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Abstract. The southern lobe of HH 34 and the western lobe of HH 111 show remarkable similarities. Both objects have a chain
of well aligned knots, ending in well defined bow shocks (HH 34S and HH 111V, respectively). In this paper, we derive the
past ejection velocity histories from previously published radial velocity measurements of the HH 34 and HH 111 jets. This
is done under the assumption that the flows are ballistic. From these reconstructed ejection velocity variabilities, we compute
axisymmetric gasdynamic simulations of the two flows, and find that we do obtain large working surfaces at the positions of the
HH 34S and HH 111V bow shocks for the time at which these objects are being observed. This appears to be quite definite proof
that these bow shocks are indeed the result of an ejection velocity time-variability. Also, there is the observational fact that the
HH 34S bow shock is huge, being wider than HH 111V by a factor of ∼3. We find that we can reproduce this difference in size
by choosing an appropriate value for the density of the ambient medium. Finally, from our small sample of two reconstructed
ejection velocity variability histories, we attempt to make some statements about the general nature of these variabilites, and
their implications on the possible ejection/collimation mechanisms.

Key words. ISM: Herbig-Haro objects – ISM: jets and outflows – ISM: kinematics and dynamics – ISM: individual objects:
HH 34, HH 111 – shock waves

1. Introduction

The HH 34 and HH 111 flows are among the best stud-
ied of all HH outflows. Since their discoveries (Reipurth
et al. 1986 and Reipurth 1989, respectively), detailed spec-
troscopic, imaging and proper motion studies of these ob-
jects have been carried out at optical wavelengths (HH 34:
Bührke et al. 1998; Reipurth & Heathcote 1992; Eislöffel &
Mundt 1992; Heathcote & Reipurth 1992; Morse et al. 1992;
Morse et al. 1993a; HH 111: Reipurth et al. 1992;
Noriega-Crespo et al. 1993; Morse et al. 1993a,b; Riera et al.
2001) and recently, these studies have been complemented with
HST data (HH 34: Reipurth et al. 2002; HH 111: Reipurth
et al. 1997a; Hartigan et al. 2001; Raga et al. 2002a). A wealth
of infrared (Gredel & Reipurth 1994; Davis et al. 1994; Coppin
et al. 1998; Reipurth et al. 1999; Reipurth et al. 2000; Davis
et al. 2001) as well as radio data (Cernicharo & Reipurth 1996;
Nagar et al. 1997; Reipurth et al. 1999) also been obtained.

In discussing these objects, we should also mention that
HH 34 and HH 111 represent the central regions of systems of
“giant jets” or “parsec scale jets”. These spatially very extended
systems of HH objects have been described in considerable
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detail in the recent literature (see, e.g., Bally & Devine 1994;
Eislöffel & Mundt 1997; Devine et al. 1997; Reipurth et al.
1997b; Rosado et al. 1999).

The popularity of HH 34 and HH 111 arises from the fact
that the southern lobe of the HH 34 outflow and the western
lobe of HH 111 represent the best examples of jet-like HH
flows. These two jets have quite remarkable similarities. Both
of the objects show a chain of well aligned knots close to the
source (i.e., at distances of up to ∼50′′), and have well defined
“heads” (HH 34S and HH 111V) at a distance of ∼100–150′′
from the source.

Even though the heads of both objects show bow shock-like
morphologies, they have surprisingly different sizes: HH 111V
has a full width of ∼10′′, while HH 34S is ∼30′′ wide! This
difference does not reflect a difference in the diameters of the
jets, since the HH 34 jet is actually somewhat narrower than the
HH 111 jet (∼0.′′5 for HH 34 vs. ∼0.′′7 for HH 111, see Reipurth
et al. 2002 and Hartigan et al. 2001).

In order to investigate whether the HH 34S and HH 111V
bow shocks are the result of a time-variability of the source, we
have first attempted to deduce the ejection velocity variability
that gave rise to these objects from the radial velocity data of
Heathcote & Reipurth (1992) and Reipurth et al. (1997). This
process is described in detail in Sect. 2.
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With the reconstructed ejection velocity histories, we then
compute axisymmetric gasdynamic simulations of the jet
flows, and obtain predictions of the appearance of the HH 34
and HH 111 jets corresponding to the present time. With
these simulations we try to understand the differences between
HH 34S and HH 111V. The results obtained from this exercise
are discussed in Sect. 3.

A somewhat similar approach was used by Raga &
Noriega-Crespo (1998), who used the separation between knots
and proper motion measurements in order to deduce the exis-
tence of three modes in the ejection velocity variability history
of HH 34. These authors found that a gasdynamic simulation
computed with this variability did reproduce the morphology
of HH 34 in a quite successful way.

