Stellar-planetary interactions and magnetospheric electrodynamics.

The problem of stellar-planetary interactions, including impact of stellar radiation and plasma
flows on planetary environments and evolution of planetary systems appears among the
major challenges of moden space physics. The optical and spectral phenomena, measured
during exoplanetary transits, as well as in-situ data from space missions in the Solar System,
provide a valuable information for probing and characterization of planetary systems and their
dynamical environments. The study is focused on the topics of stellar/solar activity, stellar
plasmas and radiative impacts on planetary environments. Significant accent in that respect
is made on exoplanets, especially regarding the phenomena of exoplanetary mass loss and
magnetospheric protection, as well as remote observational diagnostics. These topics are
addressed in the following interelated research directions.

1) Stellar activity and starspot diagnostics with high precision photometry (2], [6], [7], [8], [9],
[10], [11]

2) The Sun as a proxy of star: Investigation of solar activity phenomena and wind patterns [12],
[13], [14], [16], [17], [18], [29], [30], [46], [47], [48]

3) Global self-consistent 3D (M)HD modelling of exoplanets immersed in the stellar wind flows
and remote observational diagnostics of their environments [15], [19], [20], [21], [22], [23],
[24], [25], [26], [27], [31], [38], [39], [40], [41], [42], [43], [44], [45]

4) In-transit photometric sensing of exoplanetary dusty environments, exorings, exomoons [3],
[4], [5]

5) Exoplanetary magnetospheres and radio emissions in MHD and plasma kinetic approaches
[1], [22], [25], [28], [32], [33], [34], [35], [36], [37], [49]
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Left: The outflowing proton density distribution around hot Jupiter HD209458b, immersed in the
stellar wind of its solar-type parent star, simulated with the global self-consistent gas dynamic 3D
model (logarithmic scale). The planet is located at the intersection of coordinate axes. Right: Clustering
of a set of fast rotating stars over a new specific branch (marked with red arrow) that connects the
branches of inactive and super-active stars. Its formation is due to a-quenching effect, which saturates
the magnetic dynamo and decreases the stellar activity cycle periods with the increase of the inverted
Rossby number.



1) Stellar activity and starspot diagnostics with high precision photometry: Our analysis
algorithms, which deal with dynamics of stellar surface activity pattern, being applied to high
precision stellar light curves from the Kepler mission, enable probing of complex motions in
the stellar interiors, so far inaccessible to astero-seismology methods. The measured
timescales t1 and T, of the variability of squared amplitudes of the 1st and 2nd rotational
harmonics (A1, A;?) of stellar light-curves reveal gantitative estimates for the deep mixing
turnover time vt — a crucial parameter in the stellar mixing length theory (MLT) — opening a
way for model-independent diagnostics of the stellar deep super-large-scale convection. The
analysis of gradient function B12 =[log(t2) — log(t1)]/log(2) allows differentiating of stars in the
rotation period — effective temperature (P-Tefr) parameter space with respect to dominating
mechanism of their spot variability, opening insights in physics of their dynamos. The values
of B12=-2/3, -2, <-2, and -1 correspond to the domination of Kolmogorov’s turbulence,
magnetic diffusion, sub-diffusion, and differential rotation, respectively. Besides of that, the
known connection between sunspots and solar X-ray sources enables developing of an
accessible proxy for the stellar X-ray emission on the basis of the starspot variability. The
squared amplitude of 1st rotational harmonic of a stellar light curve A;? is used as an activity
index, related with a varying number of starspots. It reveals practically the same connection
with the Rossby number as the commonly used ratio of the X-ray to bolometric luminosity,
and therefore, allows elaborating of the crucial for stellar-planetary relations regressions for
the stellar X-ray luminosity Lx(P,Teff) and its related EUV analogue, Leuy, for the wide range of
main-sequence stars, including also those appeared below the detection threshold for the
direct measurement of X-ray fluxes.

