c ESO 2004


The X-ray emission mechanism in the protostellar jet HH 154
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Abstract. We study the mechanism causing the X-ray emission recently detected in protostellar jets, by performing a detailed
modeling of the interaction between a supersonic jet originating from a young stellar object and the ambient medium, for
various values of density contrast, ν, between the ambient density and the jet, and of Mach number, M; radiative losses and
thermal conduction have been taken into account. Here we report a representative case which reproduces, without any ad hoc
assumption, the characteristics of the X-ray emission recently observed in the protostellar jet HH 154. We find that the X-ray
emission originates from a localized blob, consistent with observations, which moves with velocity v ∼ 500 km s−1 ; we therefore
predict the X-ray source to have a detectable proper motion.
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1. Introduction
Herbig-Haro (HH) objects are mainly shocks produced at the
interaction front between a protostellar supersonic jet and the
ambient medium. Detailed studies of these objects in the radio, infrared and optical bands have been carried in the last
50 years, i.e. since HH objects were discovered (Herbig 1950;
Haro 1952; see also Reipurth & Bally 2001).
Recently the XMM-Newton and Chandra satellites have
found evidence of X-ray emission from 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).
HH 154 is one of the nearest and best studied Herbig-Haro
objects, and it is composed of several knots aligned along an
optically visible jet leading away from the IRS 5 protostar.
IRS 5 is a deeply embedded double source, obscured by about
150 mag of visual extinction and located in the L1551 cloud
in Taurus, one of the nearest sites of ongoing star formation, at
a distance of about 140 pc.
Favata et al. (2002) and Bally et al. (2003) discovered X-ray
emission originating from HH 154, unambiguously excluding
that the X-ray source is associated with the L1551 IRS 5 protostar both because of the position of the X-ray source, displaced
by 0.5−1 arcsec from IRS 5 along the jet axis, and because the
absorbing column density found from the X-ray spectrum (corresponding to a visual extinction AV ≈ 7 mag) is by far too
small to be associated with IRS 5 (AV ≈ 150 mag).

Several models have been proposed to explain the X-ray
emission from protostellar jets, but the emission mechanism is
still unclear. Bally et al. (2003), in particular, suggested various models, not based on simulations, for the X-ray emission from HH 154: these include X-ray emission from IRS 5
reflected by a dense medium, X-ray emission produced when
the stellar wind shocks against the wind from the companion
star, or produced in shocks in the jet. Raga et al. (2002) derived an analytic model and performed numerical simulations,
predicting X-ray emission originating from the jet.
Prompted by this new X-ray-observed phenomenon, we
studied a set of diﬀerent physical configurations for the interaction between a supersonic jet and the ambient medium.
We aimed to infer the configuration(s) which can give rise to
X-ray emission, to determine the range of parameters consistent with observations and to get insight on the jet physical
conditions. To this end, we used the FLASH code (Fryxell
et al. 2000) with customized numerical modules that treat optically thin radiative losses and thermal conduction. FLASH uses
the PARAMESH library to handle adaptive mesh refinement
(MacNeice et al. 2000) and the Message-Passing Interface library to achieve parallelization.
Here we present a first set of results concerning a jet less
dense than the ambient medium, with density contrast ν =
na /nj = 10 (where na is the ambient density and nj is the density of the jet) which produces a good agreement with the observed X-ray emission from HH 154 (Favata et al. 2002). In
a forthcoming paper we will study the eﬀects of varying the
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parameters, such as the ambient-to-jet density ratio, ν, and the
Mach number, M, on the jet dynamics.
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2. The model
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We model a jet with density nj = 500 cm−3 and which travels through an ambient medium 10 times denser according
to Fridlund & Liseau (1998); the jet has high Mach number,
M = 300, corresponding to an initial velocity vj ∼ 1.4 ×
103 km s−1 , and temperature T j = 104 K. We assume that at
the beginning the jet is in pressure equilibrium with its environment. The model takes into account optically thin radiative losses (Raymond & Smith 1977 and subsequent upgrades;
Mewe et al. 1985) and thermal conduction (Spitzer 1962) with
saturation eﬀects (Cowie & McKee 1977); we assume that the
role of magnetic field is irrelevant. The evolution of the protostellar jet is described by the fluid equations of mass, momentum and energy conservation.
We adopt a 2D cylindrical (r, z) coordinate system with the
jet axis coincident with the z-axis. The computational grid extends over ≈300 AU in the r direction and over ≈6500 AU in
the z direction. The initial jet radius is rj ≈ 30 AU and its initial length is 300 AU. Reflection boundary conditions are imposed along the jet axis, inflow boundary conditions at z = 0
and r ≤ rj and outflow boundary conditions elsewhere. The
maximum spatial resolution achieved is ≈1.3 AU according to
the PARAMESH methodology and using 4 refinement levels,
corresponding to covering the jet radius with 25 points at the
maximum resolution.
From the model, we derive the emission measure, EM, and
temperature, T , for each fluid element; thus we obtain 3D maps
of EM and T , considering the axial symmetry. Following the
approach of Orlando et al. (2000), we derive a distribution of
emission measure vs. temperature, EM(T ), over the temperature range 103 –108 K: the temperature range is first divided
into 74 logarithmically spaced bins; then the emission measure
of all the fluid elements corresponding to the same temperature bin is summed to yield the EM in that bin. We synthesize the focal plane spectrum as predicted to be observed with
the Chandra/ACIS-I or XMM-Newton/EPIC-pn X-ray imaging spectrometers, using the Analysis System for Astrophysical
Plasmas (ASAP; Maggio et al. 1994) suite of tools, as follows:
from the EM(T ) distribution we synthesize the spectrum using
the MEKAL spectral code (Mewe et al. 1985) taking into account the interstellar medium absorption column density, NH
(Morrison & McCammon 1983); the absorbed parent spectrum
is then folded through the spectral instrumental response, deriving the focal plane spectrum. Finally, we analyze the focal
plane spectrum with XSPEC V11.2 and compare our findings
with published experimental results (Favata et al. 2002).
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Fig. 1. Top panels: 2D cuts through the rz plane of the jet temperature
at three diﬀerent evolutionary stages. Bottom panels: the corresponding X-ray emission integrated along the line-of-sight and on macropixels with ∼10 AU of size (6 times better that the ACIS-I spatial
resolution), as predicted to be observed with ACIS-I. 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.

