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Abstract

Context. Models and observations indicate that the impact of matter accreting onto the surface of young stars produces regions at the base of accretion columns where optically thin and thick plasma components coexist. Thus, an accurate description of these impacts is necessary to account for the effects of absorption and emission of radiation.

Aims. We study the effects of radiation emerging from shock-heated plasma in impact regions on the structure of the pre-shock down-falling material. We investigate whether a significant absorption of radiation occurs and if it leads to a pre-shock heating of the accreting gas.

Methods. We developed a radiation hydrodynamics model describing an accretion column impacting onto the surface of a classical T Tauri star. The model takes into account the stellar gravity, the thermal conduction, and the effects of radiative losses and of absorption of radiation by matter in the nonlocal thermodynamic equilibrium regime.

Results. After the impact, a hot slab of post-shock plasma develops at the base of the accretion column. Part of the radiation emerging from the slab is absorbed by the pre-shock accreting material. As a result, the pre-shock accretion column gradually heats up to temperatures of 105 K, forming a radiative precursor of the shock. The precursor has a thermal structure with the hottest part at T ≈ 105 K, with a size comparable to that of the hot slab, above the post-shock region. At larger distances the temperature gradually decreases to T ≈ 104 K.

Conclusions. Our model predicts that ≈70% of the radiation emitted by the post-shock plasma is absorbed by the pre-shock accretion column immediately above the slab and is re-emitted in the UV band. This may explain why accretion rates derived from UV observations are systematically higher than rates inferred from X-ray observations.
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1. Introduction
Classical T Tauri stars (CTTSs) are young stars surrounded by a disk that extends internally up to the so-called truncation radius (Bouvier et al. 2007). The magnetic field of the star is strong enough to govern the plasma dynamics: the plasma is funneled by the magnetic field into accretion columns, and falls onto the star (Camenzind 1990; Koenigl 1991). The material impacts the stellar surface producing shocks that dissipate the kinetic energy of the down-falling gas, thereby heating the material up to a few million degrees. Ultraviolet and X-ray observations of CTTSs show emission lines produced by dense material (n ≥ 1011 cm−3) at temperature in the range 105 − 106 K, which have been interpreted as originating from accretion impacts (Argiroffi et al. 2007; Günther et al. 2007).
Several models have been developed to study the impacts of accretion streams onto the surface of CTTSs, covering a wide range of physical effects and conditions (e.g., Sacco et al. 2008, 2010; Orlando et al. 2010, 2013). These models and the analysis of observations at different wavelengths show that impact regions can present complex structures and dynamics. The accretion columns themselves can be structured in density (Orlando et al. 2011; Matsakos et al. 2013; Bonito et al. 2014; Colombo et al. 2016, 2019a), so that post-shock regions may show a wide range of densities, temperatures, and velocities. As a result, different plasma components co-exist, both optically thin and optically thick, and emitting in different wavelength bands. In this scenario the reprocessing of radiation through absorption and re-emission is expected (Calvet & Gullbring 1998; Lamzin 1998; Reale et al. 2013; Bonito et al. 2014; Revet et al. 2017) and may lead to complex profiles of emission lines.
Most of the models, however, do not take into account the effects of radiative absorption by matter, but only the radiative losses from optically thin plasma. The first attempt to include the full radiation effects in the context of accretion impacts was made by Costa et al. (2017). In their model the radiation is not fully coupled with hydrodynamic (HD) equations, but is included in an iterative way. Nevertheless, their approach proved that the radiation emerging from the post-shock region is absorbed by the pre-shock accreting material, leading to a pre-shock heating of the accretion column (a radiative precursor). Since their approach is not fully self-consistent, these authors could not describe the structure of the precursor, and derived a range of possible values of its temperature between 104 and 106 K. More recently, de Sá et al. (2019) described accretion impacts in CTTSs in the local thermodynamic equilibrium (LTE) regime and found that non-LTE is required for a correct description of the phenomenon.
In this work we investigate the effects of radiation on the structure of the accreting gas through a HD model of accretion impacts that includes self-consistently, for the first time, the effects of both radiative losses and absorption of radiation by matter in the non-LTE regime. Here we present the results for a typical accretion column that produces detectable X-ray emission at its impact (Argiroffi et al. 2007; Sacco et al. 2010).
2. Radiation hydrodynamics model
This model describes the impact of an accretion stream onto the chromosphere of a CTTS. The initial conditions are shown in Fig. 1; they consist of a pre-shock accretion column with density n = 1011 cm−3 and temperature T = 2 × 104 K1, and the pre-shock chromosphere assumed to be isothermal with temperature T = 104 K. Initially the accreting pre-shock plasma is in radiative equilibrium; it flows along the z-axis and at time = 0 it impacts onto the chromosphere. We expect that, after the impact, a shock will be generated at the interface between the accretion column and the chromosphere; furthermore, a reverse shock will propagate along the accretion column.
	[image: thumbnail]	Fig. 1.
Initial profile of density along the z-axis (in Log scale). The dashed gray line separates the pre-shock chromosphere from the pre-shock accretion column. The arrow shows the flow direction.




