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ABSTRACT

Context. Several observations of stellar jets show evidence of X-ray emitting shocks close to the launching site. In some cases,
including young stellar objects (YSOs) at different stages of evolution, the shocked features appear to be stationary. We study two
cases, both located in the Taurus star-forming region. HH 154, the jet originating from the embedded binary Class 0/I protostar IRS
5, and the jet associated with DG Tau, a more evolved Class II disk-bearing source or classical T Tauri star (CTTS).

Aims. We investigate the effect of perturbations in X-ray emitting stationary shocks in stellar jets and the stability and detectability in
X-rays of these shocks, and we explore the differences in jets from Class O to Class II sources.

Methods. We performed a set of 2.5D magnetohydrodynamic numerical simulations that model supersonic jets ramming into a
magnetized medium. The jet is formed of two components: a continuously driven component that forms a quasi-stationary shock
at the base of the jet and a pulsed component consisting of blobs perturbing the shock. We explored different parameters for the
two components. We studied two cases: HH 154, a light jet (less dense than the ambient medium), and a heavy jet (denser than the
ambient medium) associated with DG Tau. We synthesized the count rate from the simulations and compared these data with available
Chandra observations.

Results. Our model is able to reproduce the observed jet properties at different evolutionary phases (in particular, for HH 154 and
DG Tau) and can explain the formation of X-ray emitting quasi-stationary shocks observed at the base of jets in a natural way.
The jet is collimated by the magnetic field forming a quasi-stationary shock at the base which emits in X-rays even when per-
turbations formed by a train of blobs are present. We found similar collimation mechanisms dominating in both heavy and light
jets.

Conclusions. We derived the physical parameters that can give rise to X-ray emission consistent with observations of HH 154 and
DG Tau. We have also performed a wide exploration of the parameter space characterizing the model; this can be a useful tool to
study and diagnose the physical properties of YSO jets over a broad range of physical conditions, from embedded to disk-bearing
sources. We show that luminosity does not change significantly in variable jet models for the range of parameters explored. Finally,
we provide an estimation of the maximum perturbations that can be present in HH 154 and DG Tau taking into account the available

X-ray observations.

Key words. ISM: jets and outflows — magnetohydrodynamics (MHD) — X-rays: ISM — stars: pre-main sequence —

ISM: individual objects: HH 154 — stars: individual: DG Tau

1. Introduction

Young stellar objects (YSOs) are stars at the early stages of
their evolution which are characterized by the amount of cir-
cumstellar material and its interaction with the forming star. The
principal phases of YSO evolution comprises protostars, classi-
cal T Tauri (CTT) stars, and weak-lined T Tauri (WTT) stars.
The evolutionary phase is generally classified by their infrared-
millimetre spectral energy distributions from Class 0 to Class III
objects (see Lada 1987; Andre & Montmerle 1994). Class 0
sources are young infalling protostars with massive, cold, and
large extent envelopes that collapse toward the central regions.
Class I sources are more evolved protostars, but they are still sur-
rounded by an optically thick envelope. Subsequently, when the
surrounding envelope disperses, accreted onto the disk or star, or
dispersed by the outflow, we refer to them as Class II objects. In
this phase the star is optically visible as a CTT star which pos-

* The movie is available at http://www.aanda.org

Article published by EDP Sciences

sess an extensive disk, and most of its complex phenomenology
can be modelled as a star interacting with a circumstellar accre-
tion disk (Stone & Norman 1994; Stone et al. 1996; Romanova
etal. 2011; Orlando et al. 2011; Zanni & Ferreira 2013). Finally,
when only the star with little or no accretion disk is left, we clas-
sify it as Class III source or WTT star. For a complete descrip-
tion of the various protostellar and stellar phases, see Feigelson
& Montmerle (1999).

A variety of mass ejection phenomena occur during these
first stages of star evolution that are closely connected to the
accretion process (for an overview, see Frank et al. 2014). Jets
are always present during the accretion process, and they are be-
lieved to carry away angular momentum (Bacciotti et al. 2002;
Coffey et al. 2007) allowing the material in the outer disk to
be transported to the inner disk and continue accreting towards
the central object. The strong correlation between ejection and
accretion found in pre-main sequence stars (Cabrit et al. 1990;
Hartigan et al. 1995) suggests that time variability in the
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accreting disk produces variability in the associated jet. Models
suggest that jets are launched and collimated by a symbiosis of
accretion, rotation, and magnetic mechanisms (for a review, see
Pudritz et al. 2007). In light of the accretion-powered extended
disk wind model (initially proposed by Pudritz & Norman 1983,
1986) outflows are driven magneto-centrifugally from the inner
portion of accretion disks and dense plasma from the disk is col-
limated into jets (Ferreira et al. 2006).

The general consensus is that magnetic fields play a crucial
role in launching, collimating and stabilizing the plasma of jets
in YSOs. This idea was investigated both by measurements of
multiple observational data (see Cabrit 2007 for a review) and by
extensive numerical simulations. It has been revealed that mag-
netohydrodynamic (MHD) self-collimation and acceleration is
most likely required at all stages of star formation (Cabrit et al.
2007), appearing as the most effective mechanism able to re-
produce the observed jet properties at all evolutionary phases
(Cabrit 2007). Recently, Ustamujic et al. (2016) have found that
the magnetic field plays a major role in collimating the plasma at
the base of the jet and in producing there a stationary X-ray emit-
ting shock. This idea was also corroborated by scaled laboratory
experiments (see Ciardi et al. 2009; Albertazzi et al. 2014).

Usually jets are detected by their interaction with the sur-
rounding medium forming the so-called Herbig-Haro (HH)
objects, which have been observed in a wide range of evolution-
ary stages (from Class O to Class II) and in different wavelength
bands (see the review of Reipurth & Bally 2001). The knotty
structure observed along the jet axis is interpreted as the con-
sequence of the pulsing nature of the ejection of material by
the star (e.g. Raga et al. 1990, 2007; de Colle & Raga 2006;
Bonito et al. 2010a,b; and references therein). The variable ejec-
tion jet model has been successfully applied to several HH ob-
jects, reproducing well the observed structures: HH 34 (Raga
& Noriega-Crespo 1998), DG Tau (Raga et al. 2001), HH 111
(Masciadri et al. 2002), HH 32 (Raga et al. 2004), HH 154
(Bonito et al. 2010b), and HH 444 (Raga et al. 2010).

X-ray observations showed evidence of faint X-ray emitting
sources forming within the jet (e.g. Pravdo et al. 2001; Favata
et al. 2002; Bally et al. 2003; Pravdo et al. 2004; Tsujimoto et
al. 2004; Giidel et al. 2005; Stelzer et al. 2009). These observa-
tions were investigated through HD models which show that they
are consistent with the production of strong shocks that heat the
plasma up to temperatures of a few million degrees emitting in
X-rays (Bonito et al. 2007, 2010a,b). Moreover, in the two best
studied X-ray jets (HH 154, Favata et al. 2006; DG Tau, Giidel et
al. 2005), both located in the Taurus molecular complex at dis-
tance of ~140 pc, the shocked features appeared to be stationary
and located close to the base of the jet. In HH 154 the jet origi-
nates from the deeply embedded binary Class 0/I protostar IRS
5 in the L1551 star-forming region (Rodriguez et al. 1998). In-
stead, in DG Tau the jet originates from a more evolved Class II
disk-bearing source (CTTS) (see Eisloffel & Mundt 1998 for a
detailed description).