Our present approach, based on radial velocity measure-
ments, was previously used for the HH 46/47 outflow by Raga
et al. (1990), and allows us to find the phase, as well as the
period and amplitude of the modes. This gives us a more de-
tailed reconstruction of the ejection velocity history of the ob-
jects than the one obtained by Raga & Noriega-Crespo (1998,
who did not try to derive the relative phases between the three
modes of HH 34). Also, we are able to evaluate to what ex-
tent sinusoidal modes are actually appropriate for describing
the time-variability of the ejection of HH jets.

Recently, Raga et al. (2002a) and Masciadri et al. (2002)
have used HST long-slit spectra to derive the ejection veloc-
ity history of HH 111. However, these studies were limited to
the analysis of the three brighter knots along the HH 111 jet,
and therefore only gave a short period mode appropriate for
modelling the chain of knots close to the source. In the present
paper, we extend the study of the ejection time-variability to
search for longer period modes, which are necessary for ex-
plaining the larger bow shocks such as HH 111V.

Finally, we use the reconstructed ejection velocity variabil-
ity histories of HH 111 and HH 34 in order to speculate about
the nature of the ejection mechanisms for HH jets in general.
This somewhat risky endeavour is described in Sect. 4.

We should point out that the present study, which is based
on radial velocity measurements, is in principle equivalent
to the study of HH 34 carried out by Raga & Noriega-
Crespo (1998), which was based on proper motion measure-
ments. The equivalence between the two approaches is seen
in the fact that the results that we obtain in this paper for
HH 34 are indeed very similar to the ones obtained by Raga
& Noriega-Crespo (1998).

2. The ejection velocity histories of HH 34
and HH 111

As described in Raga et al. (1990), for a hypersonic, quasi-
ballistic jet, it is possible to reconstruct the past ejection ve-
locity time-variability from the observed kinematical struc-
ture of the flow. From the observed axial velocity v(z) of the
jet (as a function of distance z from the source) observed at
t = 0 (i.e., at the current time), one can compute the dynam-
ical time t = −z/v(z) at which the ballistic fluid parcels were
ejected from the source. One can then compute the past ejection

Fig. 1. Ejection velocity as a function of time (t = 0 being the present
time) reconstructed from the radial velocities (crosses, taken from
Heathcote & Reipurth 1992) and proper motions (circles, taken from
Reipurth et al. 2002) of HH 34. The distances and velocities have
been deprojected assuming a φ = 30◦ angle between the outflow axis
and the plane of the sky. The point at t ≈ −800 yr has been calcu-
lated with the radial velocity upstream of HH 34S, and the point at
t ≈ −1330 yr corresponds to the flow velocity immediately down-
stream of this bow shock. A two-mode fit to the ejection velocity vari-
ability is also shown.

velocity history of the jet as v j(t) = v [t = −z/v(z)]. We have
carried out this simple process for the HH 34 and HH 111 jets.

For HH 34, we have taken the radial velocity measurements
of Heathcote & Reipurth (1992) for the knots along the jet. We
have deprojected the distances from the source and the radial
velocities considering an angle φ = 30◦ between the outflow
axis and the plane of the sky, in order to find the spatial ve-
locity v(z) as a function of distance z from the source (also
considering a distance of 460 pc to HH 34). From these ra-
dial velocities, we compute the dynamical time as a function of
position (see above), and then plot the jet velocity as a function
of dynamical time to obtain the reconstructed ejection velocity
time-variability v j(t). The result obtained from this exercise is
shown in Fig. 1.

In this figure, we also show the velocity vs. dynamical time
dependence obtained from the HST proper motions of HH 34
obtained by Reipurth et al. (2002). These measurements appear
to give a larger scatter, which could be partially due to larger
errors in the velocities derived from the proper motions. Also,
there are intrinsic uncertainties in deriving proper motions from
knots which change shape as they travel away from the source,
leading to a lack of determination as to what these velocities
are telling us in detail (see Biro 1996).

Because of their better behaviour (see Fig. 1), we con-
centrate on the v j(t) derived from the radial velocity data. To
the points derived from the observations, we carry out an un-
weighted, least squares fit with a function of the form :

v j(t) = v0 + v1 sin(2πt/τ1 + φ1) + v2 sin(2πt/τ2 + φ2) , (1)

and obtain a mean velocity v0 = 270 km s−1, a first mode with
v1 = 70 km s−1, τ1 = 1400 yr and φ1 = −0.80 rad, and a second
mode with v2 = 25 km s−1, τ2 = 270 yr and φ2 = −0.85 rad.
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Fig. 2. Ejection velocity as a function of time (t = 0 being the present
time) reconstructed from the radial velocities of HH 111 (crosses,
taken from Reipurth et al. 1997a). The distances and velocities have
been deprojected assuming a φ = 11◦ angle between the outflow axis
and the plane of the sky. A single-mode, sinusoidal fit to the ejection
velocity variability is also shown.

