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ABSTRACT

Prompted by the recent detection of X-ray emission
from Herbig-Haro objects, we studied the interaction be-
tween a supersonic jet originating from a young stellar
object and the ambient medium; our aim is to investigate
the mechanisms causing the X-ray emission. Our model
takes into account the radiative losses from optically thin
plasmas and Spitzer’s thermal conduction including satu-
ration effects. We explored the parameter space defined by
the density contrast between the ambient medium and the
jet and by the Mach number, to infer the configurations
which can give rise to X-ray emission. From the models,
we derived the X-ray emission as it would be observed
with Chandra/ACIS-I and XMM-Newton /EPIC-pn, using
the MEKAL spectral code and including the absorption
of interstellar medium. Here we discuss a representative
case which produces, without any ad hoc assumption, X-
ray emission with characteristics very similar to those ob-
served in the protostellar jet, HH 154. We find that the
X-ray emission originates from a blob localized just behind
the bow shock, moving with velocity 500 km/s. We pre-
dict, therefore, among other features, a detectable proper
motion of the X-ray blob, which is interesting for future
observations.

Key words: ISM: Herbig-Haro objects — ISM: individual
objects (HH 154) — ISM: jets and outflows — X-rays: ISM

1. INTRODUCTION

Herbig-Haro objects are mainly shocks produced at the in-
teraction front between the supersonic protostellar jet and
the ambient medium. Optical, radio and infrared studies
of these objects have been carried since HH objects were
discovered (Herbig 1950; Haro 1953). Recently X-ray emis-
sion with the XMM-Newton and Chandra satellites has
been detected for a few of these HH objects: HH 2 in Orion
(Pravdo et al. 2001), HH 154 in Taurus (Favata et al. 2002;
Bally et al. 2003), HH 80/81 in the Sagittarius cloud L291
(Pravdo et al. 2004), and a protostellar jet in the OMC-3
molecular cloud in Orion (Tsujimoto et al. 2004).

As an example the left panel of the Fig. 1 shows an
optical image of the protostellar jet HH 154 located at the
distance of 140 pc in Taurus (adapted from Bally et al.

2003). This figure shows the position of the X-ray source
marked with a cross at the base of the jet.

The right panel of Fig. 1 is a close up view of the X-ray
source detected with Chandra/ACIS-I (Bally et al. 2003).
The X-ray source is not coincident with the position of the
protostar. The protostar suffers a visual extinction of ~
150 mag whereas a small visual extinction of ~ 7 mag has
been found for the soft X-ray source, with a temperature of
a few million degrees. This makes HH 154 an ideal object
to be studied because the emission from the protostar is
obscured.

Prompted by these new observations we started a pro-
ject devoted to study the mechanism causing the X-ray
emission detected in HH objects. This work is part of a
wider project in which we perform a detailed exploration
of the parameter space and we take into account all the
important physical effects describing the evolution of a
protostellar jet.

In this paper we study the X-ray emission from HH
154, the nearest and one of the best studied Herbig-Haro
objects emitting X-rays. X-ray emission from HH 154 has
been detected with both XMM-Newton and Chandra (Fa-
vata et al. 2002; Bally et al. 2003). The aim of our work
is to infer the configuration which can give rise to X-ray
emission, to derive detailed predictions, to determine the
range of parameters consistent with observations and to
get insight on the jet physical conditions. To this end we
performed a detailed modeling of the interaction between
a supersonic plasma jet and a uniform ambient medium
using the FLASH code (Fryxell et al. 2000). FLASH is
an accurate and very advanced numerical code which uses
the PARAMESH library to handle adaptive mesh refine-
ment (MacNeice et al. 2000). The code uses the Message
Passing Interface (MPI) library to achieve parallelization.
For our simulations FLASH included modules that treat
optically thin radiative losses and thermal conduction.

The paper is structured as follows: Sect. 2 describes
the proto-stellar jet model; Sect. 3 describes our method
to synthesize, from the numerical simulations, X-ray ob-
servations as predicted to be observed with Chandra and
XMM-Newton; in Sect. 4 we discuss the results of the
numerical simulations; finally in Sect. 5 we draw our con-
clusions.
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Figure 1. Left panel: an optical image of the protostellar jet HH 154 (adapted from Bally et al. 2003). The location of the X-
ray source detected with Chandra is marked with a cross. The two circles mark the position of the binary system IRS 5 from
which the jet originates. Right panel: close-up view of the X-ray source associated with HH 154 (Bally et al. 2003). The circles

correspond to the position of the binary protostar IRS 5.