3. Results
The analysis of ACIS-I data is interesting because of its high
spatial resolution, which allows to localize the X-ray source
in the jet with high precision (see Bally et al. 2003). Figure 1
shows the evolution of the temperature and of the X-ray emission integrated along the line-of-sight with a bin-size ∼10 AU

(about 6 times better than Chandra spatial resolution), as predicted to be observed with ACIS-I, assuming that the jet propagates perpendicularly to the line-of-sight. Note the presence
of a high temperature (up to ∼7 × 105 K) cocoon (top panels) enveloping the jet; the temperature is almost uniform in

time(yr)
20

10

30

L3

102

40
cnts / cm2 / sec / keV

60

zsh (100 AU)

50
40
30

100

10-2

10-4

20
10-6

10

0.5

1

2

0
0.2

0.4

0.6
0.8
time(109 s)

1.0

1.2

Fig. 2. Shock front position vs. time. The least-square fit (dashed line)
gives an average velocity of the shock front of vsh ∼ 500 km s−1 .
Table 1. Best-fit parameters to the EPIC-pn simulated X-ray spectra shown in Fig. 3 and obtained in the low and high statistics cases,
respectively.
cnts

nH ± ∆nH
(1022 cm−3 )

T ± ∆T
(106 K)

EM ± ∆ EM
(1052 cm−3 )

χ2

Prob.a

83
104

1.50 ± 0.36
1.37 ± 0.02

3.7 ± 2.2
3.7 ± 0.1

1.4 ± 6.0
1.3 ± 0.3

0.56
0.68

0.73
1.00

a

Null hypothesis probability.

the cocoon because of the thermal conduction. However the
cocoon temperature decreases with time and gradually a cooler
and denser shell forms. The X-ray emission (bottom panels)
originates from a localized inner blob corresponding to the region behind the shock front, with a radius comparable to rj ,
i.e. ∼30 AU. From the values obtained for the average blob
temperature, T ∼ 3.4 × 106 K, and density, n ∼ 104 cm−3 ,
the cutoﬀ length scale for thermal instability (Field 1965) is
∼102 AU. Since this scale length exceeds the X-ray blob dimension, we can conclude that thermal conduction stabilizes
the blob against radiation-driven thermal instability.
Figure 1 clearly shows that the X-ray source moves in time
along the jet. The shock front position, zsh , vs. time, t, is plotted
in Fig. 2 together with the least-square fit to the linear model
zsh = A + vsh t: the shock front propagates with an average (and
almost constant) velocity vsh ∼ 500 km s−1 .
We synthesized the spectra as predicted to be observed with
the EPIC-pn, in order to compare our analysis with the results
obtained by Favata et al. (2002). We integrated the emission of
the whole spatial domain (considering the 3D structure of EM
and T ), and we assumed two diﬀerent statistics, low (∼102 total counts, i.e. comparable to observations) and high (∼104 total
counts). Assuming that the source is at a distance of 150 pc, we
obtained exposure times ranging between 70 and 100 ks in the
low statistics case in the [0.3−10] keV band, with an absorption column density, NH = 1.4 × 1022 cm−2 , as in Favata et al.
(2002). The energy channels are grouped together so as to have
at least 10 photon counts per channel in the low statistics case
and 20 photon counts per channel in the other case. The spectra,
then, have been fitted with an isothermal MEKAL spectrum in