In our previous study, we investigated the formation of
X-ray emitting stationary shocks in magnetized protostellar jets
through 2.5D MHD simulations (Ustamujic et al. 2016). We
showed that a continuously driven stellar jet forms a station-
ary X-ray emitting shock at the base with physical parameters
in good agreement with observations. According to the YSO
jets phenomenology described in this section, we do not expect
a continuous flow propagating but rather a variable perturbed
plasma (see Stelzer 2015, 2017 for a brief description of the vari-
ability observed at YSOs). Here we investigate the effect of per-
turbations in the X-ray emitting stationary shocks formed at the
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base of stellar jets described in Ustamujic et al. (2016). We pro-
pose a MHD model composed of two components: a continously
driven component that forms a stationary shock at the base of the
jet (see Ustamujic et al. 2016) and a pulsed component formed
from blobs that are variable in density, velocity, and radius. We
apply our model to the X-ray jets of HH 154 and DG Tau, and
we compare the results with observations via the count rate syn-
thesized from the simulations. The distinct stage of evolution of
the two objects selected (HH 154 and DG Tau) allows us to ex-
plore the possible various mechanisms present at different stages
of evolution in YSOs. These studies are important to better un-
derstand the evolution of YSOs and the structure of HH objects,
and may give some insight into the still debated jet collimation
and acceleration mechanisms.

The organization of this paper is as follows. In Sect. 2 we
describe the MHD model and the numerical setup and parame-
ters. The results of our numerical simulations for the two cases
described are reported in Sect. 3. In Sect. 4 we discuss the im-
plications of our results and finally we outline our summary and
conclusions in Sect. 5.

2. MHD model

The model describes the propagation of a stellar jet through an
initially isothermal and homogeneous magnetized medium. We
assume that the fluid is fully ionized and that it can be regarded
as a perfect gas with a ratio of specific heats y = 5/3!.

The system is described by the time-dependent MHD equa-
tions extended with radiative losses from optically thin plasma.
We neglect the effect of thermal conduction as it has been
shown in Ustamujic et al. (2016) that the evolution of the post-
shock plasma is dominated by the radiative cooling, whereas the
thermal conduction slightly affects the structure of the shock.
The time-dependent MHD equations written in non-dimensional
conservative form are

dp
i (ou) =0, M
6(5:)+V-(puu—BB)+VPt=07 @

E
a(gt ) + V- [u(pE + P)) — BuB)] = —nenyA(T), (€)
a£+v.(uB—Bu)=0, )
ot
where

B? 1, 1 B’

Pt—P+7, E—E+§u +§? ©)

are respectively the total pressure and the total gas energy per
unit mass (internal energy e, kinetic energy, and magnetic energy
per unit mass), ¢ is the time, p = umygny is the mass density,
u = 1.29 is the mean atomic mass (assuming solar abundances;
Anders & Grevesse 1989), my is the mass of the hydrogen atom,
ny is the hydrogen number density, u is the gas velocity, B is
the magnetic field, T is the temperature, and A(T') represents the
optically thin radiative losses per unit emission measure derived
with the PINTofALE spectral code (Kashyap & Drake 2000) and
with the APED V1.3 atomic line database (Smith et al. 2001),
assuming solar metal abundances as before (as deduced from

' 'We verified the assumptions used in this paper as described in Bonito
et al. (2007).
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X-ray observations of CTTSs; Telleschi et al. 2007). We use the
ideal gas law, P = (y — 1)pe.

The calculations were performed using PLUTO (Mignone et
al. 2007), a modular Godunov-type code for astrophysical plas-
mas. The code provides a multiphysics, multialgorithm modular
environment particularly oriented towards the treatment of astro-
physical flows in the presence of discontinuities, as in our case.
The code was designed to make efficient use of massive parallel
computers using the message-passing interface (MPI) library for
interprocessor communications. The MHD equations are solved
using the MHD module available in PLUTO, configured to com-
pute intercell fluxes with the Harten-Lax-Van Leer discontinu-
ities (HLLD) approximate Riemann solver, while second order
in time is achieved using a Runge—Kutta scheme. The evolu-
tion of the magnetic field is carried out adopting the constrained
transport approach (Balsara & Spicer 1999) that maintains the
solenoidal condition (V - B = 0) at machine accuracy. PLUTO
includes optically thin radiative losses in a fractional step for-
malism (Mignone et al. 2007), which preserves the second time
accuracy, as the advection and source steps are at least second-
order accurate; the radiative losses (A values) are computed at
the temperature of interest using a table lookup/interpolation
method.

2.1. Numerical setup

We adopt a 2.5D cylindrical (r, z) coordinate system, assuming
axisymmetry. We consider the jet axis coincident with the z-axis.
The computational grid size ranges from ~200 AU to ~600 AU
in the r direction and from ~1200 AU to 1600 AU in the z di-
rection, depending on the model parameters. We follow the evo-
lution of the system for at least 90—100 years. These dimensions
and times are comparable with those of the observations and are
chosen so that we are able to follow the formation and evolution
of the shock diamond formed at the base of the jet.

We consider two different sets of parameters for our numer-
ical setup corresponding to the two different cases studied: (1)
the light jet scenario (a jet initially less dense than the ambi-
ent medium) representing the case of HH 154 (Bonito et al.
2004, 2008), and denoted by the letters “LJ”; (2) the heavy jet
scenario (a jet initially denser than the ambient medium) repre-
senting the case of the jet associated with DG Tau (Giidel et al.
2005, 2008), and denoted by the letters “HJ”. More specifically,
the HH 154 case is well described by the LJ scenario because the
jet originates from a deeply embedded binary Class O/I protostar
(Bonito et al. 2004, 2008 demonstrated that only the scenario
of a light jet can reproduce the HH 154 jet observations), while
the DG Tau case comes from a more evolved Class II source,
typically described by the HJ scenario (Giidel et al. 2005, 2008).

We define an initially isothermal and homogeneous magne-
tized static medium. The initial temperature and density of the
ambient are respectively fixed to T, = 10K and n, = 5000 cm™3
in the LJ case. For the HJ case the values are 7, = 100K and
n, = 100cm™3. These values are selected in order to find a jet-
to-ambient density ratio, pj/p,, of ~0.1 in the LJ scenario, and
~10 in the HJ case. We define a jet, injected into the domain
at z = 0, embedded in an initially axial (z) and uniform mag-
netic field of strength B, = 4 mG. This value for the magnetic
field strength was chosen according to the values investigated
in Ustamujic et al. (2016). It is also consistent with that esti-
mated by Bonito et al. (2011) at the exit of a magnetic noz-
zle close to the base of the jet, namely B = 5 mG, and by
Schneider et al. (2011), who find B ~ 6 mG. Bally et al. (2003)
inferred values around B = 1 — 4 mG in the context of shocks

associated with jet collimation dominated by static magnetic
pressure. An external magnetic field has to be defined; previ-
ous works revealed that the ambient pressure alone is not suffi-
cient to confine the jets and that MHD self-collimation is most
likely required (Cabrit et al. 2007; Bonito et al. 2011; Ustamujic
et al. 2016). In some simulations we consider the plasma of the
jet characterized by an angular velocity corresponding to max-
imum linear rotational velocity of vymax = 150 km s~! at the
lower boundary. In these cases a toroidal magnetic field compo-
nent arises and the magnetic field lines are twisted obtaining a
helical shaped field (see Fig. 7 in Ustamujic et al. 2016). With
increasing vy, max the shock diamond is a brighter X-ray source
with higher X-ray luminosity (see Ustamujic et al. 2016 for more
details).

