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Our aim is to investigate the physical mechanisms causing the X-ray emission recently
detected in Herbig-Haro (HH) objects. We focus, in particular, on our new Chandra ob-
servations of HH 154, the nearest HH object from which X-ray emission has been detected.
Detailed comparison between 2005 Chandra observations with previous 2001 data shows
for the first time the proper motion and the complex morphology of the X-ray source in a
protostellar jet. It consists of both an unresolved, point-like component, without detectable
proper motion, and an extended component, elongated as expected from a shock moving
away from the parent star with a velocity of about 460 km/s. With the aim of explaining
the physical mechanisms governing the X-ray emission observed in HH objects, we devel-
oped a detailed hydrodynamic numerical model of a continuous supersonic protostellar jet
propagating through a uniform medium. Such a model explains the detected X-ray source
as the emission originating from the shock forming at the interaction between the jet and
the ambient medium. The detailed hydrodynamic numerical model indicates that the X-ray
emitting shock could be moving at speed of about 500 km/s, consistent with the observed
velocity of the extended component of the X-ray source.

§1. X-ray observations of HH 154

The L1551 star-forming region is located in the Taurus molecular complex and
thus is one of the closest (about 150 pc) to us. An optical jet, with Herbig-Haro (HH)
characteristics (HH 154), originates from each of the components of the IRS5 binary
system; the jets come from behind the about 150 magnitudes of visual extinction
that surrounds the binary, the first knot being at about 0.5” from the star. X-ray
emission from HH objects has been discovered with both XMM and Chandra and is
now considered as a possibly general feature of such objects. HH 154 is the nearest
HH object from which X-ray emission has been detected and the only protostellar
jet whose X-ray source’s morphology has been resolved so far. The X-rays have
been discovered at the same location of the first knot at the base of the jet1) quite
likely emanating from the jet itself, due to its impact on circumstellar material. The
location of the X-rays coincides with position where optical spectroscopy and HST
imaging finds nebular knots with true velocity of 500 km/s.

With the aim of explaining the physical mechanisms which cause the X-ray
emission originating from protostellar jets, we analyze the X-ray temporal and mor-
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Fig. 1. The X-ray source associated with the HH 154 jet seen with Chandra in 2001 and 2005

(adapted from Favata et al., 2006)4)

phological changes of HH 154, as detected with Chandra. An important result of
our Chandra data of HH 1544) is that the observed X-ray morphology of HH 154 is
more complex than expected (Fig. 1). A detailed comparison between our 2005 deep
Chandra observation4) with previous 2001 Chandra data shows for the first time the
proper motion and the complex morphology of the X-ray source associated with a
protostellar jet (Fig. 1). The source consists of both an unresolved, point-like com-
ponent, without detectable proper motion over 4 yr, and an elongated component
whose expansion is in agreement with a shock moving away from the parent star at
about 460 km/s. We also derived the spectral properties of the X-ray source detected
in HH 154 with the 2005 Chandra observations and found that it can be fitted with
a simple absorbed thermal plasma, resulting in a temperature of approximately 0.5
keV and a column density of 1.5 × 1022 cm−2, essentially consistent with previous
spectral analysis of the X-ray source detected with XMM-Newton in 2000.5) These
results describe the spectral properties of the X-ray source as a whole, the number
of X-ray photons present in the moving component of the source being too small to
attempt a separate spectral analysis.

§2. Numerical model

In order to investigate the physical mechanisms governing the X-ray emission
observed in HH objects, Bonito et al. 20042) and 20073) developed a hydrodynamic
numerical model (including thermal conduction and radiative losses) of a continuous
supersonic protostellar jet propagating through an uniform medium. Such a model
explains the detected X-ray source as the emission from the shock formed by the
interaction between the jet and the ambient medium. The hydrodynamic numerical
model indicates that the X-ray emitting shock should move at a speed of about 500
km/s, consistent with the observed velocity of recombination emission lines (observed
with HST) and with the velocity of the expansion of the observed extended X-ray
component (see Sect. 1). An ample exploration of the parameter space allowed us to
conclude that, among the models which best reproduce observations (the parameters
of the models are summarized in Tab. 1 and the spatial distribution of the temper-
ature, density and X-ray emission are shown in Fig. 2 and 3), the model of a jet
less dense than the ambient medium (light jet) is the best model to explain both the
X-ray and the optical observations of HH 154. However the model does not explain
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Fig. 2. Two-dimensional cuts of mass density (upper half-panels) and temperature (lower half-

panels) in the r− z plane 20 years after the start of the jet/ambient medium interaction for the

best cases of light (upper panels), equal-density (middle panels) and heavy jets (lower panels).

The violet boxes superimposed on the figure correspond to the regions shown in Fig. 3 (adapted

from Bonito et al. 2007)3)

Fig. 3. Synthesized X-ray emission, in logarithmic scale, as would be observed with ACIS-I, for the

three cases examined, 20 years since the beginning of the jet/ambient medium interaction. At

a distance D ≈ 150 pc, 100 AU correspond to about 0.7 arcsec. The ACIS spatial resolution is

indicated by the circle superimposed on the figure (adapted from Bonito et al. 2007)3)

the observed unresolved component although the constant jet inflow model discussed
here is a useful and necessary building block towards more complex models.
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Table I. Summary of the initial parameters characterizing the “best-fit” models in the case of light,

equal-density and heavy jets: ambient-to-jet density contrast, ν, jet Mach number, M , initial

jet velocity, vj, ambient density and temperature, na, and Ta, respectively. In all the models,

the initial jet density and temperature are nj = 500 cm −3 and Tj = 104 K, respectively3)

model ν M vj na Ta

[km s−1] [cm−3] [104 K]

light 10 300 1400 5000 0.1

equal-density 1 100 1500 500 1

heavy 0.03 30 2500 17 30

§3. Conclusion

The observed X-ray morphology of HH 154 is more complex than expected,
showing two components: a stationary source and a fast-moving X-ray one. Bonito
et al. 20042) and 20073) modeled the interaction between a supersonic protostellar
jet and a homogeneous ambient medium, but this simple configuration reproduces
only some of the aspects of the complex spatial structure more recently observed in
the X-ray emission from HH 154. Albeit the moving shock model of Bonito et al.
20042) and 20073) answers many of the previous questions, a more complex scenario
of the surrounding medium is required. In fact from the optical observations of HH
154 one can conclude that the jet is likely to be ejected in an eruptive rather than in
a continuous way, with new visible features appearing on a time scale of few years.
Furthermore the rapid variation in space of the circumstellar absorption6) indicates
that the ambient medium is highly inhomogeneous. To this end, as a follow up of our
first analysis, we are modeling another, probably more appropriate, scenario of the
interaction between a supersonic protostellar jet traveling through an inhomogeneous
surrounding medium (Bonito et al., in preparation). Our results are promising and
show that the basic physics on which our models are based could reproduce the
observations. A full exploration of the parameter space is however in order.
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