From Fig. 1, it is clear that a reasonably good fit is obtained to
the data.

These two modes are very similar to the two longer period
modes deduced through other arguments by Raga & Noriega-
Crespo (1998). However, these authors also determined a third,
shorter period mode from the separation of the successive knots
in the base of the HH 34 jet. In the ground based spectroscopic
data of Heathcote & Reipurth (1992), we do not see the velocity
variabilities associated with these closely spaced knots.

In order to have a model for the HH 34 jet that also has a
chain of knots close to the source (such as the one observed in
this object), we then also include the third mode determined by
Raga & Noriega-Crespo (1998):

v3 sin(2πt/τ3) , (2)

with v3 = 10 km s−1, τ3 = 27 yr, and add it to the variability
determined from the radial velocity data (Eq. (1)). We do not
have a determination of the relative phase of this third mode.

Contrary to the first two modes (see Eq. (1)), for which the
radial velocity data show evidence that a sinusoidal shape is
indeed appropriate (see Fig. 1), there is no observational evi-
dence that this third mode (Eq. (2)) also has such a shape. Raga
& Noriega-Crespo (1998) only derived a period and an ampli-
tude from the properties of the knots close to the HH 34 source,
and then assumed that these parameters are associated with a
sinusoidal ejection velocity mode. Due to the lack of new ob-
servational constraints, here we adopt the assumed sinusoidal
mode of Raga & Noriega-Crespo (1998).

For HH 111, we take the radial velocity data of Reipurth
et al. (1997a), deproject the velocities and distances assuming a
φ = 11◦ angle between the outflow axis and the plane of the sky,
and then compute the ejection velocity time-variability as de-
scribed above. The results of this exercise are shown in Fig. 2.

From this figure, it is apparent that the ejection velocity
time-variability is simpler, and can be fitted with a single sinu-
soidal mode. With a least squares fit with a functional form

v j(t) = va + vb sin(2πt/τb + φb) , (3)

we obtain vb = 290 km s−1, vb = 45 km s−1, τb = 950 yr and
φb = 2.7 rad. This fit is shown superposed on the data in Fig. 2.

Again, in the radial velocity data, we do not see the veloc-
ity variations associated with the knots in the chain at the base
of HH 111. For these knots, we use the velocity variability de-
duced from HST long-slit spectroscopy by Raga et al. (2002a)
and Masciadri et al. (2002). These authors deduced a sawtooth
variability of the form

{
t − τc × [1/2 + Integer (t/τc)

]}
vc , (4)

with vc = 60 km s−1 and τc = 60 yr. We then simply add
this mode to the ejection velocity variability deduced from the
ground based radial velocity data (see Eq. (3)) in order to obtain
a two-mode description.

In the following section, we describe axisymmetric gasdy-
namic simulations carried out with the ejection velocity time-
variability of HH 34 described by Eqs. (1) and (2), and with the
one of HH 111 given by Eqs. (3) and (4).

3. Gasdynamical simulations

3.1. General description

We have carried out numerical simulations with the two ejec-
tion velocity variabilities discussed in Sect. 2 using an axisym-
metric version of the yguazú-a adaptive grid code. This code
has been described in detail by Raga et al. (2000), and has
been extensively tested with laboratory experiments of explo-
sions (Sobral et al. 2000; Velázquez et al. 2001) and jets (Raga
et al. 2001). The version of the yguazú-a code that we have
employed integrates the gasdynamic equations with the “flux
vector splitting” algorithm of van Leer (1982), together with a
system of rate equations for atomic/ionic species.

Rate equations for H I, H II, He I, He II, He III, C II, C III,
C IV, O I, O II, O III and O IV are integrated, and a non-
equilibrium cooling function is computed with these species.
The reaction and cooling rates which have been included are
described in detail by Raga et al. (2002).

The HH 34 and HH 111 simulations were carried out in a
computational domain of (16.8, 2.1) × 1017 cm along the axial
and radial coordinates. A four-level binary adaptive grid with a
maximum resolution of 1.64 × 1015 cm (along both axes) was
employed. The jet is injected at z = 0, and a reflection condition
is applied on the z = 0 plane outside of the jet beam as well as
on the symmetry axis. A free outflow condition is applied on
the other two grid boundaries.

For both simulations, we have chosen a r j = 1016 cm
initial jet radius, and a time-independent jet number density
n j = 5000 cm−3 and temperature T j = 1000 K. The environ-
ment is homogeneous, with density nenv = 15 cm−3 (for the
HH 34 simulation) or nenv = 100 cm−3 (for the HH 111 sim-
ulation) and temperature Tenv = 1000 K. Both the jet and the
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Fig. 3. Time sequence of the density stratifications obtained from the
HH 34 model. The simulation is started at t = −3000 yr, and t = 0
corresponds to the time at which HH 34 is being observed. The den-
sities are depicted with a logarithmic greyscale, with the values given
(in g cm−3) by the bar on the top of the figure. The z (horizontal) and
r (vertical) axes are labeled in cm. The computational domain extends
out to z = 1.68 × 1018 cm.

environment are initially neutral, with the exception of carbon,
which is singly ionized.