The jet velocity and density are defined at the z-lower bound-
ary in order to have a mass ejection rate of ~1078 M, yr~!. The
jet is formed of two components: a continuously driven com-
ponent that forms a stationary shock at the base of the jet (see
Ustamujic et al. 2016), and a pulsed component starting after the
stationary shock is formed in order to study the effect of pertur-
bations in the stationarity of the shock. For the pulsed compo-
nent, we follow Bonito et al. (2010b) and assume that it consists
of a train of blobs characterized by a density contrast and/or a
velocity contrast with respect to the continuous driven compo-
nent. The blobs represent variations in the mass ejection rate
that can be due to changes in the physical conditions of the jet
launching site. As largely debated in the literature, the dynamic
and energetic phenomena resulting from the star-disk interaction
are expected to produce variations in the physical parameters of
the jet. The pulsed component is introduced after the jet reaches
a quasi-stationary condition, namely 70 years in case (A) and
40 years in case (B). We follow the evolution of the pulsed jet
for approximately 50 years. Following Bonito et al. (2010b), we
define a blob every 2 years with a duration of 0.5 yr. The ini-
tial radius and velocity of the jet’s continuous component are
30 AU and v; = 500 km s7h respectively, in all the cases, while
different values are explored for the radius and velocities of the
pulsed component (see Sect. 2.2 and Table 1). In all the cases we
use steepness profiles for the shear layer, adjusted to achieve a
smooth transition of the kinetic energy at the interface between
the jet and the ambient medium and to avoid possible numerical
artifacts that may develop there (Bonito et al. 2007). The jet ve-
locity at the lower boundary is oriented along the z-axis for both
components coincident with the jet axis, and has a radial profile
of the form

Vo

Vi) = veosh(r/r)® — (v — 1)’

(6)

where Vj is the on-axis velocity, v is the ambient-to-jet density
ratio, rj is the initial jet radius, and w = 4 is the steepness param-
eter for the shear layer, adjusted to achieve a smooth transition
of the kinetic energy at the interface between the jet and the am-
bient medium (Bonito et al. 2007). The density variation in the
radial direction is given by

v—1
p(r) = p; (v oo /rj)w), ™)
where p; is the jet density (Bodo et al. 1994).

The mesh is uniformly spaced along the two directions, giv-
ing a spatial resolution of 1 AU in the light jet scenario and
0.5 in the heavy jet scenario (corresponding to 30 and 60 cells
across the initial jet diameter, respectively). We performed a
convergence test to find the spatial resolution needed to model
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the physics involved and to resolve the X-ray emitting features.
The test consisted in considering the setup for a reference case
and performing few simulations with increasing spatial reso-
lution. We found that by increasing the resolution adopted in
our study by a factor of 2 the results change by no more than
1%. The domain was chosen according to the physical scales of
typical jets from young stars. The adopted resolution is higher
than that achieved by current instruments used for the obser-
vations of jets, as HST in the optical band and Chandra in
X-rays. In comparison, the Chandra resolution corresponds to
~60 AU at the distance of HH 154 and DG Tau in Taurus
(~140 pc).

Axisymmetric boundary conditions are imposed along the
jet axis (at the left boundary for » = 0) in all the cases. At the
lower boundary (i.e. z = 0), inflow boundary conditions (ac-
cording to the jet parameters given in Sect. 2.2) are imposed for
r < rj (where r; is the jet radius at the lower boundary); for
r > r; we imposed boundary conditions fixed to the ambient
values prescribed at the initial conditions (see the beginning of
this section). Finally, outflow boundary conditions are assumed
elsewhere.

2.2. Parameters

Our model solutions depend upon a number of physical
parameters such as the jet temperature, density, velocity (includ-
ing a possible rotational velocity v,), and radius. In all the cases
explored, we defined a jet density, velocity, and radius in order to
preserve a mass ejection rate of the order of 1078 Mg, yr~!. Typi-
cal outflow rates are found to be between 1077 and 10™° Mg, yr~!
for jets from low-mass CTTSs (Cabrit et al. 2007; Podio et
al. 2011). We calculate the mass loss rate as Mj = fpjvj dA,
where p; and v; are the mass density and jet velocity, respec-
tively, and dA is the cross-sectional area of the incoming jet

plasma.
The jet temperature at the lower boundary is assumed to
be T; = 1-3 X 10°K in order to obtain, as a result of the

jet expansion, values of ~10*~103 K before the formation of
the shock diamond?, in agreement with the observational evi-
dence that jets emit mainly in the optical/UV band®. The values
used for the model are in good agreement with the observations
(Fridlund et al. 1998; Favata et al. 2002; Giidel et al. 2008).
The particle number density of the jet continuous compo-
nent, n;, is in the range 1-3 X 10*cm™ at the lower bound-
ary. When the jet is injected into the domain the plasma
expands and then is collimated by the magnetic field. During
this process the density decreases, leading to pre-shock den-
sities of the order of 10°—10% cm™, consistent with the val-
ues inferred by Bally et al. (2003). The exploration of the
parameter space mainly focuses on the density, velocity, and
radius of the blobs composing the pulsed jet, which are de-
fined as functions of the jet’s continuous component. For the
initial blob-to-jet particle number density ratio, x, = np/n;j, we
explore values of 1.5, 3, and 10. The blob velocity (also de-
fined at the lower boundary) is the same as that of the con-
tinuous component in most cases, namely v, = 500 km s~L
and takes a random velocity with a value between 300 and
700 km s~! in the rest of models (see Table 1). The initial blob-
to-jet radius ratio, Ry = r,/rj, is 1 or 1/3 depending on the
case.

2 See Fig. 3 in Ustamujic et al. (2016).
3 See Bonito et al. (2008) and Fig. 4 in Bonito et al. (2010b).
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We summarize the parameters of the different models ex-
plored in Table 1. We show the most relevant cases, in particular
those where X-ray emission is produced*.

2.3. Synthesis of X-ray emission

We synthesize the 2D spatial distribution of count rate from
the simulations as follows. First we derive the 2D distribu-
tions of temperature and density by integrating the MHD equa-
tions in the whole spatial domain. Then we reconstruct the
3D spatial distributions of these physical quantities by rotat-
ing the 2D slabs around the symmetry axis z. For each cell
of the 3D domain, we derive the emission measure defined as
EM = f nenpdV (where n. and ny are the electron and hydro-
gen densities, respectively, and V is the volume of emitting
plasma). From the 3D spatial distributions of temperature and
emission measure reconstructed from the 2.5D simulations, we
calculate the count rate in the corresponding X-ray band filter-
ing the emission through Chandra/ACIS instrumental response.
For the light jet scenario we consider an interstellar column den-
sity of Ny = 1.2-10*2 cm™2, the best fit value determined by
Bonito et al. (2011) for HH 154, while for the heavy jet scenario
we assume a value of Ny = 1.5 x 10?! cm™2, in good agreement
with values determined by Giidel et al. (2005, 2008, 2011) for
DG Tau. We also include Poisson fluctuations to mimic the pho-
ton count statistics. The assumed exposure time is f.x, = 100 ks.
Then we derive the 2D distribution of the count rate by integrat-
ing along the line of sight (assumed to be perpendicular to the
jet axis). Finally, in order to compare the images directly with
the observations of HH 154 and DG Tau, we degrade the spatial
resolution of the maps derived from the simulations to 60 AU
(Chandpra resolution at 140 pc).