Fig. 3. Spectra in the [0.3, 3.0] keV band synthesized with the
MEKAL code from the original EM(T ) distributions of the whole spatial domain, 25 years since the beginning of the jet/ambient medium
interaction. The top panel shows the unabsorbed parent spectrum; the
middle and the bottom panels show the EPIC-pn spectra derived for
two diﬀerent statistics: 102 and 104 total counts respectively. For the
EPIC-pn spectra each panel shows the simulated data (crosses) together with the best-fit isothermal spectrum (solid histograms) and the
contribution of each bin to the total χ. The corresponding best-fit parameters are in Table 1.

the [0.3−10] keV band, using the package XSPEC V11.2. As
an example, in Fig. 3 we present the synthesized spectra, with
the best-fit thermal (MEKAL) spectra superimposed, 25 years
since the beginning of the jet/ambient medium interaction. The
top panel shows the unabsorbed parent spectrum derived from
the original EM(T ) distribution of the whole spatial domain; the
middle and bottom panels show the EPIC-pn spectra derived in
the low and high statistics cases, respectively. We found that all
the spectra are well described as the emission from an optically
thin plasma at a single temperature, even in the high statistics
case; furthermore, the fitting parameters obtained in the low
and high statistics cases are compatible among them (see examples in Table 1) and consistent with the observed values. From
the best-fit isothermal component derived in the high statistic
case, we obtain the X-ray luminosity, LX , in the EPIC-pn band;
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Fig. 4. Evolution of the X-ray luminosity vs. time. The value of the
X-ray luminosity derived from Raga et al. (2002) is superimposed
(dashed line).

its evolution is shown in Fig. 4. We found that LX varies moderately, ranging between 2 and 5 × 1029 erg/s during the simulated 40 years time span. The LX values is consistent with that
obtained in Favata et al. (2002) (LX ≈ 3 × 1029 erg/s) and confirm the prediction of the simple analytic model proposed by
Raga et al. (2002) (LX ∼ 2 × 1029 erg/s, considering the radius
of the blob, rb ∼ 30 AU, the ambient density, na ∼ 5000 cm−3 ,
and the shock front velocity, vsh ∼ 500 km s−1 ), in which the authors assume that the X-ray emitting region corresponds to the
head of the bow shock, where the gas has a temperature and
density of the order of the on-axis post-shock values. Our simulations confirm that assumption, demonstrating that the X-ray
emission is eﬀectively localized in a blob just behind the shock
front. A crucial feature to achieve such good agreement with
Raga et al. (2002) simpler model is the strong absorption of
the interstellar medium which suppresses the soft X-ray emission component originating from the cocoon with temperature
at slightly less than 106 K (see Fig. 1). The absorption is also
essential to fit the HH 154 observations.

4. Discussion and conclusions
In this letter we have shown our numerical simulations of the
interaction between a protostellar jet and the ambient medium
from which we derived many interesting features of the X-ray
emission due to the formation of shocks at the interaction front
between the jet and the ambient medium. Our model explains
the X-ray emission observed in protostellar jets as emission
from mechanical heating due to shocks produced by the interaction between the jet and the ambient medium.
Our simulations reproduce in a natural way, without any
ad hoc assumption, the X-ray emission observed in HH 154
(Favata et al. 2002). In addiction, our model predicts that

the X-ray emission originates in a localized blob with size
<100 AU, and that such a blob moves with velocity around
500 km s−1 (see Fig. 1). Our model, therefore, unambiguously
predicts a measurable proper motion of the X-ray source which
can be tested in future observations. This result is supported by
previous optical studies which have analyzed the proper motions of knots along HH 154, deriving spatial velocities of the
order of 300 km s−1 (Sarcander et al. 1985; Neckel & Staude
1987), and which have found high ionization clumps of material traveling at velocity of the order of 400–500 km s−1 near
the base of the jet where the Chandra observation places the
X-ray source (Fridlund et al., in preparation).
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