical
rate equations for the four variable ejection velocity
jet models listed in Table 1 and §4. The four models
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Fig. 1. Density (of atomic nuclei), H2 density, H2 frac-
tional abundance (relative to the total number of nuclei),
and electron density fractional abundance obtained for
model M1 (see §4 and Table 1) after a t = 120 yr time
integration. The stratifications are depicted with the log-
arithmic greyscales shown by the bars above each plot
(the densities being labeled in cm−3). The axial (ab-
scissa) and radial (ordinate) coordinates are labeled in
cm. The length along the symmetry axis is 8× 1016 cm.

were integrated forward in time for 120 yr, by which
time the leading working surfaces of the jets have
travelled through most of the computational domain.

Figure 1 shows the stratifications of the density
(of atomic nuclei), H2 number density, molecular
fraction and ionization fraction resulting from the
time-integration of model M1. The maximum den-
sity (of atomic nuclei, with a value of 1.5×106 cm−3)
is found in the working surface located at z ≈

2.6 × 1016 cm, and the maximum H2 density (with a
2.7×104 cm−3 value) is found in the working surface
located at z ≈ 1.9 × 1016 cm. The maximum frac-
tion of H nuclei in the form of H2 has a value of 0.05
(in the working surface at z ≈ 1.9 × 1016 cm), and
the fractional abundance of H2 has a similar order of
magnitude for all of the other internal working sur-
faces (see Figure 1). The ionisztion fraction (lower
plot of Fig. 1) has low on-axis values of ∼ 10−4 for
all of the internal working surfaces, but reaches val-
ues of ∼ 1 (i.e., fully ionized hydrogen) in the wings
of all of the working surfaces with z > 4 × 1016 cm.

Model M2 produces stratifications with mor-
phologies similar to the ones of model M1, but with
densities (of nuclei) and electron densities larger by a
factor of ∼ 10 (see Figure 2). The H2 molecular frac-
tion has values of ∼ 0.1 for all of the internal working
surfaces. Model M3 (see Figure 3) also has similar

Fig. 2. Same as Fig. 1, but for model M2 (see §4 and
Table 1).

Fig. 3. Same as Fig. 1, but for model M3 (see §4 and
Table 1).

H2 fractions in all of the internal working surfaces,
but with lower values of ∼ 0.02.

Model M4 (see Figure 4) produces an H2 fraction
of ∼ 0.05 only in the first working surface (at z ≈

7 × 1015 cm) and low values (< 10−3) for all of the
working surfaces farther away from the source. This
is a direct result of the fact that the working surface
shocks heat the gas to temperatures that are too high
for H2 molecules to survive.

In model M4, as the working surfaces start to
develop and grow in shock velocity, H2 starts to form.
However, when the shock velocities reach values of
above ∼ 10 km s−1 (as the working surfaces travel
down the jet flow), the temperature is high enough
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Fig. 4. Same as Fig. 1, but for model M4 (see §4 and
Table 1).

for the dissociation processes to become active, and
the net production of H2 drops in a substantial way.
The H2 that was produced earlier in the evolution of
the working surfaces ends up being ejected sideways
from the jet beam, and forms a ring-like structure
surrounding the working surfaces (see the knots with
z > 2 × 1016 cm in Fig. 4).

6. Hα AND H2 1–0 S(1) EMISSION MAPS

From the four models described in §5 (also see
Table 1), we have computed the Hα and H2 1–0 S(1)
(2.12 µm) emission coefficients (see §2), and inte-
grated them through lines of sight in order to obtain
predictions of intensity maps for these two emission
lines. In order to compute the maps, we assume that
the outflow axis lies on the plane of the sky.

In Figure 5, we show cuts of the Hα and H2 1–0
S(1) emission maps along the outflow axis for the
four models that we have computed. In model M1,
the H2 emission dominates over the Hα emission by
1–3 orders of magnitude for all of the knots with
z < 4 × 1016 cm. We then find four knots (with 4 ×

1016 < z < 6.5×1016 cm) that have comparable (i.e.,
within an order of magnitude) Hα and H2 emission.
Finally, the leading working surface (which is being
caught up by one of the internal working surfaces)
has a dominant Hα emission.