3. Results
3.1. Light jet: the case of HH 154

Most of the models explored in the light jet scenario reproduce
the case of HH 154 well. In Fig. 1 we summarize the results
of the count rate calculated for the different models described
in Table 1. For every model we derive the count rate in the
[0.3-4] keV band during the evolution (one value per year) as
described in Sect. 2.3, and then we calculate the median and the
15th and 85th percentiles of all the values. The median gives
us a reference value for every model while the percentiles are
associated with the lower and upper variations in every case.
We indicate with dashed lines the interval containing the X-ray
count rate values (considering errors) derived from observations
by Bonito et al. (2011), namely 0.76 = 0.10, 0.65 = 0.08,
and 0.89 + 0.12 counts ks~!. This representation allows us to
compare the different models between them and with the values
observed. The models that best fit the HH 154 observations are
LJ5, LJ8, and LJ10 (see Fig. 1). We assume LJS (marked with
an orange circle in Fig. 1) as our reference case and we describe
it in detail in the next section.

3.1.1. Reference case

In Fig. 2 we present the 2D spatial distributions of temperature,
density, and count rate of model LJ5 (see Table 1) in three differ-
ent moments. The complete temporal evolution is available as an
online movie (Movie 1). The animation starts when the pulsed

4 See Ustamujic et al. (2016) for more details about the formation of
X-ray emitting shocks at magnetized protostellar jets.
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Table 1. Summary of the initial physical parameters characterizing the different models.

Model T, (10°K) n(10*cm™) xy, oy (kms™') R, ROT M; (10 3Mpyr™")
Light jet
LJ1 3 1 3 300-700° 1  no 1.3-54
LJ2 3 1 1.5 300-700¢ 1  no 1.3-2.7
LJ3 3 1 3 500 1 no 1.3-3.9
LJ4 3 1 3 500 1/3  no 1.3-1.6
LJ5_reft ® 3 1 3 500 1 yes 1.4-4.0
LJ6 3 1 1.5 500 1 no 1.3-2.0
LJ7 3 1 1.5 500 1/3 o 13-14
LJ8 3 1 10 500 1 no 1.3-12.8
LJ9 3 2 1.5 500 1 no 2.6-3.9
LJ10 2 3 1.5 500 1  no 3.9-5.8
Heavy jet
HJ1 1 1 3 300-700° 1  no 1.3-53
HI2b 1 1 1.5 300-700¢ 1  yes 1.3-2.7
HJ3_ref*? 1 1 1.5 300-700° 1/3  yes 1.3-15
HJ4 1 1 3 500 1 no 1.3-3.8
HI5 1 1 3 500 1/3  no 1.3-1.6
HI6" 1 1 3 500 1 yes 1.3-3.9
HJ7 1 1 1.5 500 1 no 1.3-1.9
HJ8 1 1 1.5 500 1/3  no 1.3-14
HJ9 1.5 1 1.5 500 1 no 1.3-1.9
HJ10 2 1 L5 500 1 no 1.3-1.9
HJ11 1.5 1 3 500 1 no 1.3-3.8
HJ12 2 1 3 500 1  no 1.3-3.8

Notes. Columns are: jet temperature at the lower boundary, Tj; jet density at the lower boundary (continuous component), #;; initial blob-to-jet
particle number density ratio (pulsed component), y, = ny,/n;; blob velocity at the lower boundary (pulsed component), vy; initial blob-to-jet
radius ratio (pulsed component), Ry, = r,/rj; a parameter, ROT, that indicates if there is rotation in the jet (“yes”) or not (“no”); and the mass
loss rate calculated at the lower boundary, Mj. The initial temperature, density, and pressure of the ambient are T, = 10K, n, = 5000 cm™3, and
Pa = 1.4 x 107" dyne cm™2, respectively, in the LJ models; and 7, = 100K, n, = 100cm™, and p, ~ 2.8 x 1072 dyne cm? in the HJ models.
The rest of the parameters are constant and equal for all the models: ambient magnetic field, B, = 4 mG; jet velocity at the lower boundary,
vj = 500km s~!. The top panel shows the models for the light jet, a jet less dense than the ambient medium. The bottom panel displays the models
for the heavy jet, a jet denser than the ambient medium. “Reference case. ’Jet characterized by an angular velocity corresponding to a maximum

linear rotational velocity of vy max = 150 km s~! at the lower boundary. “Random velocity with values between 300 and 700 km s~'.

component is introduced, formed from a train of blobs with a
blob-to-jet particle number density ratio y, = 3 (see Table 1),
and covers the evolution of the pulsed jet for approximately 50
years. The upper panels in Fig. 2 show 2D maps of temperature
(left half-panels) and density (right half-panels), both in loga-
rithmic scale. The lower panels show the 2D spatial distribution
of X-ray count rate in the [0.3—4] keV band with resolution of
0.5”(Chandra native resolution), derived from the simulations
as described in Sect. 2.3.

The left panels in Fig. 2 show the stationary shock when the
first blob is arriving at t = 72 yr, for model LJ5. The shock forms
when the flow expands and is collimated by the ambient mag-
netic field heating the plasma to temperatures of a few million
degrees (see Ustamujic et al. 2016 for a detailed description).
The plasma density and temperature reach respective maximum
values of ~6 X 10’ cm™ and ~7 x 10° K at the shock. The shock
temperature, calculated as the density-weighted average temper-
ature considering only the cells with 7 > 10%, is ~3 x 10° K.
The pre-shock density is ~500cm™, one order of magnitude
lower than the ambient medium density, namely ~5000cm™>.
The count rate map in the [0.3—4] keV band, calculated as de-
scribed in Sect. 2.3, shows that the X-ray emission comes mainly
from the shock diamond (see lower left panel in Fig. 2). The

-1

X-ray total shock luminosity, Ly, derived in the [0.3—4] keV
band is ~5 x 10% erg s7!. In Fig. 3 (upper panel) we plot the
pressure profiles along the jet axis at r = 72 yr. Close to the jet
axis the model evolution is dominated by the jet plasma pres-
sure (P, represented in green) over the magnetic pressure (Pp,,
represented in blue), where the plasma S (defined as the ra-
tio of the plasma pressure to the magnetic pressure) is higher
than 1 (8 > 1). In black, we plot the ram pressure defined as
P.=p- u?, where p and u are the density and velocity, re-
spectively. Finally, we represent in red the dynamic pressure,
H = P + P,, almost constant along the profile due to the sta-
bility and quasi-stationarity of the model. The central panels in
Fig. 2 show the jet at ¢ 74 yr, when the first blob has just passed
through the shock and the second one is arriving. The shocked
plasma density and temperature maintain mostly the same values
as before: maximum values of ~6 x 10° cm™ and ~7 x 10° K,
and a density-weighted average temperature of ~3 x 10° K. The
X-ray source is perturbed and moved by the blob (see lower mid-
dle panel in Fig. 2). The X-ray total shock luminosity, Lx, deri-
ved in the [0.3-4] keV band is ~6x10?° erg s~!. In Fig. 3 (middle
panel) we observe the perturbation effect in the pressure pro-
files along the jet axis at + = 74 yr, when the blob has just
passed, affecting the shock stability slightly. The right panels
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Fig. 1. X-ray count rate in the [0.3-4] keV band of light jet models,
named in the horizontal axis as described in Table 1. In the vertical
axis we plot the median count rate in every case (represented with a
diamond). The lower and upper error bars indicate the 15th and 85th
percentile, respectively. The dashed lines indicate the interval of the
count rate observed for HH 154. The orange circle indicates the refer-
ence case. The shadowed part corresponds to the scale of Fig. 6, which
summarizes the heavy jet models described in the next subsection.

in Fig. 2 show the jet at t = 100 yr, after a train of blobs has
passed through the shock. The shocked plasma maximum values
for density and temperature are ~3 x 10> cm™ and ~1 x 107 K,
respectively, and the density-weighted average temperature is
~3 x 10° K. The X-ray emission in the [0.3—4] keV band is
enhanced by the perturbations and the source is located at the
base of the jet (see lower right panel in Fig. 2). The X-ray to-
tal shock luminosity, Lx, derived in the [0.3—4] keV band is
~7x10% erg s~!. In Fig. 3 (lower panel) we observe the pressure
profiles along the jet axis at = 100 yr, completely perturbed by
the train of blobs.