The assumption of a homogeneous environment is of
course not very realistic for modelling HH objects, which
emerge from a dense region surrounding the outflow source,
into a more diffuse environment. This is particularly true for
the case of HH 111, in which a high extinction region of
∼3 × 1017 cm surrounding the source is observed (see, e.g.,
Reipurth et al. 1992). However, the introduction of a stratified
environment, and a study of the effects that it has on the struc-
ture of the HH jets, is left for a future paper.

The time-integrations carried out with the ejection velocity
variabilities deduced for HH 34 and HH 111 are described in
the following two subsections.

3.2. HH 34

Using the setup described in Sect. 3.1, we have computed a
model for HH 34, using the ejection velocity time-variability
given by Eqs. (1) and (2). We start the numerical simulation
at t = −3000 yr, and integrate forward in time until t = 0,

Fig. 4. Time sequence of the Hα maps predicted from the HH 34
model. The simulation is started at t = −3000 yr, and t = 0 corre-
sponds to the time at which HH 34 is being observed. The maps have
been computed assuming a φ = 30◦ angle between the outflow axis
and the plane of the sky. The Hα intensities are depicted with a log-
arithmic greyscale, with the values given (in erg s−1 cm−2 sterad−1)
by the bar on the top of the figure. The x (horizontal) and y (vertical)
plane of the sky coordinates are labeled in arcsec (computed as offsets
from the position of the source assuming a distance of 460 pc to the
object).

corresponding to the present time, at which HH 34 is being
observed.

Figure 3 shows a time-sequence of the density stratification
over the last 400 years of the time-integration. It is clear that
around this time the jet flow is in a very particular phase of
its evolution. Between t = −200 yr and t = 0, three working
surfaces of mode 2 (see Eq. (1)) merge together. This merging
takes place because the flow in this region is steepening to form
a mode 1 working surface.

Figure 4 shows the Hα intensity maps predicted for the
same three time frames as Fig. 3. These maps have been cal-
culated assuming a φ = 30◦ angle between the outflow axis
and the plane of the sky. At t = 0, we see a large, bow shaped
structure which qualitatively resembles HH 34S, with its lead-
ing edge at a distance of ≈9 × 1017 cm from the source. This
distance corresponds to an angular extent of 130′′ (at 460 pc),
which agrees well with the 110′′ distance from the leading edge
of HH 34S to the outflow source (see, e.g., Fig. 9 of Reipurth
et al. 2002).
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Fig. 5. Time sequence of the Hα maps predicted from the HH 34
model. The maps are depicted with 8 factor of 2, logarithmic con-
tours, with the highest contour corresponding to ∼99% of the peak
intensity of each of the displayed maps. The peak intensities have val-
ues of 0.77 (top), 6.4 (centre) and 1.87 × 10−3 erg cm−2 s−1 sterad−1

(bottom). The x (horizontal) and y (vertical) plane of the sky coordi-
nates are labeled in arcsec (computed as offsets from the position of
the source assuming a distance of 460 pc to the object).

Therefore, one of the main results of our analysis is the fol-
lowing. If, under the assumption of a ballistic flow, one uses
the radial velocities along the HH 34 jet to reconstruct the past
history of an assumed ejection velocity time-variability, and
then integrates a jet simulation with this variability up to the
present time, one obtains an intensity map with a dominant,
bow shaped structure at the approximate position of HH 34S.
We believe that this is the most convincing proof up to now that
HH 34S is indeed the result of an ejection velocity variability.

In the computed Hαmaps, one sees a quite dramatic change
in the morphology of the three merging working surfaces. In
the merging process, a wide bow shock is formed. In order to
evaluate the width of this bow shock, in Fig. 5 we have plotted
the region around the merging working surfaces as logarithmic
contour plots. In these plots, the faintest contour corresponds
to a factor of 1/128 of the maximum intensity of each map,

approximately corresponding to the dynamical range of typical
observations of HH 34S.

In the t = 0 map of Fig. 5 (corresponding to the time
at which HH 34 is being observed), one sees a bow shaped
structure with a bright, inner region with a full width of
≈1.5 × 1017 cm (corresponding to ≈22′′ at 460 pc) and faint
wings extending out to a full width of ≈2.4 × 1017 cm (≈35′′
at 460 pc). These values are in very good agreement with the
30′′ full width measured for HH 34S (see Sect. 1 and Reipurth
et al. 2002).

