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Abstract. Theory and simulations predict Quasi-Periodic Oscillations of shocks which
develop in magnetically driven accretion funnels connecting the stellar disc to the pho-
tosphere of Young Stellar Objects (YSO). X-ray observations however do not show evi-
dence of the expected periodicity.

We examine here, in a first attempt, the influence of radiative transfer on the evolution of
material impinging on a dynamically heated stellar atmosphere, using the 1D ALE-RHD
code ASTROLABE. The mechanical shock heating mechanism of the chromosphere only
slightly perturbs the flow. We also show that, since the impacting flow, and especially the
part which penetrates into the chromosphere, is not treated as a purely radiating trans-
parent medium, a sufficiently efficient coupling between gas and radiation may affect or
even suppress the oscillations of the shocked column.

This study shows the importance of the description of the radiation effects in the hydro-
dynamics and of the accuracy of the opacities for an adequate modeling.

1 Accretion process in YSO

Most Young Stellar Objects (YSOs) are surrounded by an accretion disk. Gas and dust follow a near-
keplerian infall from the outer disk down to a few stellar radii, the truncature radius, at which the
magnetic pressure gets dominant over the thermal pressure of the gas. The flow is then magnetically
confined in accretion columns [1]. High resolution observations [2] reveal the presence of a plasma
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with typical coronal temperatures (~ 10° K), but with higher electron density than in the coronal
plasma (10" — 10"3 cm™3 instead of < 10'%cm™3). This feature is commonly interpreted as the spectral
signature of shocks within an accretion funnel.
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Figure 1. Snapshots of the density (green) and temperature (red) profiles of a QPO cycle (T ~ 400s); the accreted
gas falls from the right at v,.. = —400 km/s on a "glass wall". From left to right: beginning of a new cycle
(t = 2750 s), growth of a hot slab of shocked material (+ = 2884 s), quasi-isochoric cooling at the slab basis
(thermal instability, = 2994 s), collapse of the reverse shock (+ = 3110 s) and end of the collapse (t = 3156 s).
The escape probability of photons ¢ is set to 1 (see section 3.2).

1D models [3-6] predict Quasi-Periodic Oscillations (QPO) of a shock in these columns: a first
shock typically forms and stalls where the thermal pressure of the stellar atmosphere balances the
ram pressure of the stream. A second shock (see Figure 1), the reverse shock, propagates back up the
stream. The shocked gas, in between, cools down, resulting in the collapse of the whole structure.
A new reverse shock forms then and a new cycle begins. All these models assume an optically
thin coronal cooling (see section 3.2 for further details) and predict periods between 10 and 1000 s.
However, no such periodicity has been found in observations up to now [7, 8].
In order to understand the absence of QPO, the goal of this preliminary study is thus to include, for
a first time in simulations of accretion flows, both radiative transfer and a model of a dynamically
heated stellar atmosphere.

2 Hydro-radiative simulations with the code ASTROLABE

Computing accretion can be performed through two main approaches: on the one hand, 2D and 3D
simulations can include the influence of the magnetic field [9] as well as geometric or flow inhomo-
geneities effects [10, 11]; on the other hand, 1D simulations can hardly deal with these effects!, but
may include more refined physics, like time-dependent (non-LTE) ionization or radiative transfer.
Our study is based on simulations performed with the 1D ALE code ASTROLABE [12] developed
by one of us (J.-P. C.). This code solves the coupled equations of radiative hydrodynamics, written
in the comoving frame. We consider here a system made of a plasma composed of H, H*, He, He™,
He* , M and M*, where M represents a "catch-all metal" which completes, with the free electrons, the
composition. The code is fully implicit, and of Adaptive-Lagrangian-Eulerian type: high resolution
in regions of interest (e.g. large gradients) is achieved through a moving grid of fixed cardinality. In
the following equations u and u,.; denote the gas velocity and the relative velocity between the gas
and the moving mesh points respectively.
Radiation is treated by solving for the two first moments of the radiation transfer equation (i.e. energy