3.1.2. Variability

In order to investigate the stationarity of the different pulsed jet
models, we study the variations of the physical quantities (shock
temperature, density of the X-ray emitting component, X-ray lu-
minosity, etc.) and of the spatial distribution of the count rate
during the evolution of the model. We derive the total count rate
in the [0.3—4] keV band, calculated as described in Sect. 2.3,
and integrated in the whole domain to obtain the total value. In
Fig. 4 we show one value of count rate with Poisson error bars
per year, omitting the first five values corresponding to the initial
transient of the pulsed jet. The dashed lines correspond to the in-
terval [0.57,1.01], which contains the count rate values derived
from observations by Bonito et al. (2011). We note that the val-
ues derived from the model are compatible with the observations
during all the evolution. The temporal evolution of the spatial
distribution of the count rate for model LJ5, as would be seen
by the Chandra/ACIS instrument, is shown in the right panel of
the first movie (Movie 1). We observe two different components
emitting in X-rays during all the animation: one quasi-stationary
at the base of the jet, and another fainter in the direction of prop-
agation of the jet. In order to understand the trend of the X-ray
emission we integrate in time and along the jet radius, omitting
the frames corresponding to the initial transient. In this way, we
derive the count rate profile along the jet axis (see Fig. 5). We
find that most of the X-ray emission clearly comes from the
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source close to the base of the jet. We also discern a fainter
X-ray source further away, as observed in HH 154 by Bonito
et al. (2011).

3.1.3. Comparison with the other models

We compare different models for the light jet scenario in order
to investigate the effect of perturbations in the stationarity of the
shock. The explored parameters are listed in Table 1, namely jet
temperature and density; blob density, velocity, and radius; the
rotation; and the mass loss rate. The jet temperature and den-
sity, and the possible rotation affect both continuous and pulsed
components and determine the physical parameters of the shock
(see Ustamujic et al. 2016). They are selected according to the
observations of HH 154 (Favata et al. 2002, 2006; Bonito et al.
2011). The parameters of the blob (density, velocity, and radius)
are those that determine the strength of the perturbation. The
mass loss rate is calculated as explained in Sect. 2.2 and gives
information about the intensity of the perturbations introduced
through the amplitude of its variation. The values obtained for
all the models are of the order of ~107% Myyr~!, in good agree-
ment with typical outflow rates found in pre-main sequence stars
(Cabrit et al. 2007; Podio et al. 2011). In our reference model
(LJ5) the jet initial temperature and density are 7j = 3 X 10° K
and n; = 10%* cm™ respectively. In cases with higher values of
jet temperature and density, namely LJ9 and LJ10, the shock is
stronger and the count rate is higher (see Fig. 1). In model LJ3,
with the same parameters as LJ5 but without rotation, the count
rate is lower because the shock is weaker, as was already pre-
dicted by Ustamujic et al. (2016). We do not observe a significant
effect on the stability of the shock due to the rotation. The param-
eters that directly affect the stationarity of the emitting shock are
those that define the blobs perturbing it. The parameters defining
the blob density, velocity, and radius in models LIS (reference
case) and LJ3 are y, = 3, v, = 500 km s, and Ry = 1, respec-
tively (see Table 1). When the blob density is lower (e.g. in LJ6,
Xb = 1.5), the median count rate and the perturbations are lower,
whereas for a higher blob density (e.g. in LJ8, y, = 10), they are
higher than in LJ3. When the radius is lower (e.g. LJ4 with re-
spect to LJ3, and LJ7 with respect to LJ6) the median count rate
and the perturbations are lower. This effect is more evident in
LJ4 because the perturbation is stronger. Finally, when we com-
pare models with random velocity to those with constant velocity
(e.g. LJ1 with respect to LJ3, and LJ2 with respect to LJ6), we
do not observe a significant change.

In summary, we can affirm that the perturbations are com-
patible with the available observations of HH 154. The jet forms
a quasi-stationary X-ray emitting shock at the base of the jet
and the perturbations arriving from the protostellar source as
a train of blobs contribute to the emission enhancing the to-
tal count rate. The variations registered in the count rate are
comparable with those observed for perturbations in the fol-
lowing ranges: density increase of a maximum of one order of
magnitude, velocity fluctuation of 50%, and radius with val-
ues from 1/3 to 1 jet radius are compatible. The maximum
change in the mass loss rate derived is approximately one or-
der of magnitude in model LJ8, for which the total count rate
calculated variations are at the limit of the values observed by
Bonito et al. (2011).

3.2. Heavy jet: the case of the jet associated to DG Tau

Most of the models explored in the heavy jet scenario reproduce
well the case of DG Tau. In Fig. 6 we summarize the results
for the count rate for the different models described in Table 1.
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Fig. 2. Model LJ5 at different evolution
times: t ~ 72 yr (left panels), t =~ 74 yr
(middle panels), and t ~ 100 yr (right pan-
els). Upper panels: two-dimensional maps
of temperature (left half-panels), and den-
sity (right half-panels) distributions. Lower
panels: maps of X-ray count rate in the
[0.3-4] keV band with macropixel resolu-
tion of 0.5”.

Fig. 3. Pressure profiles at r = 0 for
model LIS at r = 72 yr (upper panel),
t = 74 yr (middle panel), and t ~
100 yr (lower panel). We plot ram pres-
sure in black, magnetic pressure in blue,
thermal pressure in green, and dynamic
pressure in red.
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Fig. 5. X-ray count rate profile along the jet axis calculated integrat-
ing the 2D maps of the LJ5 model evolution in time and along the jet
radius r.

For every model we derive the X-ray count rate in the [0.5-1]
keV band during the evolution (one value per year) as decribed
in Sect. 2.3, and then we calculate the median and the 15%
and 85% percentiles of all the values in each case. The dashed
lines indicate the interval containing the X-ray count rate val-
ues (considering errors) derived from observations by Giidel
et al. (2005, 2008, 2011), namely 0.20 + 0.08, 0.18 + 0.06
and 0.11 + 0.02 counts ks™'. As in the light jet scenario, this
representation allows us to compare the different models be-
tween them and with the values observed. The models that best
fit with the DG Tau observations are HJ3, HI7, HJ8, and HJ9 (see
Fig. 6). We assume HJ3 (marked with an orange circle in Fig. 6)
as our reference case and we describe it in detail in the next
section.

3.2.1. Reference case

As Fig. 2, Fig. 7 presents the 2D spatial distributions of tem-
perature, density, and count rate for model HJ3 (see Table 1)
in three different moments. The complete temporal evolution is
available as an online movie (Movie 2). The animation starts
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Fig. 6. X-ray count rate in the [0.5-1] keV band of heavy jet models,
named in the horizontal axis as described in Table 1. In the vertical axis
we plot the median count rate in every case (represented with a dia-
mond). The lower and upper error bars represent the 15th and 85th per-
centile respectively. The dashed lines indicate the interval of the count
rate observed for DG Tau. The orange circle indicates the reference
case.

when the pulsed component is introduced, formed from a train
of blobs with blob-to-jet particle number density ratio y, = 1.5
(see Table 1), and covers the evolution of the pulsed jet for
approximately 50 years.