2. THE MODEL

The evolution of the protostellar jet traveling through the
ambient medium is described by the fluid equations of
mass, momentum and energy conservation in the form

dp

8t+V~pV:O
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dpv
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where ¢ is the time, p is the mass density, v is the plasma

velocity, ¢ is the conductive flux, n. and ng are the elec-

tron and hydrogen density respectively, P(T) indicates the

radiative losses per unit emission measure. In our model

we assume a negligible magnetic field and we take into

account optically thin radiative losses (Raymond & Smith

1977 and subsequent upgrades; Mewe et al. 1985) and
thermal conduction in the form (Dalton & Balbus 1993)
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where kg is almost constant, T is the plasma temperature,
in the Spitzer regime (Spitzer 1962) and

Gsat = —sign(VT)5¢pc? (6)

where ¢ ~ 1.1 and ¢, is the sound speed, with saturation
effects (Cowie & McKee 1977) taken into account.

We adopt a bi-dimensional cylindrical coordinate sys-
tem with the jet axis coincident with the z axis. The com-
putational grid extends over 300 AU in the radial direction
and over 6500 AU in the z direction. Reflection boundary
conditions are imposed along the jet axis, inflow bound-
ary conditions at z = 0 and r < 7j, rj being the initial jet
radius, and outflow boundary conditions elsewhere. We
assumed that at the beginning the jet is in pressure equi-
librium with its environment. The initial jet radius is 30
AU and its initial length is 300 AU. The initial jet velocity
is along the z axis, coincident with the jet axis, and is a
function of the distance from the axis, r, as follow

Vo

w (7)
vcosh(r/rj)* — (v —1)
where Vj is the on-axis velocity, v is the ambient to jet
density ratio, rj is the initial jet radius and w is the steep-
ness parameter for the shear layer (in all the simulations
we assumed w = 4). The change of the density in the
radial direction is

=p: vy — ——mM88M8M —
e ( cosh(r/mw)
where pj is the jet density.
The maximum spatial resolution achieved in our simu-

lations is 1.3 AU, using 4 refinement levels according to the

V(r) =

v—1

(8)
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PARAMESH methodology. This resolution corresponds to
covering the jet radius with 25 mesh points.

3. SYNTHESIZING THE X-RAY SPECTRA

From the model we derive the emission measure, EM, and
the temperature, 7', for each fluid element, and we obtain
3-D maps of EM and T, considering the axial symmetry.
From these 3-D maps we derive the X-ray emission map
integrating along the line of sight and taking into account
the interstellar absorbing column density, Ny =~ 1.4 x 1022
em~2 as in Favata et al. (2002), and the Chandra/ACIS-
I instrumental response. Following Orlando et al. (2000),
we derive a distribution of emission measure vs. temper-
ature, EM(T), over the temperature range 10% — 10® K.
For this purpose we divide the temperature range into 74
bins, equispaced on a logarithmic scale; then the emission
measure of all the elements corresponding to the same
temperature bin is summed to yield the EM in that bin.
From the EM (T) distribution we synthesize the spectrum
using the MEKAL spectral code (Mewe et al. 1985) tak-
ing into account the interstellar medium absorption col-
umn density, Ng (Morrison & McCammon 1983). Fold-
ing this absorbed parent spectrum through the instru-
ment spectral response, we derive the focal plane spec-
trum as they would be detected with the Chandra/ACIS-I
or XMM-Newton/EPIC-pn X-ray imaging spectrometers.
We then analyze synthesized focal plane spectra with stan-
dard analysis tools (XSPEC V11.2), comparing our results
with observations (Favata et al. 2002).