Interestingly, the HST images show that HH 34S has an
outer, higher excitation bow shock, and inner, lower excitation
bow shaped structure (Reipurth et al. 1997a, Fig. 18). Reipurth
et al. (2002) find that the proper motions of this inner structure
(corresponding to their cross correlation boxes number 1, 2,
3 and 4) are high (including the highest proper motion of all
of the cross correlation boxes covering HH 34S), and appears
to be catching up with the leading bow shock. Therefore, one
might actually be seeing a merger between successive working
surfaces currently taking place within the complex structures
observed in HH 34S.

3.3. HH 111

Using the setup described in Sect. 3.1, we have computed a
model for HH 111, using the ejection velocity time-variability
given by Eqs. (3) and (4). We start the numerical simulation
at t = −2000 yr, and integrate forward in time until t = 0,
corresponding to the present time, at which HH 111 is being
observed.

Figure 6 shows a time-sequence of the density stratifica-
tion over the last 400 years of the time-integration. In the three
frames, we see a chain of knots close to the source (resulting
from the mode given by Eq. (4)), as well as a large working
surface (which results from the mode given by Eq. (3)).

These structures are also seen in the predicted Hα maps
(computed assuming a φ = 11◦ angle between the outflow axis
and the plane of the sky, see Fig. 7). The t = 0 frame of Fig. 7
shows that the leading edge of the main bow shock has reached
a distance of ≈1.2 × 1018 cm from the source at the time at
which we are observing HH 111. This distance corresponds to
174′′ at a distance of 460 pc, in good agreement with the 150′′
between the leading edge of HH 111V and the outflow source
(see Fig. 10 of Reipurth et al. 1997a).

Therefore, we conclude that if we take the observed radial
velocity vs. position measured along the HH 111 jet, and inter-
pret it as being the result of a time-dependence in the ejection,
we end up with a jet model which does produce a main bow
shock at the approximate position of HH 111V. This result is
completely consistent with what we have found for the HH 34
outflow (see Sect. 3.2).

In Fig. 8, we show a contour plot of the main working sur-
face of the t = 0 Hα map (also see Fig. 7). We have used

√
2

logarithmic contours, with the lowest contour corresponding
to 1/8 of the peak intensity. This dynamical range is identi-
cal to the one of Fig. 18 of Reipurth et al. (1997a), in which
HH 111V has a ≈10′′ full width (measured perpendicular to
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Fig. 6. Time sequence of the density stratifications obtained from the
HH 111 model. The simulation is started at t = −2000 yr, and t =
0 corresponds to the time at which HH 111 is being observed. The
densities are depicted with a logarithmic greyscale, with the values
given (in g cm−3) by the bar on the top of the figure. The z (horizontal)
and r (vertical) axes are labeled in cm. The computational domain
extends out to z = 1.68 × 1018 cm.

the outflow axis). From our Fig. 8, we measure a full width of
≈1.1× 1017 cm (corresponding to 16′′ at a distance of HH 111)
which is somewhat too wide compared to HH 111V.

We find that in the numerical simulations, the width of
the main working surface is strongly dependent on the value
chosen for the density of the ambient medium. As an exam-
ple, in Fig. 8 we show the t = 0 Hα map predicted from a
model identical to the HH 111 model described in Sect. 3.1,
but with a nenv = 15 cm−3 ambient density (rather than the
nenv = 100 cm−3 value chosen in Sect. 3.1). This model re-
sults in a full width of ≈1.5× 1017 cm for the main bow shock,
which is actually similar to the width that we found for the
main working surface of the HH 34 jet model (which also had
a nenv = 15 cm−3 ambient density, see Sects. 3.1, 3.2).

This result is not surprising, as previous studies have shown
that the transverse extent of internal working surfaces does de-
pend on the density of the material surrounding the jet beam
(Falle & Raga 1993, 1995). Therefore, we conclude that the
transverse extents of HH 34S and HH 111V are sensitive not
only to the ejection velocity time-variability, but also to the
properties of the medium surrounding the jet.

4. Discussion

4.1. Ejection velocity histories

In this paper, we have taken previous observations of radial ve-
locities as a function of position along the HH 111 and HH 34

Fig. 7. Time sequence of the Hα maps predicted from the HH 111
model. The simulation is started at t = −2000 yr, and t = 0 corre-
sponds to the time at which HH 111 is being observed. The maps have
been computed assuming a φ = 11◦ angle between the outflow axis
and the plane of the sky. The Hα intensities are depicted with a log-
arithmic greyscale, with the values given (in erg s−1 cm−2 sterad−1)
by the bar on the top of the figure. The x (horizontal) and y (vertical)
plane of the sky coordinates are labeled in arcsec (computed as offsets
from the position of the source assuming a distance of 460 pc to the
object). The vertical arrows at x = 15′′ indicate the position at which
the HH 111 jet becomes visible, as it exits the high extinction region
in which the outflow source is embedded.

jets, and interpreted them as the result of a time-dependent ejec-
tion velocity variability. Assuming that the flows are ballistic,
the radial velocities can be used to reconstruct the history of
the ejection velocity over the past ≈1000 yr for the jet segment
between HH 111V and the source, and for the past ≈1300 yr
from the jet segment between HH 34S and the source.