Using A2 as stellar activity index, the periods of the Rieger-type cycles (RTCs) were
studied for 1726 main-sequence stars with different effective temperatures Terr and rotation
periods P observed by the Kepler space telescope. By measuring the power indexes D and D’
in the functional dependencies of stellar RTC periods: Prrc(P)~PP and Prrc(Teff)~Tes® two kinds
of the RTCs were found: 1) activity cycles with Prrc independent on the stellar rotation (D=0),
typical for the stars with Tef < 5500 K, and 2) activity cycles with Prrc proportional (D=1) to P,
realized on the stars with Tess > 6300 K. These two types of RTCs can be driven by the Kelvin
and Rossby waves, respectively. The Rossby wave-driven RTCs show relation with the location
of tachocline at shallow depths in the hot stars, whereas the Kelvin wave-driven cycles do not
show such relation.
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(a) averaged timescale (blue crosses) of the 1st rotational harmonic of stellar light curves and its
extrapolation to the laminar convection scale (red dots) in comparison with the standard semi-
empirical estimates of the mixing length theory’s turnover time twir according to Wright et al.(2011) -
black symbols, and Landin et al. (2010) - solid line. (b) Diagnostic diagram of a stellar sample of 1998
main-sequence stars observed by Kepler mission with respect to a dominating mechanism of spot
variability. (c) <A1%> stellar activity index vs. the log of Rossby number.



2) The Sun as a proxy of star — Investigation of Solar activity events and wind patterns: The
diagnostics approach for the solar coronal plasma based on the analysis of dynamic radio
spectra in 8-32 MHz range is elaborated. It reveals that the physical parameters of coronal
plasma before CMEs considerably differ from those during the propagation of CMEs. The local
density profiles and the characteristic spatial scales of radio emission sources vary with radial
distance more drastically during the CME propagation, as compared to the cases of
guasistationary solar atmosphere without CME(s). This fact enables distinguishing between
different regimes of plasma state in the solar corona and developing novel tools for the
coronal plasma studies, using radio dynamic spectra. Besides of that, we measure the rotation
rates of the solar coronal holes with the four-hour cadence data and track variable positions
of their geometric centres taken from the synoptic maps of SPOCA feature monitoring system.
This makes it possible to judge on the latitudinal dependence of the horisontal motions of
open magnetic field structures and their transformation to the Corrotating Interaction Regions
(CIRs) in the solar corona. Another important aspect of our investiugations concerns the
dynamic properties of coronal jets outflowing from the bright points that are embeded in
coronal holes. Further, our original technique, developed for the analysis of oscillatory
patterns in the flaring solar coronal loops, enables studying and interpretation of their quasi-
periodic dynamical features observed as bright blobs in solar active regions. The method has
potential for parametrization of the longitudinal (acoustic) wave energy sources in the flaring
loops and evaluation of their role in the overall energy budget of the solar corona. In addition,
based on the properties of the observed long-period (of the order of few hours) oscillations in
active regions, we can deduce an appropriate depth of the related sunspot patterns, which
appeared consistent with the estimations, made with the helioseismology methods. Last but
not least, a new class of one-dimensional solar wind models was developed within the general
polytropic, single-fluid hydrodynamic framework for the case of quasi-adiabatic radial
expansion with a localized heating source. The considered analytical solutions with continuous
Mach number over the entire radial domain admit the jumps in the flow velocity, density, and
temperature, provided that there exists an external source of energy in the vicinity of the
critical point. This is substantially distinct from the standard Parker solar wind model as well
as the nozzle solutions. The discontinuous patterns of the solar wind in the inner heliosphere,
predicted by our analytic model, and the complex structure of the solar wind in its source
region are now observationally evidenced by the Parker Solar Probe mission.
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(d) The slow solar wind pattern with the sub- (blue curves) and supersonic (red curves) parts. Bottom
and top abscisses stay for the distance r, scaled in units of the solar Rsy, and the transitionpoint r. radii,
respectively. Left panel shows the number density N (solid line, left ordinate) and flow velocity V
(dashed line, right ordinate); Right panel shows the temperature T (solid line, left ordinate) and
electron plasma frequency fge (dashed line, right ordinate).



3) Global self-consistent 3D (M)HD modelling of exoplanets immersed in the stellar wind flow:
A 3D fully self-consistent multi-fluid hydrodynamic model was elaborated for the simulation
of H-He expanding upper atmospheres of hot close-orbit exoplanets (hot Jupiters and warm
Neptunes), driven by the stellar XUV radiation and gravitational forces and interacting with
the stellar wind. Among distinguishing features of the model are 1) 3D geometry; 2) inclusion
of gravitational effects and realistic stellar radiation spectra; 3) account of the planetary dipole
magnetic field; 4) self-consistent treatment of the stellar radiation and SW impacts on
exoplanetary environments and the related atmospheric mass loss; 5) account of multi-fluid

nature of the planetary and stellar material flows
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and the corresponding photo-chemistry. The
model is free of any artificial assumptions
regarding the stellar radiation flux (to significant
extend measurable and constrained by the