4. RESULTS

Our model solutions depend on several physical parame-
ters: the jet and ambient temperature and density, and the
jet velocity. In order to reduce the number of free param-
eters, we assumed the initial jet temperature and density
according to observations; in particular we assumed jet
density!, n; = 500 cm ™3, and jet temperature 7} = 10* K
as in Fridlund & Liseau (1998) and Favata et al. (2002).
Our model solutions therefore are defined by the follow-
ing free parameters: the Mach number, M = vj/c, and
the ambient to jet density ratio, v = n,/n;. In a forth-
coming paper (Bonito et al. 2005) we discuss the results
obtained from a wide exploration of the parameters space,
(N, v). From such an exploration we derived that only for
a narrow range of values the parameters reproduce the
observations. Here we present the model which shows the
best agreement with observations of HH 154 (Bonito et al.
2004): a jet with Mach number M = 300, corresponding
to an initial velocity vj &~ 1400 km s~1, and with ambient-
to-jet density contrast v = n,/n; = 10, corresponding to

! Note that density of 10* em™2 corresponds to the shock
front which generates the so-called knot D (Fig. 1); this is not
the value of the jet density before it interacts with the ambient
medium.
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an ambient density, n, = 5000 cm~3. Note that v = 10
corresponds to a jet less dense than the ambient medium,
according to Fridlund & Liseau (1998). As shown in detail
in Bonito et al. (2005) a jet traveling through a less dense
ambient medium cannot reproduce results consistent with
observations of HH 154, neither for the X-ray luminosity
nor for the velocity observed.

Fig. 2 (upper panels) shows the evolution of the jet
temperature (on the left) and density (on the right) both
in a logarithmic grey scale. A cocoon with an almost uni-
form (because of the thermal conduction) temperature up
to T = 7x10° K envelops the jet. The cocoon temperature
decreases in time and a cooler and denser shell forms.

In Fig. 3 we present an enlargement of the post shock
region in a linear grey scale (temperature on the left and
density on the right). A dense and hot blob with temper-
ature of over 4 x 10% K and density n, ~ 10* cm™3 is
localized just behind the shock front.

Fig. 2 (lower panels) shows the predicted evolution of

the X-ray emission, integrated along the line-of-sight with
a bin size ~ 10 AU, as it would be observed with Chan-
dra/ACIS-1. The Chandra resolution corresponds to ~ 60
AU at the distance of HH 154 (~ 140 pc). We found that
the X-ray emission originates from the hot and dense blob
localized just behind the shock front. Even with Chandra
this blob cannot be spatially resolved and will be detected
as a point-like source. Fig. 2 clearly shows a measurable
proper motion for the X-ray blob. We found an average
shock velocity v, = 500 km s™! corresponding to ~ 0.7”
yr_l.
In order to compare our findings with observations, we
synthesized the focal plane spectra as detected with EPIC-
pn. From the 3-D maps of EM and T, we integrated the
emission of the whole spatial domain. We assumed 102
total counts. We grouped the energy channels in order to
have at least 10 photon counts per channel.

The evolution of the X-ray luminosity, Lx derived from
our model in the EPIC band is shown in Fig. 4. We found
that Lx varies moderately with time ranging between 2
and 5 x 10%? erg s~1. These values are in good agreement
with that obtained for HH 154, Lx = 3 x 10%° erg s™1,
by Favata et al. (2002). The dashed line superimposed on
Fig. 4 corresponds to Lx derived from the simple analytic
model proposed by Raga et al. (2002). They assume that
the X-ray emitting region is localized at the head of the
bow shock, where the gas temperature and density are
of the order of the on-axis post-shock values. Considering
the radius of the blob 7, =~ 30 AU, the ambient density,
na ~ 5000 cm 2, and the shock velocity, vg, =~ 500 km s,
the model of Raga et al. (2002) predicts Lx = 2 x 10%°
erg s~!. From Fig. 4 it is clear that our simulations con-
firm the prediction of Raga et al. (2002). In addition our
model demonstrates that the X-ray source is effectively
coincident with the blob localized just behind the shock
front. Furthermore the good agreement between the ana-
lytic model proposed by Raga et al. (2002) and our simu-
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Figure 2. Upper panels: 2-D cuts through the rz plane of the jet temperature (on the left) and density (on the right) at four
different evolutionary stages. Lower panels: X-ray emission integrated along the line-of-sight and on macro-pizels with ~ 10 AU
size (6 times better that the ACIS-I spatial resolution), as we predict it would be observed with ACIS-I1. The contour plot marks
the region occupied by the jet and by the cocoon. The X-ray source is localized in a blob behind the bow shock, moving with

measurable proper motion; its linear size is ~ 30 AU.

lations is based on the presence of a strong absorption due
to the interstellar medium which suppresses the soft X-ray
emission component originating from the cocoon with low
temperature, T < 10 K.