The model takes into account the gravity field g of the star, the thermal conduction Fc (including the classical and saturated regime as described in Colombo et al. 2016), the radiative losses L, and the radiative gains. The model solves the time-dependent equations of conservation of mass, momentum, and energy using the perfect gas equation of state
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where ρ is the plasma mass density, v is the fluid velocity, kR and kP are respectively the Rosseland and Planck mean opacities, c the speed of light, F the comoving-frame radiation flux, ℰ the plasma internal energy density, E the comoving-frame radiation energy, kB the Boltzmann constant, T the plasma temperature, μ the mean particle weight (assuming solar abundances), mH the hydrogen mass, λ the flux-limiter (Minerbo 1978), and γ = 5/3 the ratio of specific heats. In a companion paper (Colombo et al. 2019b; hereafter Paper I), we discuss the assumptions and the limits of these equations. Since we are interested in evaluating the effects of irradiation from the post-shock accreting material on the pre-shock accretion column, we neglect the radiation effects (both radiative losses and absorption of radiation by matter) in the pre-shock chromosphere (i.e., kP = kR = 0 and L = 0 in Eqs. (1)–(4)).
The calculations are performed using PLUTO (Mignone et al. 2007), a modular Godunov-type parallel code for astrophysical plasma. The HD equations are solved using the HD module available in PLUTO for the linearized Roe Riemann solver based on characteristic decomposition of the Roe matrix (Roe 1981). The time evolution is solved using a second-order Runge-Kutta method. The thermal conduction is treated with the super-time-stepping method (Alexiades et al. 1996).
The radiation effects are calculated by coupling PLUTO with a radiation module which was originally restricted to the LTE regime (Kolb et al. 2013), and which we have extended in order to take into account the non-LTE conditions. In Paper I we describe the details of the implementation and the limits and assumptions of the new numerical module (see also Appendix A). The radiation quantities (kP, kR, L) are calculated at the temperature and density of interest using look-up tables (Rodríguez et al. 2018) and a bi-linear interpolation method. The radiation module makes use of the Portable, Extensible Toolkit for Scientific Computation (PETSc) library to solve the radiative part of the system (Balay et al. 2012). In particular, the PETSc library uses the Krylov subspace iterative method and a preconditioner to solve the matrix equation. For this work, the generalized minimal residual as iterative method and block Jacobi as preconditioner are used.
We considered the non-LTE regime and used the frequency integrated approach, in which the radiation quantities kP, kR, and L and radiation energy equation are integrated over all frequencies from 0 to ∞ (Rodríguez et al. 2018). As an example, Fig. 2 shows the value of kP and L calculated at the density of the pre-shock accretion column (namely n = 1011 cm−3). In Sect. 3.2, we discuss the limits of the frequency integrated approach.
	[image: thumbnail]	Fig. 2.
Planck opacity (kP, black) and radiative losses in non-LTE (LNLTE, red) at the density of the accretion column (i.e., n = 1011 cm−3) vs. temperature. For comparison, the figure also shows the radiative losses from optically thin plasma (Lthin, blue) used in models available in the literature (e.g., Sacco et al. 2008).