nature of star) and/or stellar and planetary
material interaction scenarios, as well as the role
of different physical processes to be included.
The simulated with the model 3D dynamical
environments of hot exoplanets enable
() calculation of their related transit absorption in
various spectral lines, including Lya, metastable
Hel 10830 A line, and the lines of different heavy
trace elements (e.g., O, C, Si, Na, Ca, Mg, K, Fe).
In the most general case, an upper atmosphere
of the modelled exoplanet is taken to consist of
H, H+, H2, H2+, H3+, He, He+ and He2+
components, for which the equations of
continuity, momentum, and energy are solved
numerically, and the full set of related chemical
reactions is calculated. For each host star, an
appropriate XUV spectrum in the range of 10-912
A is used, including the appropriately estimated
near-IR and near-UV parts. The transmission and
attenuation of the stellar radiation flux is
calculated in each spectral interval in accordance
with the wavelength-dependent absorption
cross-sections. Along with the escaping
exoplanetary atmosphere, the model simulates,
with the same numeric algorithms, the stellar wind (SW), enabling therefore a self-consistent
global view of the interacting planetary and stellar material flows at the scale of the entire
stellar system. The code solver is fully parallelized for performing on HPC facilities.

Magnetic field, is a crucial factor that affects the atmosphere mass loss and overall
evolution of the planetary environments. Its protective role has two major aspects. First, the
large-scale magnetic fields and electric currents, related with the planetary magnetism, form
the planetary magnetosphere, which acts as a barrier for the upcoming stellar wind. Second,
the internal magnetic field of magnetosphere influences the streaming of expanding upper
atmospheric material, and therefore affects its escape and interaction with the stellar wind.
Our magnetohydrodynamic modelling enables quantifying the influence of the planetary
magnetic field on the upper atmospheric mass loss and planetary stransit spectroscopy
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(e): The modelled 3D distribution of He, in
the escaping PW of WASP-107b. The PW
and SW flows are shown with the colored
streamlines. The planet is at the center of
coordinate and moves anti-clockwise
relative its star (green sphere). (f): He
(10830A) absorption profiles, simulated for
different He abundances and stellar
radiation fluxes, versus observations.



features. In particular, for the hot jupiter HD209458b, the structure and behavior of planetary
magnetosphere were simulated paing attention to possible influence of the planetary
magnetic field on dynamics of escaping upper atmospheric material and the measured transit
absorption profiles. Fitting of the simulation results to observations enabled constraining the
stellar XUV flux and helium abundance at ~10 erg cm2 s' at 1 a.u. and He/H=0.02, respectively,
as well as setting an upper limit for the magnetic dipole moment of HD209458b. The latter
appeared to be less than 6% of the Jovian value. The self-consistent modelling of the magnetic
field topology and related electric current system structure in exoplanetary magnetospheres
is also crucial for the estimation of power and efficiency of the related radioemission sorces
and their detectability on Earth.

The global self-consistent 3D (M)HD multi-fluid model is widely used for the simulation
of magnetized and non-magnetized dynamical environments of various exoplanets and
interpretation of their transit spectrospcopy observations and possible radio emission
properties. Among the simulated planets are HD209458b, HD189733b, WASP-107b, WASP-
80b, WASP-12b, GJ-436b, GJ-3470b, TOI-421b,c, and it Men C.

4) In-transit _photometric _sensing of exoplanetary dusty environments, exorings, and
exomoons: The changes in duration, depth, and asymmetry of the transil light curve (TLC)
profiles contain unique information about such hitherto unexplored phenomena, like
exoplanetary rings, exomoons, dust tails and halos, as well as related with them dynamic
phenomena in a close vicinity of exoplanets. A special role here is played by various kinds of
dusty obscuring matter (DOM) structures around the planets (e.g., rings, disks, jets, and
clouds), which result in additional absorption of the light and distort the regular shape of the
TSCs in the region of their edges, including ingress- and egress- areas.
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(g) Distributions of pre-transit (G1) and post-transit (G2) gradients of TLC estimated in the adjoining
regions between 0.01 and 0.05 days, before and after the transit borders for a preselected set of 118
KOl objects. Top panel: G2 vs. G1 diagram; Bottom panel: histogram of G1 estimates. (h) Modeling of
the pre-transit DOM manifestations (arrowed) in the case of KIC 10619192. Top-left panel: real folded
TLC; Top-right panel: model geometry with the real planet, crossing the stellar disk along the solid line
together with a simplified sporadic DOM precursor (arrowed); Bottom-left panel: model-based

synthetic folded TLC; Bottom-right panel: clipped TLC to visualize the synthetic DOM effect.