As an example in Fig. 5 we present the synthesized
spectrum 25 years since the beginning of the jet-ambient
interaction, similar to Favata et al. (2002) observations.
The MEKAL best-fit spectrum is also shown. Assuming
a distance of about 150 pc we obtained 1.2 cnts ks™! in
the [0.3 — 10] keV band with an absorbing column density
of 1.5 x 1022 cm~2 (Tab. 1). All the spectra are well
fitted with the emission from an optically thin plasma at
a single temperature. The fitting parameters derived from

our model (Tab. 1) are consistent with those obtained
from the observations (Favata et al. 2002).

5. DISCUSSION AND CONCLUSIONS

We have modeled the X-ray emission from protostellar
jets. To this end we developed a fluid-dynamic model in
which we have also taken into account optically thin ra-
diative losses and thermal conduction effects. Using this
model we performed an exploration of a wide parameters
space and we found that the model yields observable X-ray
emission only for plasma parameters close to the observed
ones. As a result, we obtain a diagnostic power and insight
on the physical configuration of a protostellar jet emitting
X-ray. Our model predicts that the X-ray source origi-
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Figure 3. An enlargement of the post shock region in a linear
grey scale: temperature on the left, density on the right.
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Figure 4. Evolution of the X-ray luminosity (dots; adapted from
Bonito et al. 2004). The level of the X-ray luminosity derived
from Raga et al. (2002) is marked as an horizontal dashed line.

Table 1. Best-fit parameters to the EPIC-pn simulated X-
ray spectrum derived from the hydrodynamic model (shown in
Fig. 5) and to the EPIC-pn data analyzed by Favata et al.
(2002).

Hydro model Favata et al.

count rate (cnts/ks) 1.2 1.0
D (pc) 150 150
Nu (10%2 cm™2) 1.540.3 14404
T (106 K) 34+£1.2 4.0+25
Fx (107"% erg/cm?/s) 1.4 1.3

nates from the hot and dense blob localized just behind
the shock front (Fig. 3). In addition our model allows us
to predict a detectable proper motion for the X-ray blob
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Figure 5. Upper panel: synthesized spectrum 25 years since the
beginning of the jet-ambient interaction. The MEKAL best fit-
ting spectrum is superimposed. Lower panel: observed EPIC-pn
X-ray spectrum of the source HH 154 (Favata et al. 2002).

and a slight variability of the X-ray luminosity which fluc-
tuates of £40% over the 40 yr modeled.

From observations of HH 154 (Fig. 1, Bally et al. 2003)
the X-ray detection is very close to the originating star.
Two different scenarios based on our model can explain a
X-ray emission source so close to the protostar. First, such
an emission could be due to the interaction of the jet with
a circumstellar cloud localized close to the protostar. This
is plausible considering the strong inhomogeneity of the
interstellar medium in the star forming region from which
the protostellar jet originates. Alternatively, assuming a
pulsed jet instead of a continuous one, and noting that our
model predicts that the X-ray emission is detectable since
the beginning of the interaction between the protostellar
jet and the ambient medium, the X-ray source observed
in HH 154 may be explained as the emission due to the
shock formed at the jet/ambient front at the beginning
of the interaction. Bally et al. (2003) proposed that the
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X-ray emission may be due to X-rays scattered from the
protostellar coronae itself; such a mechanism, causing X-
ray coming from the initial jet collimation, would show
no proper motion. Our model unambiguously predicts a
detectable proper motion of the X-ray source. In order
to discriminate among the various proposed models, we
proposed a new Chandra observation (approved in AOG)
of HH 154 which will allow us to study the X-ray emitting
region and its proper motion. From the analysis of new
XMM-Newton data, we will compare the Lx variability
(if any) with that obtained from our simulations.
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