The radiation module works only in 3D (Kolb et al. 2013). To reduce the computational cost, we assume that the gas flows along the z-axis and that the domain consists of a 3D Cartesian grid with three cells for the x- and y-axes and 9048 cells for the z-axis (so the model can be considered 1D). In other words, the model describes the flow dynamics along the axis of an accretion stream. The x- and y-axes are both covered with a uniform grid extending for 1.4 × 107 cm. Along the z-axis, the grid is non-uniform and composed of two patches. The first covers the domain between 108 cm and 2 × 109 cm (thus fully including the chromosphere, which extends up to 1.1 × 109 cm) with a uniform grid with spatial resolution of ≈9.7 × 105 cm (2048 cells); the second patch covers the domain between 2 × 109 cm and 1010 cm with a stretched grid, with a minimum spatial resolution of ≈9.7 × 105 cm close to the first patch, and a maximum spatial resolution of ≈13 × 105 cm at the end of the domain (7000 cells). The choice of this grid provides the best compromise between accuracy and efficiency of the calculation and allows us to treat accurately the effects of radiative cooling instability in the post-shock region. The bottom (−z) and top (+z) boundaries are fixed, the first to values consistent with the chromosphere and the second with values describing an inflow of material with constant density, velocity, and radiation energy, the last chosen in such a way that the material is in radiative equilibrium with it. We set the lateral boundaries as periodic.
We present two simulations. The first (called run RHD) describes the impact of the accretion column, taking into account all the effects described above. The second (called run HD) describes the same impact, but in the optically thin regime, namely using the radiative losses adopted by Sacco et al. (2008) (see Fig. 2) and without radiative absorption; this simulation produces results analogous to those of previous models (e.g., Sacco et al. 2008, 2010), and it is used for comparison with run RHD to highlight the effects of absorption.
3. Results
In this section, we present the results of the simulations. First, we describe the dynamics of the simulated impact region, then we analyze the effects of the radiation on the pre-shock material.
3.1. Dynamics of the post-shock plasma
We follow the evolution of the system for ≈6 ks. The dynamics are similar to those of models describing accretion impacts without radiation effects in the context of both CTTSs (e.g., Sacco et al. 2008, 2010), and magnetic cataclysmic variables (e.g., Busschaert et al. 2015; Mouchet et al. 2017; Van Box Som et al. 2018). Figure 3 shows the space-time maps of density and temperature for the whole evolution of run RHD. Initially the accretion column hits the chromosphere with a speed of 500 km s−1 and sinks deeply into the chromosphere, down to the position at which the ram pressure of the down-flowing material equals the thermal pressure of the chromosphere. Then a shock develops at the base of the accretion column. The dynamics of the post-shock plasma is analogous in the two runs considered. The shock propagates upward through the accretion column (expanding phase), heating the plasma to temperatures of a few million degrees and generating a hot, dense post-shock region (slab) that extends up to ≈2 × 109 cm (light blue regions in the top panel and yellow to orange regions in the bottom panel of Fig. 3). During the expansion of the post-shock, the density increases at the base of the slab due to accumulation of the accreting material. As a consequence, the radiative losses in that region rise. The expanding phase ends when the radiative losses in the slab reach a critical value that triggers the formation of cooling structures due to thermal instability. The plasma rapidly cools down at the base of the slab, its pressure decreases, and the slab is not able to sustain the material above. As a result, the region collapses (collapse phase). After the collapse, a new shock forms due to the continuous down-flow and a new slab expands until it collapses under the action of radiative losses. The result of this evolution is shown in Fig. 3 where the alternating phases of expansion and collapse of the post-shock region are clearly visible. It is worth noting that the quasi-periodic oscillations of the post-shock region have never been observed in CTTSs. Accretion streams are expected to be structured in several fibrils, each independent of the others due to the strong magnetic field that prevents mass and energy exchange across magnetic field lines. The fibrils can be characterized by slightly different densities, which would result in different instability periods, and also by random phases of oscillations. Thus, for a stream composed of several fibrils, the integrated emission is expected to show no evident periodic modulation (Orlando et al. 2010; Matsakos et al. 2013; Mouchet et al. 2017).
	[image: thumbnail]	Fig. 3.
Space-time maps, in logarithmic scale, of density (top panel) and temperature (bottom panel) for run RHD. The green region in the bottom panel corresponds to the hottest part of the precursor. The gray dotted lines in both panels mark the pre-impact position of the chromosphere.