ISee e.g. [4] for an example of 1D simulations which include some effects of a slanted magnetic field.
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density E,, and momentum density M, of the radiation field) [13, chapter 7] on the moving grid, but
the radiative quantities are evaluated in the frame comoving with the gas. The resulting equations are:

ifE,d(V+fE,urel-dS +f]P,:V-ud(V+fF,-dS =fSE,.d(V
dt Jy S v s v

ifM,d(V+f(Mrurel)'dS+fV-]Prd(V-i-f(Mr-V)ud(V:fSM,d(V
dr Jy S % % %

where S denotes the surface of the control volume V. The radiative energy and momentum source
terms are respectively Sg, = k,pc(aT,* — E,) and Sy, = —kgpcM,, where , and , are respectively
the Planck and Rosseland mean opacities (cm?g~"). These terms realize the coupling between gas
motions and radiation. These equations are completed by the M1 closure relation: P, = D E, (in 1D),
where the Eddington factor 0 < D < 1, accounting for the anisotropy of the radiation, is calculated so
as to maximize the local radiation field entropy [14, 15].

ey

Tonization of the gas plays a key role in the pressure calculation and in the cooling of the gas. As
an alternative to the usual treatment of ionization through a modified Saha equation [3, 16], we com-
pute, coupled with hydrodynamics and radiative transfer equations, time-dependent coronal ionization
using collisionnal ionization rates given by [17] and radiative recombination rates given by [18]. The
ionization model also includes the hydrogen photoionization by the calculated ambient radiation field
with local energy density E,(x, t).

3 Shock oscillation perturbation

Accretion shock observability depends both on their structure and on their burying in the stellar at-
mosphere. It is then important to model the structure on which accretion is performed, as well as to
include radiation transfer to compute the radiative feedback on the column itself or on the surround-
ing atmosphere. In the following, we explore first the effect of the chromospheric dynamics on the
accreted plasma, the later supposed to be optically thin. In a second step, we include the effect of the
radiative transfer on the structure of the accretion flow.

3.1 Chromospheric model

Instead of using an ad hoc heating function to maintain the chromospheric equilibrium, we use a
simple model which refers to the acoustic heating mechanism of the chromosphere of a star [19—
21]. We only aim here to get a self-consistent, fully hydro-radiative description of the chromospheric
structure impacted by the accretion flow.

i T(10°K)

Figure 2. Formation and propagation of shocks induced by sound waves
with an initial energy flux of 10% erg.cm™2.s7! and a period of 60 s. The
thin lines are successive snapshots of acoustic shocks in the chromo-
sphere and the red thick line is the temperature profile of the solar
chromosphere [22, and T. Lanz, priv. com.]. The escape probability of
photons £ is set to O (see section 3.2).

Corona
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We have thus investigated the propagation of acoustic waves in the stellar atmosphere (we have
chosen a Sun-like profile for fast qualitative comparisons with theoretical models and observations
[23, 24]). Mechanical energy is supplied at the base of the simulation domain, in the form of a
monochromatic sinusoidal motion of the first (Lagrangian) interface in the simulation. Heating of the
corona is not taken into account, since the later is readily crushed by the accretion flow. Figure 2
shows the formation of travelling shocks, induced by acoustic waves. Heating of the chromosphere is
the result of the space- and time-averaged temperature structure above the photosphere.
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Figure 3. Snapshots of the density (green) and temperature (red) profiles of the end of a QPO cycle; gas fall at
Uaee = —400 km/s on a dynamically heated chromosphere. From left to right: a new reverse shock (blue
dashed line) is launched while the previous one (black dash-dot line) is still collapsing ( = 2458 s), the new
reverse shock went beyond the old one (¢ = 2884 s) and goes on propagating after the end of the collapse of the

old reverse shock (r = 2501 s). The escape probability of photons ¢ is set to 0 in the atmosphere, and 1 in the
accreted gas (see section 3.2).