4.2. HH 34

We find that the reconstructed HH 34 ejection velocity variabil-
ity can be fitted with two sinusoidal modes and a 270 km s−1

mean velocity. Most evident in the measurements is a mode
with a period of 270 yr and half-amplitude of 25 km s−1. One
and a half periods of this mode are clearly evident in the most
recent 500 yr of the velocity variability reconstructed from the
measured radial velocities (see Fig. 1). From the fit to the data,
it is clear that the observations show both the rises and falls of
a sinusoidal mode, so that the real velocity variability appears
to be appropriately described by such a functional form.

In order to fit the reconstructed ejection velocity history,
it is necessary to introduce a second mode, with a period
of 1400 yr and a half-amplitude of 70 km s−1. From Fig. 1,
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Fig. 8. Hα maps predicted from the HH 111 models with ambient
medium number densities of 100 cm−3 (top) and 15 cm−3 (bottom)
for t = 0. The maps are depicted with 7 factor of

√
2, logarithmic

contours, with the highest contour corresponding to ∼99% of the peak
intensity of each of the displayed maps. The peak intensities have val-
ues of 1.50 (top) and 2.37×10−4 erg cm−2 s−1 sterad−1 (bottom). The x
(horizontal) and y (vertical) plane of the sky coordinates are labeled in
arcsec (computed as offsets from the position of the source assuming
a distance of 460 pc to the object).

it is clear that the general rise in ejection velocity from t = 0
to t = −800 yr is well fitted by this mode. However, the drop
in radial velocity of this mode from t = −800 to −1400 yr
mostly corresponds to material that has been intercepted by the
two shocks of the HH 34S working surface. Therefore, it is not
possible to say whether or not this smooth drop in radial veloc-
ity is actually present in the real velocity variability with which
the HH 34 jet has been ejected.

From this discussion, we see that the kinematics of the
HH 34 jet imply that the ejection velocity is varying with time
as a superposition of two, smooth modes, for which we can
determine the periods, amplitudes and phases. Clearly, no indi-
cation of a variability with separate “ejection events” is seen.

To the time-variability deduced from the observed radial
velocities, we have added a third, fast mode with a period
of 27 yr and a half-amplitude of 10 km s−1. This mode was de-
duced by Raga & Noriega-Crespo (1998) from the spacing of
the knots close to the source of HH 34, and we have included
it in order to produce models that have chains of knots simi-
lar to these. Even though there is no observational information
of the functional form of this mode, we have followed Raga &
Noriega-Crespo (1998) in assuming that it is sinusoidal.

Let us now consider the timescales over which these modes
have been active. The 1400 yr period mode has clearly been

active over the last ∼1000 – 1500 yr. Also, if one attempts
to model the knots along the HH 34 giant jet (see Devine
et al. 1997), one needs to have a variability with a period of
∼1000 yr. Therefore, the knots along the giant jet might be ev-
idence for the presence of this mode back to ≈10 000 yr ago.

Interestingly, the current time seems to approximately co-
incide with one of the low velocity “valleys” of the 1400 yr
period mode. This mode could either continue existing, so that
over the next century we would be seeing a clear rise in the
ejection velocity, or it could be that this mode has just died out,
and that no such rise will be observed. Interestingly, the HST
proper motions of the two knots closest to the HH 34 source
appear to be substantially higher than the motions of the other
knots (see Fig. 1 and Reipurth et al. 2002), so that we might al-
ready be seeing evidence of an increase in the ejection velocity
of the HH 34 jet.

The proper motions of the two knots closest to the out-
flow source (see Fig. 1 and Reipurth et al. 2002) are indeed
very intersting. Their values are very high, indicating veloci-
ties of ≈300 km s−1, which are similar to the flow velocity di-
rectly upstream of HH 34S. As can be seen from Fig. 1, if one
includes these velocities when making a fit to the ejection ve-
locity vs. time, one finds that a sinusoidal form for the 1400 yr
period mode (mode 1 of Eq. (1)) does not appear to be appro-
priate. These high proper motions for the knots closest to the
outflow source might then be giving us an indication that the
long period mode of the HH 34S outflow is actually not sinu-
soidal. Alternatively, they could be evidence for the existence
of a fourth mode, which we have not detected in our present
analysis.