3.2. Effects of radiation
The effects of radiation are evident in the pre-shock down-flowing plasma. Figure 4 shows the vertical profiles of temperature and density for the two runs considered during one of the expansion phases. The temperature profile in run RHD presents two main features: the hot post-shock with T ≈ 3 MK located between z = 0.5 × 109 cm and z = 2 × 109 cm (present also in run HD and in previous HD models with no radiation effects included), and a precursor region with temperature ranging between 2 × 104 K and 105 K (up to z = 1010 cm). The radiative precursor of the shock is not present in run HD (see bottom panel of Fig. 4) nor in previous HD models. We note that thermal conduction cannot contribute to producing the precursor in our simulations due to heat flux saturation effects at the shock front (Orlando et al. 2005). In the density profile, the post-shock slab with a density a factor of four higher than that of the pre-shock material is clearly visible (as expected from the strong shock conditions Zel’dovich & Raizer 1967).
	[image: thumbnail]	Fig. 4.
Temperature (black line) and density (red line) profiles for runs RHD (top panel) and HD (bottom panel), during one of the expanding phases. The gray dotted line marks the initial position of the chromosphere.




The precursor is the result of irradiation of the pre-shock material by the post-shock plasma. Since the pre-shock accreting material is optically thick, we found that it absorbs ≈70% of radiation immediately above the slab at a height of z = 4 × 109 cm from the chromosphere and heats to maximum temperatures of around 105 K (see Fig. 3).
We observe that the precursor is structured in temperature. After the early transient phase, i.e., when the hot part of the precursor does not evolve further (t >  3.5 ks), the whole precursor in run RHD extends to the limit of the domain at z = 1010 cm. During the down-flow the accreting material (with an initial temperature of T = 2 × 104 K) absorbs part of the radiation from the slab and, as a result, is gradually heated to T ≈ 6 × 104 K at z ≈ 4 × 109 cm. At this point additional heating determines a sudden increase in temperature to values of around 105 K (see upper panel of Fig. 4). This is due to a peak in absorption of radiation by matter around T ≈ 7 × 104 K. At this temperature the absorbed radiation energy, defined as (kPρcE) (see Eq. (3)) has a maximum due to the peak in kP (see Fig. 2), which generates the increase in the gas temperature. After the heating at z ≈ 4 × 109 cm, the accreting material with temperature around 105 K continues to fall until it is shocked. At this temperature we note that the radiative losses have a maximum (see Fig. 2) that prevents the material from heating up more. The peak in absorption around T = 7 × 104 K is due to helium (see Rodríguez et al. 2018), which therefore plays a critical role in determining the structure of the radiative precursor (see Appendix B).
3.3. Distribution of emission measure vs. temperature
From the models, we derive the time-averaged distributions of emission measure vs. temperature (EM = ∫ Vn2dV), which is useful in order to obtain information about the plasma components emitting at various temperatures. The distributions are derived by following the approach described by Colombo et al. (2016), assuming a stream with a mass accretion rate of 10−9.17 M⊙ yr−1 as for TW Hya (e.g., Curran et al. 2011). This would require a column with a reasonable radius rs ≈ 3.5 × 1010 cm. Figure 5 compares the distributions synthesized from runs RHD and HD to highlight the effects of radiation. The most striking difference between the two distributions is that the EM of RHD (red histogram in Fig. 5) shows three main peaks at logT = 4.5, 5.0, and 6.5, whereas the EM of HD (black histogram in Fig. 5) has a prominent peak at logT = 6.6 and a small peak at logT = 4.7. The origin of the peaks in the EM of run RHD can be investigated by considering the bottom panel of Fig. 3. The orange regions in the figure show the plasma with logT >  6, belonging to the hot slab. Thus, the highest temperature peak in the two models considered is clearly due to the post-shock plasma of the slab. This peak is shifted at slightly lower temperatures and lower emission measure values in run RHD due to the radiative losses that are more efficient in run RHD than in HD (see Fig. 2).
	[image: thumbnail]	Fig. 5.
Emission measure synthesized from runs RHD (red histogram) and HD (black) vs. temperature.