A methodology for analyzing the form of TLCs, to reveal transit anomalies and non-stationary
effects associated with the presence of DOM, was elaborated. The proposed approach allows
independent analysis of different parts of the TSCs and the related timing parameters such as
start-/end- and minimum-time of transit, as well as the asymmetry of the TSC profile. The
analysis algorithm also treats the adjacent pre- and post- transit parts of theTLSc. Along with
that, a special technique, to gain information about the shape of the transiting planet’s
silhouette, using the derivatives of TLC during the ingress and egress phases, was proposed.
These methodologies are not associated with any a-priori assumptions regarding the shape of
the transiting object and the presence of dust in its vicinity. They can be applied for a massive
survey of a large number of objects. The discovered variability of transit timing parameters
and the signs of sporatic additional absorption in the pre-transit parts of TLCs indicate on
large-scale non-stationary processes in the atmospheres of some of the considered Kepler
objects, as well as on dust and aerosol generation in their upper layers and in their close
vicinity. The related photometry effects may be caused by dusty atmospheric outflows,
erosion and/or tidal decay of moonlets, or background circumstellar dust accumulated in
electrostatic or magnetic traps near the mass-losing exoplanet.

5) Exoplanetary magnetospheres and radio emissions in MHD and plasma kinetic approaches:
A key subject in this topical study concerns the self-consistent kinetic description of charged
particles dynamics in astrophysical plasma-magnetic structures. The exact account of particle
trajectory details and motion features (e.g., the phase of gyration) are of crucial importance
for understanding of fine structure and energetics of the fundamental current-carrying
systems in space plasmas, such as neutral current sheets, magnetodisks, and magnetotails.
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(i) The distribution of electric current across a TCS, calculated with the analytic solutions of trajectory
method (solid blue line) and simulated by numerical PIC model (dashed lines). Different colors of
dashed lines correspond to different PIC modelling runs with different values of the speed of incoming
particle flow ranging from VD/VT=1.56 to 2.5. The simulations confirm theoretical prediction that VD
weakly affects the TCS scale. (j) The dependence of the external background proton number density
on the speed of incoming particle flow (VD/VT), calculated with the analytic solutions of trajectory
method (blue line) and simulated by numerical PIC model (red points). The simulations agree with the
theoretical model prediction that in a self-consistently balanced TCS the increase of VD/VT leads to
decrease of the background number density of protons.

We elaborate a method for the description of particle dynamics, based on a new system of
differential equations for the particle pitch-angle and phase of gyro-rotation derived from the
analysis of the particle trajectory in a given magnetic field. It enables a self-consistent



description of a number of basic problems, which form fundamentals the for more complex
natural cases of the planetary magnetospheres and in space plasmas. Further generalization
of this trajectory method to a group of particles allows developing a self-consistent symmetric
thin current sheet (TCS) model by adjusting of an appropriate flow of the current-producing
particles and the corresponding distribution functions. This model enables, in particular, to
elaborate a physically consistent theory of the TCS scalings, to study their dependence on the
speed of TCS incoming plasma (Vp) and the external background plasma density. The semi-
analytical solutions of the model appear in agreement with the complex numerical PIC
simulations.

Besides of that, as an alternative to the traditionally considered electron cyclotron
maser (ECM) mechanism of exoplanetary radio emission (RE), we consider the plasma maser
mechanism. The latter, contrary to ECM operates in dense and weakly magnetized plasmas,
where electron cyclotron frequency fc is less than Langmuir frequency f.. Similar mechanism
is known to contribute the generation of RE in solar corona, as well as in magnetospheres of
the Solar System planets. It is a two-step process. At first, the plasma waves are excited due
to Cherenkov instability in a weakly anisotropic background plasma by a small admixture of
hot electrons with a loss-cone type non-equilibrium distribution function. Then, the
electromagnetic radiation at fre arises due to, e.g., plasma wave scattering on the background
ions (Rayleigh scattering, fre = fi), or nonlinear coupling of two plasma waves (Raman
scattering, fre = 2fL). In the first case, the maser effect at plasma frequency fi takes place under
certain conditions, leading to an exponential grow of the RE intensity with the growing energy
of plasma waves. In the case of Raman scattering of two plasma waves, resulting in generation
of the RE at doubled plasma frequency, the maser effect is absent, but the collisional
dissipation of RE is significantly reduced at the same time. This improves the requirements
regarding the brightness temperature of the RE source, to provide a detectable on Earth
radiation flux. In both cases the frequency band of the exoplanetary RE is defined not by
magnetic field, but by the structure of planetary plasmasphere and density distribution there.
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