We appear to be observing the 270 yr mode also at its min-
imum (again calling into question whether or not it will extend
into the future), but we do appear to see that the 27 yr period
mode is still active at the present time (as the chain of aligned
knots along the jet starts right by the position of the source).
We also see evidence that these two modes have existed at least
for the last 500 yr (see Fig. 1). We do not know whether or
not these modes have existed further into the past, and it is not
clear whether it will ever be possible to retrieve such informa-
tion from the observed structure of the HH 34 jet.

4.3. HH 111

We find that it is possible to fit the ejection velocity history
of HH 111 with a single sinusoidal mode and a mean velocity
of 290 km s−1. This mode has a 950 yr period and a 45 km s−1

half-amplitude.

In order to produce the chain of aligned knots at the base of
the HH 111 jet, it is necessary to introduce a second, shorter pe-
riod mode. Raga et al. (2002a) and Masciadri et al. (2002) have
analyzed long-slit spectroscopic data obtained with the HST,
and have concluded that these knots are formed by a “saw-
tooth” mode (with approximately linear ramps of increasing
velocity vs. time followed by sudden drops) with a 60 yr pe-
riod and 30 km s−1 half-amplitude. We have then included this
mode in our numerical simulation of HH 111.
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The radial velocities of HH 111 show that 950 yr mode
has been active over the past 1500 yr (see Fig. 2). Also, the
existence of the HH 111 giant jet (see Reipurth et al. 1997b) is
evidence that this mode could have been active for ∼10 000 yr.
Different from what we found for HH 34, in the observations
of HH 111 we are catching the longer period mode close to its
peak velocity. Therefore, in this object there is no doubt that the
longer period mode is still alive and healthy, and that it coexists
in time with the shorter period mode.

The 60 yr period mode has been active over the past
∼500 yr (corresponding to the dynamical timescale of the chain
of aligned knots at the base of the HH 111 jet).

4.4. Periods, amplitudes and shock velocities

It is clear that the five modes deduced for the HH 34 and
HH 111 jets have monotonically growing amplitudes for in-
creasing periods. This is a simple property that will have to be
satisfied by future models of time-dependent ejection mecha-
nisms for these two HH jets.

We find that the mean velocities of HH 34 and HH 111 are
uncannily similar to each other (270 and 290 km s−1, respec-
tively). Also, the full amplitudes of the modes have a maximum
value of 140 km s−1 (this value being attained by the 1400 yr
mode of HH 34). From this, we see that the ratios between the
half-amplitudes and the mean velocity have a maximum value
of ∆v/v j ∼ 1/4. This result shows that the ∆v/v j ∼ 1 “hammer
jet” model proposed for HH 111 and HH 34 by Völker et al.
(1999) does not appear to be correct.

The maximum amplitude found for the modes of the ejec-
tion velocity variability is interesting from the point of view of
the possible shock velocities determining the excitation of the
spectra of HH objects. With the possible exception of HH 80/81
(see Heathcote et al. 1998), high excitation HH objects are well
modeled with shock velocities between 80 and 120 km s−1.
The existence of a maximum shock velocity (as deduced from
the observed line ratios) lead Raga et al. (1996) to speculate
whether there might be problems with the predictions from
plane-parallel, steady shock models, and to suggest that these
models might be missing other effects which could be present
in the excitation of HH spectra.

Interestingly, the velocity variability amplitudes deduced
from the radial velocities of HH 34 and HH 111 are indeed
consistent with the upper limit for the shock velocities deduced
from the excitation of HH spectra. Therefore, it appears that
the spectra predicted by plane shock models might be correct,
and that the ∼120 km s−1 upper limit to the shock velocities
then corresponds to an intrinsic property of the amplitudes of
the ejection velocity variabilities of HH jets.

In other words, from this interpretation of the excitation of
HH spectra, we would conclude that there is an upper limit to
the amplitudes of the modes (corresponding to a full amplitude
of ∼200 km s−1, which could be divided into two working sur-
face shocks of ∼100 km s−1). This is a second property which
should be satisfied by models of the ejection of variable jets.

A third property that has to be satisfied by the jet pro-
duction mechanism is that several modes appear to coexist in

time. For example, Reipurth (2000) suggested that the variabil-
ity of HH jets might be due to perturbations of an accretion
disk by stellar companions in a disintegrating, multiple system.
Looking at this scenario without understanding in detail how
the perturbations (due to close passages of companions) lead to
a time-variability of the outflow, it appears that it would lead to
long period modes being excited as the system is disintegrating
(while having orbits with ∼1000 yr periods). After a period of
∼104 yr, a close binary would be formed, with a ∼10–50 yr pe-
riod, leading to the excitation of the faster modes seen in HH
jets.

Such a sequence of events is not supported by the observed
velocity vs. position structures of HH 34 and HH 111, as they
indicate that the faster and slower ejection velocity variabil-
ity modes occur at the same time. Of course, this result does
not necessarily eliminate the scenario proposed by Reipurth
(2000). A much more detailed study should be carried out to
see if it is not possible for orbits in a disintegrating multiple
system to lead to coexisting modes such as are observed in
HH 34 and HH 111.