In model M2 (see Fig. 5), the H2 emission com-
pletely dominates over the Hα emission for all of the
knots with z < 5.5×1016 cm, and has comparable Hα
and H2 emission in the three leading internal work-
ing surfaces. Model M3 shows an emission structure
which resembles model M2 (see Fig. 5).

Fig. 5. Cuts along the outflow axis of the Hα (solid lines)
and H2 1–0 S(1) (dashed lines) intensity maps obtained
from the four computed jet models (see §§4, 5, 6, and Ta-
ble 1). The intensity maps were computed assuming that
the outflow axis lies on the plane of the sky, from the flow
stratifications obtained for a t = 120 yr time-integration.
The intensities are given in erg cm−2 s−1 sterad−1 units,
and the position z along the outflow (horizontal) axis is
in cm.

Finally, in model M4 the two working surfaces
closer to the source (i.e., with z < 1.5 × 1016 cm)
have comparable H2 and Hα emission (and very weak
Hα). The internal working surfaces at larger dis-
tances from the source (z > 2.5 × 1016 cm) show
only faint, on-axis emission, but with Hα dominat-
ing over H2 by ∼ 1 order of magnitude.

From the point of view of modeling jets such as
HH 1 and HH 111, which show a chain of knots which
are visible in both Hα and in the H2 1-0 S(1) lines
(see Reipurth et al. 2000 and Gredel & Reipurth
1994), model M1 appears to be the more appro-
priate one. Therefore, we conclude that a model
with a sinusoidal velocity variability with a half-
amplitude ∆vj ≈ 10 km s−1 and a mass loss rate
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Ṁ ≈ 10−7 M�yr−1 (see Table 1) appears to be ap-
propriate for modeling these HH flows.

Model M2 (with identical parameters to model
M1, but with a higher density resulting in a Ṁ ≈

10−6 M� yr−1 mass loss rate, see Table 1) or Model
M3 (with a higher velocity variability amplitude)
could be appropriate for modeling some of the so-
called H2 jets (e.g., the well studied HH 212, see
Davis et al. 2000b and references therein), which
show only very weak (or are not detected in)
atomic/ionic lines.

Model M4, is an example of a parameter combi-
nation which does not produce an observable chain
of aligned H2 knots. From the results obtained
from this model, we deduce that in order to produce
several H2 knots one needs a model with a time-
dependent ejection velocity of rather low amplitude
(see Table 1).

In Figure 6, we show the Hα and H2 1–0 S(1) in-
tensity maps obtained from model M1. From this fig-
ure it is clear that the model produces several knots
which could be detected both in the Hα and in the
H2 emission (as is also seen in the axial cuts of the
emission which are shown in Fig. 5). One can also see
that the radial extent (i.e., the width) of the knots is
similar in both the Hα and the H2 emission, which
is in qualitative agreement with the observations of
the HH 1 jet of Reipurth et al. (2002).

We should point out that some of the features
seen in the Hα emission are not computed correctly
in our numerical models. In the regions immediately
after shock waves moving into a neutral medium,
collisionally excited Hα emission is produced. These
regions can be seen as sharp “spikes” in the Hα emis-
sion vs. position cuts shown in Fig. 5. The regions
with collisionally excited Hα, however, typically have

Fig. 6. Hα (top) and H2 1–0 S(1) (bottom) intensity
maps computed from model M1 (see Table 1 and §5)
after a t = 120 yr time-integration. It has been as-
sumed that the outflow axis lies on the plane of the
sky. The intensities are depicted with the logarithmic
greyscale given on the top of the graph (labeled in units
of erg cm−1 s−1 sterad−1). The axes are labeled in cm.

spatial extents smaller than our computational res-
olution by a factor of ∼ 10. Therefore the computed
intensities of these Hα spikes are completely unreli-
able.

7. CONCLUSIONS

In this paper, we have re-analyzed the formation
of molecules (in particular, of H2) in outflows from
young stars in the context of models of jets from
variable sources. This work is to some extent a con-
tinuation of the work of Rawlings et al. (1988) and
Glassgold et al. (1989), who had studied molecule
formation in isotropic, steady winds from T Tauri
stars.