The left panels in Fig. 7 show the stationary shock when
the first blob is arriving at ¢ ~ 42 yr, for model HJ3. The sta-
tionary shock forms in the same way as described in Sect. 3.1
for the light jet scenario (see also Ustamujic et al. 2016).
The plasma density and temperature reach respective maximum
values of ~1 X 10*cm™ and ~5 x 10° K at the shock. The shock
temperature, calculated as the density-weighted average temper-
ature considering only the cells with T > 10%, is ~2 x 10° K.
The pre-shock density is ~1000 cm™=3, one order of magnitude
higher than the ambient medium density, namely ~100cm™.
The count rate map in the [0.5-1] keV band, calculated as de-
scribed in Sect. 2.3, shows that the X-ray emission comes mainly
from the shock diamond (see lower left panel in Fig. 7). The
X-ray total shock luminosity, Lx, derived in the [0.5-1] keV
band is ~2 x 10% erg s~!. In Fig. 8 (upper panel) we plot the
pressure profiles along the jet axis at ¢ ~ 42 yr. As in the light
jet scenario, the model evolution close to the jet axis is domi-
nated by the jet plasma pressure (P, represented in green) over
the magnetic pressure (Pp,, represented in blue), where 8 > 1. In
this case the plasma pressure, and thus 3, is lower compared with
the case studied in the light jet scenario (see Fig. 3). We plot the
ram pressure P, (black) and the dynamic pressure H (red), which
is almost constant along the profile due to the stability and quasi-
stationarity of the model. The central panels in Fig. 7 show the
jet at t = 44 yr, when the first blob has just passed through the
shock and the second one is arriving. The shocked plasma den-
sity and temperature are higher after the perturbation: maximum
values of ~6 x 10*cm™ and ~1 x 107 K, and density-weighted
average temperature of ~3 x 10% K. The X-ray source is per-
turbed, but it is still located at the base of the jet (see lower mid-
dle panel in Fig. 7). The X-ray total shock luminosity Lx in the
[0.5-1] keV band is ~2 x 10?° erg s~!. In Fig. 8 (middle panel)
we observe the perturbation effect in the pressure profiles along
the jet axis at + ~ 44 yr when the blob has just passed, which
strongly affects the profiles’ stability. The right panels in Fig. 7
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Fig. 7. Model HJ3 at different evolution times:
t = 42 yr (left panels), t = 44 yr (middle pan-
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Fig. 8. Pressure profiles at » = 0 for model HJ3
at t ~ 42yr (upper panel), t ~ 44 yr (middle
panel), and ¢ = 70 yr (lower panel). We plot ram
pressure in black, magnetic pressure in blue,
thermal pressure in green, and dynamic pressure
in red.
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Fig. 9. X-ray count rate in the [0.5-1] keV band with error bars for
model HJ3. We plot one point every year. The dashed lines indicate the
interval of the count rate observed for the DG Tau jet. A different scale
is used for the y-axis with respect to Fig. 6.

show the jet at r ~ 70 yr, after a train of blobs has passed through
the shock. The shocked plasma maximum values for density and
temperature are ~5 x 10* cm™ and ~1 x 107 K, respectively, and
the density-weighted average temperature is ~2 X 10° K. The
X-ray source is located at the base of the jet (see lower right
panel in Fig. 7), with a total shock luminosity Lx similar to
the values derived before, namely ~2 x 10?° erg s~!. In Fig. 8
(lower panel) we observe the pressure profiles along the jet axis
at ¢ = 70 yr, completely perturbed by the train of blobs.

3.2.2. Variability

As in Sect. 3.1.2 we investigate the stationarity of the different
pulsed jet models by studying the variations of the physical quan-
tities and of the spatial distribution of the count rate during the
evolution. We derive the total count rate in the [0.5-1] keV band,
calculated as described in Sect. 2.3 and integrated in the whole
domain to obtain the total value. In Fig. 9 we show one value of
count rate with Poisson error bars per year, omitting the first five
values corresponding to the initial transient of the pulsed jet ob-
served at the beginning of the animation (Movie2). The dashed
lines correspond to the interval [0.09,0.28], which contains the
count rate values derived from observations by Giidel et al. (2005,
2008, 2011). We note that the values derived from the model are
in good agreement with the observations during the whole evolu-
tion for the parameters explored here’. The temporal evolution of
the spatial distribution of the count rate for model HJ3, as would
be seen by the Chandra/ACIS instrument, is shown in the right
panel of the second movie (Movie 2). In this case, we observe
one single component emitting in X-rays at the base of the jet
throughout almost the whole animation. In order to understand
the trend, in the same way as described in Sect. 3.1, we derive
the count rate profile along the jet axis (see Fig. 10). We find that
most of the X-ray emission comes from one single source close
to the base of the jet.

3.2.3. Comparison with the other models

We compare different models for the heavy jet scenario in or-
der to investigate the effect of perturbations in the stationarity of

3 See Table 1 and Sect.2.2 for a complete description of the parameters
explored.
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the shock. The explored parameters, which describe the jet and
the blobs, are listed in Table 1. The jet temperature and density
and the possible rotation determine the physical parameters of
the shock (see Ustamujic et al. 2016). They are selected accord-
ing to the observations of DG Tau (Giidel et al. 2005, 2008).
The parameters of the blob (density, velocity, and radius) and
the mass loss rate, calculated as explained in Sect. 2.2, give in-
formation about the intensity of the perturbations introduced. In
our reference model (HJ3) the jet initial temperature and den-
sity are 7; = 10% K and n; = 10* cm™, respectively. In cases
with higher values of jet temperature and density, namely mod-
els HI9-HJ12, the shock is stronger and the count rate is higher
(see Fig. 6). As in the light jet scenario, for the models including
jet rotation, namely HJ2, HJ3, and HJ6, the count rate is higher
because the shock is stronger (as predicted by Ustamujic et al.
2016). This trend is clear when we compare same models with
and without jet rotation, e.g. HJ6 and HJ4 (see Fig. 6). Again we
do not observe a significant effect on the stability of the shock
due to the rotation. The parameters that define blob density and
radius in model HJ3 (reference case) are y, = 1.5 and R, = 1/3,
respectively, while the velocity vy, varies randomly from 300 to
700 km s~! (see Table 1). The random velocity makes the pertur-
bation stronger due to the higher variations in the ram pressure,
which lowers the count rate slightly, although the effect in the
studied cases is very faint and not significant (see models HJ1
and HJ4 in Fig. 6). When the blob radius is higher (e.g. HJ2 with
respect to HJ3, and HJ4 with respect to HJ5) the shock is slightly
affected, which lowers the median count rate and enhances the
fluctuations. When the blob density is increased, we find differ-
ent effects depending on the part of the domain being consid-
ered. In low count rate models an increase in the blob density
perturbs the shock and lowers the count rate (e.g. HIS with re-
spect to HJ8), while in high count rate models the median count
rate increases, which contributes to the emission (e.g. HI12 with
respect to HJ10), as in the light jet scenario. We investigate the
difference between the models through the pressure profiles (see
Figs. 3 and 8). In all the cases the jet is dominated by the plasma
pressure over the magnetic pressure, i.e. 8 > 1, but in cases with
a low count rate we find a more instable regime because the 3 pa-
rameter is closer to 1 in some moments of the simulation. This
means that the perturbations affect models with high and low
count rates in different ways. Model HJO is situated at the limit
of the two different regimes described, and when higher density
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blobs are introduced (model HJ11), the median count rate re-
mains almost constant.