4.5. The functional forms of the modes

From the presently available data, we have clear observational
constraints for the shape of only two of the five modes assumed
to be present in HH 34 and HH 111:

– the 270 yr mode of HH 34 has smooth rises and decays. A
sinusoidal function appears to be appropriate for describing
this mode;

– the 60 yr period mode of HH 111 has smooth, approxi-
mately linear rises, followed by sudden drops in the ejec-
tion velocity. We refer the reader to Raga et al. (2002a) and
Masciadri et al. (2002) for analyses of this mode.

These two kinds of variability suggest the possible existence of
at least two different, coexisting mechanisms for the production
of time-variabilities in the ejection of HH jets.

As described in Sect. 4.2, the very high proper motions of
the knots closest to the HH 34 source might be evidence that
the 1400 yr period mode of the outflow variability of this jet
might not be sinusoidal. However, the restricted information
that we have about the ejection velocity rise that appears to
have occurred over the last few decades does not allow us to
determine the functional form of this mode in detail.

4.6. The numerical simulations

The numerical simulations that we have computed show that
the ejection velocity histories deduced from the radial veloci-
ties of HH 34 and HH 111 do lead to jets with the observed
characteristics. The HH 34S and HH 111V main bow shocks
are well reproduced by the numerical models, and the struc-
tures of aligned knots observed at the bases of the jets are also
reproduced at least in a qualitative way. We feel that this is a
quite definite proof that at least some of the structures observed
in HH 34 and HH 111 are indeed the result of a time-variability
of the ejection velocity.
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4.7. The transverse sizes of HH 34S and HH 111V

We find that by choosing an appropriate density for the sur-
rounding environment, we are able to reproduce the widths of
the HH 34S and HH 111V bow shocks. However, a problem
with our models is that the environment of the outflows is likely
to have been subjected to long-term perturbations due to the
passage of many working surfaces (as shown by the ∼104 yr
dynamical timescales of the giant jets associated with these ob-
jects, see Devine et al. 1997 and Reipurth et al 1997b). Such
perturbations are not included in our present simulations.

Therefore, it is not possible to derive any definite conclu-
sions from the predicted and observed widths of HH 34S and
HH 111V, and we are limited to saying that the widths of these
objects can be reproduced with our models by choosing ap-
propriate environmental parameters. However, the chosen pa-
rameters are unlikely to coincide with the real corresponding
values for these HH jets, since the long-timescale perturbations
that these outflows have inflicted on their environments are not
included in our models.

4.8. Time-dependence of the ejection density

In our simulations, we have considered a time-independent
density at the base of the jet. We find that with this assumption
it is possible to obtain jets with characteristics that qualitatively
agree with observations of HH 34 and HH 111.

However, it is of course possible that the ejection density
is also varying as a function of time. Variations in the density
by as much as an order of magnitude could be present, even if
it is not possible to isolate them from the clearly detected ve-
locity variabilities. The difficulty in detecting an ejection den-
sity time-variability comes from the fact that a variability in the
ejection velocity leads to a strong position dependence of the
density along the jet, as discussed by Raga & Cantó (1998).

It is therefore very difficult to isolate the density vs. position
dependence which might result from a time-dependent ejection
density from the one resulting from the existing ejection ve-
locity time-variability. However, this is one of the interesting
points that could be addressed from observations of HH jets,
and clearly deserves further effort.

5. Conclusions

We have computed axisymmetric gasdynamic models with the
time-dependent ejection velocities deduced from the position-
dependent radial velocities of the HH 34 and HH 111 jets. From
these models, we predict Hα maps that have quite strong qual-
itative and quantitative agreements with observations of these
two jets. From this, we conclude that it is clear that at least
some of the structures observed in HH 34 and HH 111 are
indeed the result of an ejection velocity time-variability.

We have studied the periods, amplitudes, phases and func-
tional forms of the modes of the ejection velocity time-
variability. We find that the amplitudes of the modes are con-
sistent with the ∼120 km s−1 upper limit to the shock velocities
deduced from the excitation of HH spectra.

Other interesting results are that it appears that up to three
different modes are active at the current time, and that these
modes have at least two different functional forms. These re-
sults suggest that at least two different mechanisms producing
variabilities of the ejection velocity (with different amplitudes,
periods and functional forms) might be active at the current
time in HH 34 and HH 111.

These results are hard to understand at the present time,
due to the lack of firm theoretical ideas about the production of
time-dependent HH jets. However, they do provide important
constraints for future jet collimation models that could evolve,
e.g., as more advanced versions of time-dependent models such
as the ones of Ouyed & Pudritz (1997) and Goodson et al.
(1997, 1999).
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& Masciadri, E. 2001, MNRAS, 324, 206
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