3D RADIATIVE MHD MODELING OF THE SOLAR TRANSITION ZONE AND CORONA
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A variety of dynamical phenomena accompanied by strong thermodynamic and magnetic structural changes are of great interest in studying the solar atmosphere with high spatial and temporal
resolutions. Using current computational capabilities, it is possible to model the magnetized solar plasma in different regimes with a high degree of realism. We use 3D radiative MHD models
covering all layers from the upper convection zone to the corona to study the fine structure of the solar atmosphere and its dynamics. Realistic 3D radiative MHD modeling of solar
magnetoconvection and the atmosphere allows us to generate synthetic observables that directly link the physical properties of the solar plasma to spectroscopic observables. We present 3D
MHD simulations of quiet-Sun dynamics that cover the upper layers of the convection zone up to 25Mm above the photosphere. The simulations reveal the formation of self-organized funnel-
like dynamical magnetic structures that extend through the chromosphere and corona, spontaneous heating events near the transition zone, and switch-back-like outflows. We calculate a series
of synthetic spectropolarimetric imaging data that model observations from different space instruments: HMI and AIA (SDO), SOT (Hinode), and IRIS, and investigate how the observational data
are linked to physical processes in the solar atmosphere. In the presentation, we discuss qualitative and quantitative changes in atmospheric structure and dynamics at different layers of the
solar atmosphere, properties of acoustic and surface gravity waves, sources of local heating in the chromosphere-corona transition region, formation of shocks, and high-frequency oscillations
in the corona, as well as manifestations of these phenomena in the modeled observables.
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Turbulence models:
- Compressible Smagorinsky model

- Compressible Dynamics Smagorinsky mode
(Germano et al., 1991; Moin et al., 1991)

- MHD subgrid models (Balarac et al., 2010)
- DNS+Hyperviscosity approach
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View through the solar atmosphere from the corona
towards the transition zone and corona. The simulation
results show a self-formed magnetic structure in the
corona that is connected with kilogauss magnetic field in
the photosphere through the chromosphere and transition
zone. Visualization is performed by advecting particles AlA 3042 (Y TR r 2T AIA 211A AlA 335A
seeded at height 2.4Mm above the solar surface. ' [

Enstrophy transport from the transition
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Solar coronal activity is the primary source of space weather disturbances. Realistic modeling of the corona is critical for understanding the origins of space weather and for predicting the impacts of solar
activity on the near-Earth space environment. To investigate the underlying physical processes, we performed 3D radiative MHD simulations taking into account all essential physics and employing sub-grid
scale turbulence models, thereby reproducing the local dynamo process, spontaneous flow eruptions, coronal structure, and dynamics in the quiet-Sun.

Analysis of synthetic data reveals sharp enhancements of the synthetic EUV emission Mg Il spectral lines and Doppler velocity jumps. The Doppler velocity jumps in the C 1l 1334.5 A (IRIS line), and the relative
enhancement of the 335 A emission (SDO/AIA) are the best proxies for the enthalpy deposited by shocks in the corona (the Kendall t correlation coefficients are 0.59 for 1334.5A and 0.38 for 335A).

It is found that the transition zone between the low temperature (10% K) chromosphere and hot (10° K) corona is substantially more turbulent and dynamic than previously assumed. The simulations reveal new
processes of generation of shocks and plasma eruptions and show that the transition region dynamics is a source of the corona expansion and formation of the solar wind. Our simulations reveal that initially
uniform weak magnetic fields are greatly amplified by small-scale dynamo below the Sun's visible surface and cause spontaneous formation of tornado-like plasma structures and eruptions above the surface.
The strongest helical flows originate in strong kilogauss magnetic field patches formed on the solar surface. These helical magnetized structures extend into the corona, producing Alfvén waves that drive
plasma eruptions. The simulations also reveal many important details unresolved in observational data, such as the Kelvin-Helmholtz instability of the magnetic structures and plasma downflows in the corona.
The simulations reveal new processes of generation shocks and plasma eruptions and show that the transition region dynamics is a source of the corona expansion and formation of the solar wind.

Magnetic field concentrations with a field strength of about 1kG are strong enough to extend magnetized structures into the corona. The complexity of these structures increases with height and often shows
splitting into substructures. In particular, helical patterns of various scales appear and disappear with time. The vertical velocity distribution is highly inhomogeneous and reveals strong upflows above 100km/s
and downflows with ~10 km/s speed. Interestingly, during the formation and 'active' evolution of the magnetic structures, high complexity flows and numerous strong shocks are excited. Then, during the decay
phase, the amplitudes of the fluctuations associated with shock waves decrease (Kitiashvili et al., 2020).
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