The other two peaks at lower temperatures in the EM distribution of run RHD originate from the blue and green regions in the bottom panel of Fig. 3, which show the plasma with 4.5 <  logT <  4.8 and 4.8 <  logT <  5.3, respectively. These regions identify the precursor in run RHD: the peak at logT ≈ 5 in the EM distribution corresponds to the hottest part of the precursor. This feature is not present in run HD.
In addition, the EM distributions have a different slope in the region between 5.5 <  logT <  6.0, again due to the differences in the radiative losses adopted in the two models (see Fig. 2). The EM of RHD also shows a small bump between logT = 5.3 and logT = 5.9 not present in run HD. This feature originates from the plasma cooling during the collapse phase (red regions in Fig. 3) and is due to the absorption of radiation by this plasma component.
4. Conclusions
We developed a model that describes the radiation effects in the non-LTE regime during the impact of an accretion column onto the surface of a CTTS. Our model shows that a significant fraction of radiation produced in the post-shock plasma (≈70% at a distance of 4 × 109 cm from the chromosphere) is absorbed by the pre-shock material of the accretion column. As a result, this material is heated to a temperature on the order of 105 K, forming a radiative precursor. The precursor reaches the highest temperature in proximity of the shock. At z ≈ 4 × 109 cm, the temperature of the precursor decreases to temperatures between 2 × 104 K and 5 × 104 K. The precursor is a strong source of UV emission. The partial absorption of X-ray emission from the slab and the contribution of UV emission from the precursor may explain why accretion rates derived from UV observations are systematically higher than accretion rates inferred from X-ray observations (Curran et al. 2011). In future works, we will extend the analysis by exploring the parameter space of the model with the aim of investigating how the structure and evolution of the radiative precursor depend on the physical conditions (density, down-flow velocity, abundance) of the accretion stream.


1 Since the temperature of the pre-shock accreting gas is not constrained by observations, here we adopt the minimum temperature for which the opacities are defined (in look-up tables; see later in the text). Nevertheless, in photo ionized plasmas, we expect that the opacities at lower temperatures (down to 103 K) are comparable with those at T = 2 × 104 K (Marigo & Aringer 2009; Lykins et al. 2013).
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Appendix A:  Limits of the FLD approach
Our radiation HD module uses the flux-limited diffusion (FLD) approximation to handle the radiation part of the set of Eqs. (1)–(3) (see also Paper I). The FLD approach is the most popular method used in radiation hydrodynamics thanks to its simplicity, robustness, and efficiency. However, it has some limitations. In particular, the radiation flux is assumed to be parallel to the gradient of the radiation energy density. This assumption regarding the direction of the flux, while correct in an optically thick medium, is not true in general.
A first direct consequence is that the radiation force may not be correctly oriented. Another consequence is that the anisotropy of the radiation field, which arises in non-optically thick media, is not accurately reproduced in the FLD approach. For example, in the case of a free-streaming radiation field that encounters a highly opaque region of space, FLD is not able to reproduce a shadow behind the region (Hayes & Norman 2003; González et al. 2007).
An approach more sophisticated than FLD for determining the radiation quantities of the RHD equations is the M1 approximation, which solves the radiation momentum equation to obtain the radiation flux instead of using the FLD relation (see Eq. (23) in Paper I). However, for the simulations presented here we do not expect significant changes in our results if M1 is used instead of FLD. In the simulated accretion impacts, the radiation force is negligible for the dynamics and the energetics of the accreting system. Furthermore, shadows (not described using the FLD approach) may be produced only in multi-dimensional systems with complex structures with both optically thick and optically thin parts (e.g., a clumpy accretion column). In the case presented in this Letter, the portion of the system that is relevant to the determination of the radiation quantities is composed of one optically thin part (the post-shock region) and one optically thick part (the pre-shock region), and the radiation mainly propagates from the optically thin part toward the optically thick part. Thus, no shadows are expected in our simulations.

Appendix B:  Role of helium in determining the precursor
	[image: thumbnail]	Fig. B.1.
Temperature (black line) and density (red line) profiles for the run RHD-He, during the expanding phase. The gray dotted line represents the initial position of the chromosphere.




To highlight the role played by helium in the absorption of radiation, we consider a simulation identical to run RHD, but using a modified version of the opacity tables where the helium effects are not taken into account (run RHD-He).
Figure B.1 is analogous to Fig. 4 and shows the temperature and density profiles for run RHD-He. In run RHD-He a precursor forms as in run RHD. However, at odds with run RHD, the down-flowing plasma gradually increases its temperature, reaching a maximum temperature of 5 × 104 K before being shocked, and no sudden increase in temperature is present. We therefore conclude that helium is responsible for the high temperatures of the precursor in run RHD through the peak in kP at logT = 4.8 (see Fig. 2), which determines a sudden increase in absorption.


All Figures
	[image: thumbnail]	Fig. 1.
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