To test the influence of this chromospheric model on the accretion structure, we compute accretion
on either a fix, rigid, non-porous but transparent interface (a "glass wall", see Figure 1), or on a
dynamically heated chromosphere (Figure 3). When acoustic shocks reach the hot slab, they are both
reflected and transmitted. The transmitted wave hardly affects the shocked structure, apart from the
end of the collapse: a new reverse shock (located by a blue dashed line in Figure 3) is created in
the collapsing slab and come across the old one (black dash-dot line). At the end of the collapse,
the newly formed hot slab is hardly sensitive to the chromospheric heating. The net result of the
dynamical chromospheric heating is a cycle period slightly perturbed (+50 s to the period, depending
on the phase between the 60 s period acoustic heating and the ~ 400 s period accretion cycle).

3.2 Radiative transfer feedback

The treatment of radiative transfer by the M1 method, adopted here, tackles the transition between the
optically thick and thin regimes, using some set of Planck and Rosseland mean opacities calculated
in the largest possible domain of physical conditions. However such calculation must generally rely
on the assumption of LTE, which implies a common temperature for gas and radiation. However,
this is not true at low densities, where coronal equilibrium prevails. The power radiated in coronal
conditions is generally expressed as [25]:

P = —n.nyA(T,) (erg.cm™>.s7h) )
while the equivalent (algebraic) energy sink/source term for the gas from the M1 method is:
Sg, = k.. Ty pc(al,* —E,) = =Sg,  (ergem™.s™") 3)

The transition between these two regimes (which should be distinguished from the formal ability
of the two moments M1 method to treat both optically thick and optically thin regimes) is a crucial
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issue regarding the treatment of the transition between the collision dominated plasma in the inner
regions, and the non-LTE external region. As a first approach, we perform this transition by control-
ling the source and sink terms for matter and radiation energy by the escape probability of photons
through the column ¢; the effective energy source for the gas is then written as:

1= e—3kaL

SE=¢P+(1-0)Sk, » (=l- )

where L is a characteristic length scale of the order of the radius of the accretion column.

—~ TS 6.5
Figure 4. Snapshot of the density (green) and tem- ’E -8 60 =
perature (red) profiles of the accretion structure us- S,J -9 : 55 %
ing a combined radiative cooling; gas fall at v, = Pt (V) ~15.0 ~
—400 km/s on a dynamically heated chromosphere. - -11 145 :73
The hot slab height is reduced from 20 Mm (Figures o -12 : ; g 4.0
1 and 3) to 2 km. Rl R R e 2
0 2 4 6 8 68 688 69
t=807s (zoom) z (107 km)

With combined opacities obtained from the Opacity Project [26—-29] and Semenov tables [30], and
adopting L = 1000 km, the accretion shock gets stationary (Figure 4). Such structure is consistent
with the non-periodic feature of the observations. However, the hot slab height (and the X-ray emitter
volume, for a given column section) is reduced by a factor 10* (from 20 Mm down to 2 km). The
resulting small quantity of hot gas (7, > 10° K, see section 1) cannot suffice to produce measured
fluxes.

4 Conclusion & prospects

We described in this paper a numerical model which includes for the first time the treatment of radia-
tive transfer and a self consistent model of a stellar chromosphere, in order to precisely characterize
the thermodynamical and radiative properties of the whole structure. The dynamical chromospheric
heating slightly changes the predicted cycle period, whereas the cooling process strongly influences
the shock structure and its observability.

Concerning the dynamics of the accretion flow, we have shown the importance of radiation trans-

port, which relies on opacities. However, it is important to point out that the physical conditions of
the plasma span a larger domain in p and T than the ones accessible in the two previous tables. Thus
an ongoing improvement is to use new opacity tables from Ferguson [31, and Ferguson, priv. com.]
and SYNSPEC [32]. Another one is to use more physical escape probabilities [33].
Radiation parameters in this work (energy, flux and opacities) are integrated over all frequencies. The
underlying assumption, i.e. the spectral radiation energy distribution is a Planckian, is valid in the vis-
ible range, where photospheric emission dominates, but not in X rays, which include accretion shocks
signature. An ongoing revision is to distinguish these radiation parameters in several frequency groups
(visible+IR, UV, X) to take into account radiation specificities in each of them.

This work is supported by french ANR, under grant 08-BLAN-0263-07, Université Pierre et Marie Curie,
Observatoire de Paris and CEA Saclay.
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