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d’Astrophysique, CEA Saclay, Orme des Merisiers, 91191 Gif-sur-Yvette, France

3LERMA, Observatoire de Paris, Université Pierre et Marie Curie and CNRS, 5 Place J.
Janssen, 92195 Meudon, France
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Abstract. The structure and dynamics of young stellar object (YSO) accretion shocks depend
strongly on the local magnetic field strength and configuration, as well as on the radiative trans-
fer effects responsible for the energy losses. We present the first 3D YSO shock simulations of
the interior of the stream, assuming a uniform background magnetic field, a clumpy infalling
gas, and an acoustic energy flux flowing at the base of the chromosphere. We study the dynam-
ical evolution and the post-shock structure as a function of the plasma-beta (thermal pressure
over magnetic pressure). We find that a strong magnetic field (∼hundreds of Gauss) leads to
the formation of fibrils in the shocked gas due to the plasma confinement within flux tubes.
The corresponding emission is smooth and fully distinguishable from the case of a weak mag-
netic field (∼tenths of Gauss) where the hot slab demonstrates chaotic motion and oscillates
periodically.

Keywords. accretion, magnetohydrodynamics (MHD), radiative transfer, shock waves, insta-
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1. Introduction
The accretion process in young stars occurs by plasma streams that originate from the

inner part of the surrounding disk and flow along the field lines of the magnetosphere
before hitting the stellar surface. The plasma impacts onto the chromosphere with free-
fall velocities resulting in the formation of strong shocks. The temperature that develops
in the post-shock region is on the order of a few million Kelvin, which leads to the
emission of soft X-ray photons. Recent observations of several protostars seem to have
detected such radiation (e.g. Argiroffi et al. 2007).
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Figure 1. Left panel: a simplified sketch of an accretion shock for a strong, uniform magnetic
field. The computational domain is indicated with dashed lines. Right panel: the prescribed
cooling function Orlando et al. 2010, Matsakos et al. 2013.

Numerical studies have explored the dynamics of accretion shocks in 1D and 2D (e.g.
Sacco et al. 2008, 2010; Koldoba et al. 2008; Orlando et al. 2010, 2013; Matsakos et al.
2013). To highlight the evolution of the system, consider the simplified configuration
depicted in the left panel of Fig. 1 in 1D, namely focus on the interior of the stream
and assume a uniform magnetic field. After the impact, a reverse shock travels along the
stream as material accumulates building a hot slab. The optically thin radiation losses
that are often adopted to describe the post-shock region, see right panel of Fig. 1, trigger
cooling instabilities. Specifically, as the plasma cools, the infalling gas can no longer be
supported due to the large pressure drop. As a result, the reverse shock collapses and
a new hot slab starts to build up again (Sacco et al. 2008; Koldoba et al. 2008). This
formation-collapse cycle of the post-shock region suggests a quasi-periodic behavior for
the observable X-ray emission, with a frequency of 10−3-10−1 Hz. However, observations
do not yet find evidence of periodicity (Drake et al. 2009; Günther et al. 2010).

The absence of periodic patterns could be due to a variety of physical mechanisms.
For instance, radiative transfer effects could complicate the dynamics (de Sá et al. in
preparation) or non-uniform magnetic fields could break the 1D symmetry and lead to
a complex evolution (Orlando et al. 2010, 2013). Here, we show that even in the simple
case of a uniform field and optically thin cooling, the global post-shock oscillations can
effectively be suppressed.

We perform 3D magneto-hydrodynamical (MHD) simulations of a vertical element of
the interior of the accretion stream (left panel of Fig. 1) using the PLUTO code (Mignone
et al. 2007). We introduce realistic perturbations in the system, i.e. clumps in the stream
and a chromospheric acoustic flux, and we explore three different models by changing
the value of the magnetic field. The computational domain in the horizontal directions
spans x, y = [0.0, 0.5 × 10−3 ]R� and in the vertical z = [0.0, 7.7 × 10−2 ]R�. We use a
static grid and a resolution of 32 × 32 × 256 cells.

On the top boundary, as well as the upper part of the domain initially, we prescribe a
uniform flow of number density nacc = 2·1011 cm−3 and velocity vacc = 500 km s−1 . More-
over, we add clumps of random size and location on top of the accretion stream. Their
density follows the gaussian distribution with the peak value set at nclm = 1012 cm−3 and
standard deviation equal to 10%-30% of the box width (∼102-103 km). On the bottom
boundary as well as the lower part of the initial box, we specify an isothermal chromo-
sphere with Tchr = 10 000K that is in equilibrium with the imposed constant gravity.
The protostar is assumed of solar mass and radius. For more information on the setup,
see its 2D version in Matsakos et al. (2013).
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Figure 2. Volume plots of the density (top panels) and the temperature (bottom panels, only the
million Kelvin regions are shown). From left to right, the magnetic field is assumed 30 G, 100 G,
and 300 G. In each plot we can identify three regions: the clumpy stream, the hot post-shock
region, and the chromosphere.

2. Results
In the case of a weak magnetic field (left panels of Fig. 2), the thermal pressure in

the post-shock region dominates the magnetic (post-shock plasma-β larger than unity).
Therefore, the inhomogeneities that appear in the hot slab, due to the clumps and the
chromospheric variability, are quickly smoothed out. This leads to plasma mixing and a
post-shock that shows chaotic motion with local velocities less but close to the infalling
gas speed. Nevertheless, despite this turbulent structure, the system is found to retain
globally the periodic formation-collapse pattern of the reverse shock.

When the post-shock has a plasma-β close to unity, the vertical magnetic flux tubes
cannot be easily deformed and elongated structures form in the post-shock (middle panels
of Fig. 2). This effect can be seen even more clearly in the case of a strong magnetic field
(right panels of Fig. 2). Here, the plasma-β of the hot slab is smaller than unity and
hence the plasma is well confined within the flux tubes. In turn, the post-shock acquires
a rich structure that consists of a collection of fibrils, each one of which follows the 1D
quasi-periodic behavior. In the absence of perturbations, the fibrils oscillate in phase and
the emission of the accretion shock would show a global periodic signature. However, the
perturbations introduced in the system bring quickly the almost independent oscillators
out of phase. Consequently, the overall emission is expected to be smooth, hiding the
individual oscillations.

In order to visualize the structure of the whole post-shock region, Fig. 3 displays a
reconstruction of a 2D vertical cut of an accretion stream of radius 5 · 104 km. This
is achieved by putting different simulation moments of the computational box side by
side, since the fibrils are independent from each other. We have chosen to show only the
model with a strong magnetic field because young stars have surface values on the order
of ∼kG (e.g. Johns-Krull 2007). Evidently, even in the case of a uniform magnetic field,
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Figure 3. Density (left) and temperature (right) of the whole reconstructed accretion stream.

the presence of perturbations can create very rich structures in the post-shock region.
Future work will focus on generating synthetic emission from such simulations in order
to compare with observations.
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