We have explored a limited set of parameters for
models of a jet with a sinusoidally time-varying ejec-
tion velocity. This is of course a quite limiting as-
sumption, particularly since there appears to be ob-
servational evidence that a range of functional forms
are possible for the ejection time-variabilities that
give rise to internal working surfaces in HH jets (see
Raga et al. 2002b). The parameters that we have
explored (see Table 1) are representative of the prop-
erties deduced for the chains of aligned knots along
the HH 1, HH 34, and HH 111 jets (see §3).

From our models, we find that (for appropriate
flow parameters) internal working surfaces can be
the sites of formation of a substantial amount of H2

(with fractional abundances of up to ∼ 10%). Also,
these working surfaces can produce strong H2 emis-
sion, which can be comparable to or even greater
than the Hα emission (see §6).

In particular, we find that a model with an
ejection velocity variability half-amplitude ∆vj =

10 km s−1 and an average mass loss rate Ṁ ≈

10−7 M� yr−1 (model M1 of Table 1) produces a
chain of knots which have comparable (within an or-
der of magnitude) Hα and H2 1–0 S(1) emission (see
§6). Such a model appears to be appropriate for ob-
jects such as HH 1 and HH 111, which have a chain of
knots which are detected in these two emission lines
(Reipurth et al. 2000; Gredel & Reipurth 1994).

For larger values of Ṁ (model M2, see Table 1
and §5), we obtain knots which have high H2 1–0
S(1)/Hα line ratios. However, if we raise the value
of ∆vj above 20 km s−1 (model M4, see Table 1),
the H2 emission basically vanishes in all of the knots
except in the ones closest to the outflow source (see
§6). From this result, we conclude that the H2 emis-
sion is very sensitive to the amplitude of the outflow
velocity variability ∆vj (see Eq. 1). Therefore, only
the HH jets ejected with low enough values of ∆vj

should show chains of aligned, H2 emitting knots.
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TABLE 1

PARAMETERS OF THE VARIABLE JET
MODELS DESCRIBED IN THE TEXT

Model ∆vj
a nj

b Ṁ c
j

[km s−1] [cm−3] [M� yr−1]

M1 10 2 × 105 1.1 × 10−7

M2 10 2 × 106 1.1 × 10−6

M3 15 2 × 105 1.1 × 10−7

M4 25 2 × 105 1.1 × 10−7

aHalf-amplitude of the sinusoidal velocity variabil-
ity. All of the models have a v0 = 200 km s−1

average velocity, and a τ = 10 yr variability pe-
riod.
bTime-independent injection number density. All
of the models have a Tj = 103 K injection temper-
ature and a rj = 5 × 1014 cm initial radius.
cTime-averaged mass loss rate.

We feel that our general result that a substan-
tial fraction of H2 can be formed in internal working
surfaces of HH jets is indeed correct. However, the
conclusions that we have obtained with respect to
the parameters necessary for substantial H2 forma-
tion to occur are not so certain.

An important matter of concern is the nature of
the time-variability of the ejection. We have only
explored jets ejected with a constant denstity and a
sinusoidal velocity variability. Other kinds of time-
dependent ejection might lead to different require-
ments for the parameters necessary for H2 formation.

Another important fact is that our models are
purely gasdynamical, and do not include the effects
of magnetic fields. As has been well studied in the
literature, the presence of a magnetic field (with
a nonzero component parallel to the shock waves
present in the flow) leads to lower post-shock tem-
peratures, and can have a strong effect on the de-
struction (and formation) of H2. This is particularly
true for shock waves in the 10–30 km s−1 velocity
range, such as are present in our jet models (see,
e.g., the work of Smith, Brand, & Moorhouse 1991).
These effects clearly deserve further study.

The presence of a magnetic field would increase
the values of the ejection velocity variability ampli-
tudes which lead to the formation of H2 emitting
knots (with respect to what we find with our purely
gasdynamical models). However, it is unlikely that
our model could explain (even with the aid of a
moderately strong megnetic field) objects like the
particularly dramatic HH 46/47, which has a bright

internal working surface (HH 47A) with strong H2

emission and associated shock velocities of close to
100 km s−1 (see, e.g., Curiel et al. 1995). For such
high shock velocity working surfaces, the observed
molecular gas probably has to correspond to en-
trained material.
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