In summary, we can affirm that the perturbations are com-
patible with the available observations of DG Tau in most of the
cases explored. The jet forms a quasi-stationary X-ray emitting
shock at the base which is more likely affected by perturbations
arriving from the stellar source as a train of blobs. In this case,
the X-ray emitting shock is more perturbed than that of HH 154
due to the low count rate observed for the DG Tau jet. Strong
perturbations can almost erase the X-ray emission from a shock
in models with low count rate, while in models with higher count
rate values the X-ray emission is enhanced, in a similar way to
the light jet scenario of HH 154. The variations registered in the
count rate are comparable with those observed for perturbations
in the following ranges: density increase of a maximum of three
times the previous value, velocity fluctuation of 50%, and radius
with values from 1/3 to 1 jet radius are compatible. The mass loss
rate values obtained for all the models are MJ ~ IO‘BM@yr‘l,
in good agreement with typical outflow rates found in pre-main
sequence stars (Cabrit et al. 2007; Podio et al. 2011). The max-
imum change in M; is approximately a half order of magnitude
in model HJ1, for which the total count rate is very low; it is not
compatible with the values observed for DG Tau by Giidel et al.
(2005, 2008, 2011).

4. Discussion

In a previous study (Ustamujic et al. 2016), we showed that a
continuously driven stellar jet forms a stationary X-ray emitting
shock at the base with physical parameters in good agreement
with observations. The aim of this work is to investigate whether
the quasi-stationary shocks formed are compatible with the per-
turbations expected in YSO jets through simulations of a pulsed
flow, and derive the physical parameters that can give rise to
X-ray emission consistent with observations of jets in pre-main
sequence stars. To this end we developed a MHD 2.5D model
that describes the propagation of a supersonic stellar jet in a ini-
tially homogeneous magnetized medium taking into account the
effect of the radiative cooling. The jet is described by two com-
ponents: a continuously driven component that forms a quasi-
stationary shock at the base of the jet, and a pulsed component
formed of blobs that introduce perturbations into the jet influ-
encing the shock. In order to compare the model results with
observations we synthesized the count rate from the simula-
tions, considering both its total integrated value and its spatial
distribution.

Previous MHD models of protostellar jets were more ori-
ented towards studying the dynamical aspects and the evolution
of the jet rather than the X-ray emission produced. Here we show
the feasibility of our MHD model: a supersonic stellar jet colli-
mated by the ambient magnetic field leading to X-ray emission
from the shock formed at the base, consistent with the obser-
vations. We obtained shock temperatures of ~10° K and lumi-
nosities of Lx ~ 10* erg s~!, in good agreement with the X-ray
results of other authors (Pravdo et al. 2001; Favata et al. 2002;
Bally et al. 2003; Pravdo & Tsuboi 2005; Giidel et al. 2008;
Schneider et al. 2011; Skinner et al. 2011; Lopez-Santiago et
al. 2013, 2015).

As YSO jets are intrinsically dynamic objects which evolve
on timescales of a few years, they are ideal laboratories for vari-
ability studies. We selected HH 154 and DG Tau as specific
targets for our study because available observations suggest the
presence of stationary X-ray emitting sources close to the base
associated with the jet (HH 154, Favata et al. 2006; DG Tau,

Giidel et al. 2005). Chandra X-ray observations collected in dif-
ferent epochs for HH 154 (in 2001, Bally et al. 2003; in 2005, Fa-
vata et al. 2006; in 2009, Schneider et al. 2011) and for DG Tau’s
jet (in 2004, 2006, and 2010, Giidel et al. 2005, 2008, 2011), pro-
vided a time base of eight and six years, respectively, to analyse
the variability of the source. They are, as far as we know, the
only YSO jets with available multi-epoch X-ray observations.

4.1. The case of HH 154

In the light jet scenario (see Sect. 3.1) we described a jet that is
less dense than the ambient medium, for example the jet related
to HH 154 which originates from the deeply embedded binary
Class 0/1 protostar IRS 5 in the L1551 star-forming region
(Rodriguez et al. 1998).

Figure 11 shows the count rate of the X-ray source associ-
ated with HH 154 in the [0.3—4] keV band. We compare the data
set observed by Chandra/ACIS in 2005 and analysed by Bonito
et al. (2011) (left panel), with the synthetic map derived from
model LJ5 (reference case for the light jet presented in Sect. 3.1)
at t = 100 yr, and convolved with the specific PSF created at the
proper energy (right panel). The images are rebinned to match a
pixel size of 0.25”, and then a Gaussian smoothing with kernel
of width 0.5” was applied. Bonito et al. (2011) analysed Chan-
dra multi-epoch X-ray observations of HH 154 (in 2001, Bally
et al. 2003; in 2005, Favata et al. 2006; in 2009, Schneider et al.
2011) and proposed the scenario of a nozzle creating the stand-
ing shock in the presence of a pulsed jet, as described in Bonito
et al. (2010b), which may account for the elongated component
as a newly formed knot propagating away from the diamond
shock. Here we propose an alternative possible interpretation:
the bright stationary X-ray source observed in the data might be
associated with the main stationary shock formed at the base of
the jet, whereas the faint, elongated, and more variable compo-
nent could be the result of perturbations of the main shock. As
discussed by Bonito et al. (2011), the X-ray source associated
with HH 154 unambiguously arises from the jet and cannot be
of stellar origin.

4.2. The case of the jet associated to DG Tau

In the heavy jet scenario (see Sect. 3.2) we described a jet that is
denser than the ambient medium, for example the jet associated
with DG Tau which originates from a more evolved Class II disk-
bearing source (CTTS) (see Eisloffel & Mundt 1998).

In Fig. 12 we show the count rate of the X-ray source as-
sociated with DG Tau in the [0.5-1] keV band, in logarithmic
scale. In the left panel we plot the merged data set observed
by Chandra/ACIS in 2010 (see Appendix A for a detailed de-
scription of the data analysis we performed) with a pixel size
of 0.25” and Gaussian smoothing with kernel of width 0.5”. In
this case the angular size of each panel is = 14” x 14" (we note
that the scale is different from that in Fig. 11, which corresponds
only to one quadrant of this image). The observation shows the
star marked with a cross inside the central unresolved source,
and a bipolar jet. In this image the SW jet marked with a box is
clearly visible, while the counter-jet (observed earlier by Giidel
et al. 2005, 2008) is hardly visible. The central unresolved source
contains two unrelated spectral components subject to different
hydrogen absorption column densities (Giidel et al. 2011): the
hard component is associated with the stellar corona or mag-
netosphere, while the soft component is associated with X-ray
emission from the base of the jet produced either by internal
shocks or by magnetic heating (Giidel et al. 2008). Recently,

A124, page 11 of 14



A&A 615, A124 (2018)

the bright stationary
X-ray source

the bright stationary
X-ray source

\ \
o

\

faint elongated
structure

.

5e-06 le-05 1.5e-05 2e-05 2.5e-05 3e-05 3.5e-05

4e-05

7.51e-06 1.55e-05

5.96e-07

1.58e-06 3.57e-06 3.12e-05 6.25e-05

Takasao et al. (2017) have presented a theoretical model applied
to DG Tau in which the disk atmosphere is magnetically heated
forming a hot corona emitting in soft X-rays. However, in these
data it is still unclear, due to the contamination from the star,
which part of the soft component of the X-ray emission is pro-
duced by the jet. For this reason, we compare our jet results with
the SW jet marked with a box in the left panel of Fig. 12. On the
right we plot the synthetic map of the modelled region derived
from model HJ3 (reference case for the heavy jet presented in
Sect. 3.2) at t = 70 yr, and convolved with the specific PSF cre-
ated at the proper energy. Again, the image is rebinned to match
a pixel size of 0.25" and then smoothed with a Gaussian kernel
of width 0.5”. In this case the synthesized source consists of one
unique component, while in the case of HH 154 (see Fig. 11) we
were able to observe cleary two different components. The size
and morphology of the synthesized source is comparable with
the SW jet observations.

5. Summary and conclusions

We investigated the effect of perturbations in X-ray emitting sta-
tionary shocks in stellar jets through numerical MHD simula-
tions. We applied our model to the X-ray jets of HH 154 and
DG Tau, two widely studied objects at different stages of evolu-
tion. This allowed us to explore the similarities and differences
of YSOs at distinct stages of evolution through the study of
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1.26e-04

Fig. 11. Smoothed X-ray count rate maps in
the [0.3—4] keV band for HH 154 with a pixel

size of 0.25”. Left: 2005 data set resampled us-

ing the EDSER technique, as in Bonito et al.

(2011). Right: Synthetic image of the base of
the jet as derived from model LJ5 at r = 100 yr
(see lower right panel in Fig. 2), rebinned to
match the same pixel size and convolved with
the proper PSF. The angular size of each panel
is 7" x 7”. In each panel north is up and east
is left. Gaussian smoothing was applied on the
images with kernel of width 0.5”.

faint elongated
structure

4.5e-05

Fig. 12. Smoothed X-ray count rate maps in
the [0.5-1] keV band for DG Tau in logarithmic
scale and with a pixel size of 0.25”. Left: 2010
data set resampled using the EDSER technique,
as explained in Appendix A. We marked the po-
sition of the star with a cross and the SW jet with
a box. Right: Synthetic image of the base of the
jet as derived from model HJ3 at # = 70 yr (see
lower right panel in Fig. 7), rebinned to match
the same pixel size and convolved with the spe-
cific PSF. The modelled region is marked with
a box corresponding to the SW jet. The angular
size of each panel is 14" x 14" (a different scale
to that used in Fig. 11). In each panel north is up
and east is left. Gaussian smoothing was applied

2:51e-04 on the images with kernel of width 0.5”.

the X-ray emission and jets which are present in objects from
Class 0 to II. We have also performed a wide exploration of a
broad region of the parameter space that describes the model (see
Table 1). These results therefore allow us to study and diagnose
the physical properties of YSO jets over a broader range of phys-
ical conditions than those defined by HH 154 and DG Tau. Our
findings lead to several conclusions, that we list in the following
for the two different scenario studied (LJ and HJ).

LJ scenario (HH 154):

1. We find that perturbations arriving to the shock as a train of
blobs contribute to the X-ray emission enhancing the total
count rate.

2. Perturbations characterized by a density increase up to one
order of magnitude, velocity fluctuations not larger than
50%, and size with values from 1/3 to 1 of the initial jet ra-
dius produce variability in the X-ray source compatible with
that observed in HH 154 (Bonito et al. 2011).

3. The perturbations explored lead to maximum variations of
approximately one order of magnitude in the mass loss rate
derived from the simulations.

H1J scenario (DG Tau):

1. The stability of the shock diamond is affected by the jet per-
turbations more easily in the HJ than in the LJ scenario. This
is mainly due to the fact that the shock in the HJ scenario
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is fainter and with a lower total count rate than in the LJ
scenario (see Fig. 6). In addition, models with a lower me-
dian count rate (e.g. HI1-HJ8) are more affected by the per-
turbations than models with higher median count rate (e.g.
HIJ9-HJ12). In the latter models, the perturbations enhance
the X-ray emission as in the light jet scenario.

2. Perturbations characterized by a density increase up to three
times the initial jet value, velocity fluctuations not larger than
50%, and size with values from 1/3 to 1 initial jet radius
produce variability of X-ray source compatible with that ob-
served in the SW jet of DG Tau (Giidel et al. 2008, 2011).

3. The perturbations explored lead to maximum variations of
~1-4. Mj in the mass loss rate derived from the simulations
(see Table 1), corresponding to fainter perturbations than
those presented in the LJ scenario.

In both the scenarios explored, although the physical condi-
tions are very different, the plasma is collimated by the mag-
netic field forming a quasi-stationary shock at the base of the jet
which, under certain conditions, emits in X-rays even when per-
turbations are present. The results presented here may provide
us with a better understanding of the evolution and the differ-
ent mechanisms observed in young stars at different stages of
evolution. Although the precise mechanisms are still under de-
bate, it is widely believed that the strongly dynamic and ener-
getic phenomena due to star-disk interaction produce variations
in the physical parameters of the jet. The study of the variabil-
ity observed in pre-main sequence stars may give some insight
into the phenomena that occur due to the star disk interaction,
also related to the still debated jet collimation and acceleration
mechanisms. Finally, the comparison of our MHD model results
with the X-ray observations could provide a fundamental tool
for investigating the stellar jet dynamics and the high-energy
phenomena, also important for a better understanding of planet
formation.
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Appendix A: Chandra observations of DG Tau

We studied the Chandra/ACIS-S data set of DG Tau performed
in January 2010 (PI Giidel; ObsID 11009, 11010 and 11011;
fexp = 120 ks each observation), centered at (04:27:04.80,
+ 26:06:16.90) (FKS5). We reprocessed all the data in a homo-
geneous way, using the latest CIAO 4.9 package. We studied the
data individually and also as a unique archive with z.x, = 360 ks,
reprojecting the set of observations to a common tangent point
and creating a merged event file using the CIAO tools. We note
that all three data products correspond to observations done in
the same week. We filtered the data in energy to study separately
the hard and the soft component. We chose the 0.5-1.0 keV band
for the soft component and 1.5-7.3 keV for the hard one (as
in Giidel et al. 2011). We explored different values for the soft
component band associated with the jet, e.g. 0.45-1.1 keV and
0.5-1.5 keV, obtaining almost identical results in all the cases.
Events were extracted for all observations from regions around
the source and the background, near the position of DG Tau

A124, page 14 of 14

(4:27:04.698, + 26:06:16.31). The images were analysed using
the DS9 tool to study the morphology of the sources, includ-
ing the offset between the hard and soft components, both at
native Chandra/ACIS spatial resolution, and improving it by per-
forming the subpixel event-repositioning algorithm EDSER that
can be applied to Chandra images to refine the event positions
(Li et al. 2004). We did not find a statistically significant offset
between the two components. After applying the EDSER algo-
rithm, the images can be resampled at 0.25" pixel size, obtain-
ing images with one-half of the native ACIS pixel scale (see left
panel in Fig. 12). The asymmetry of the Chandra point spread
function (PSF) was investigated using CIAO tools to create a re-
gion that highlights the location of this artefact for the source,
and we checked whether this instrumental effect can influence
the observed morphology of the X-ray source. We found that the
asymmetry of the PSF does not affect our images on scales larger
than 1”; therefore, the elongated structure visible in the images is
not an artefact of the instrument. Finally, we obtained the proper
PSF for the data using the CIAO and HEASOFT tools.



