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THE FOURTEENTH MOSCOW
SOLAR SYSTEM SYMPOSIUM
14M-S3

SPACE RESEARCH INSTITUTE
MOSCOW, RUSSIA
october 9-13, 2023

Starting from 2010, the Space Research Institute holds annual
international symposia on Solar system exploration. Main topics of these
symposia include wide range of problems related to formation and
evolution of Solar system, planetary systems of other stars; exploration
of Solar system planets, their moons, small bodies; interplanetary
environment, astrobiology problems. Experimental planetary studies,
science instruments and preparation for space missions are also
considered at these symposia.

The Fourteenth Moscow international Solar System Symposium (14M-S°)
will be held from October 9 till 13, 2023.

THE FOLLOWING SESSIONS WILL BE HELD DURING
THE SYMPOSIUM:

Session. MARS

Session. MOON AND MERCURY

Session. VENUS

Session. SMALL BODIES (INCLUDING COSMIC DUST)
Session. EXTRASOLAR PLANETS

Session. ASTROBIOLOGY

Space Research Institute holds this symposium with
participation of the following organizations:

Vernadsky Institute of Geochemistry and Analytical
Chemistry RAS, Russia

Brown University, USA

Schmidt Institute of Physics of the Earth RAS, Russia
Keldysh Institute of Applied Mathematics RAS, Russia
Kotelnikov Institute of Radio-engineering and Electronics
RAS, Russia

Sternberg Astronomical institute, Moscow State University,
Russia

Symposium website: https://ms2023.cosmos.ru
Contact email address: ms2023@cosmos.ru



PROGRAM COMMITTEE

chair:
acad. ZELENYI L.M. IKI RAS

members:

BAZILEVSKIY A.T. GEOHI RAS
BIBRING J.-P. IAS,CNRS, France
BOROVIN G.K. Keldysh AMI RAS
HEAD Il J. Brown University, USA
KORABLEV O.l. IKI RAS
KOSTITSYN Y.A. GEOHI RAS
MAROV M.Ya. GEOHI RAS
MITROFANOV 1.G. IKI RAS
RODIN A.V. IKI RAS
SHEVCHENKO V.V. GAISH MSU
SMIRNOV V.M. IRE RAS
TAVROV A.V. IKI RAS

VAISBERG O.L. IKI RAS
VOROBYOVA E.A. MSU
ZAKHAROV A.V. IKI RAS
ZASOVA L.V. IKI RAS

secretary:
ROSTE O.Z. IKI RAS, ms3@iki.rssi.ru
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overview 14M-S3

SYMPOSIUM

program
THE FOURTEENTH MOSCOW SOLAR SYSTEM

Space Research Institute, 9-13 October 2023

october 10 october 11
conference hall
second floor

october 9
conference hall
second floor

conference hall
second floor

COFFEE
VN SESSION

LUNCH LUNCH LUNCH

COFFEE

COFFEE

COFFEE

VN POSTER
SESSION
"SEsSion”
MN POSTER
SESSION

WELCOME SOCIAL EVENTS M SOCIAL EVENTS
PARTY IN MOSCOW IN MOSCOW

I MS SESSION: MARS SESSION

october 12

conference hall
second floor

SB SESSION

COFFEE

COFFEE

SB POSTER
SESSION

RECEPTION

MN SESSION: MOON AND MERCURY SESSION

[0 VN SESSION: VENUS SESSION

october 13
room 200 conference hall
second floor second floor

EP SESSION AB SESSION

COFFEE COFFEE

LUNCH LUNCH

EP POSTER
SESSION

COFFEE COFFEE

AB POSTER
SESSION

SOCIAL EVENTS

SOCIAL EVENTS
IN MOSCOW IN MOSCOW

Il SB SESSION: SMALL BODIES (INCLUDING COSMIC DUST) SESSION
I EP SESSION: EXTRASOLAR PLANETS SESSION
I AB SESSION: ASTROBIOLOGY SESSION



MONDAY, 9 OCTOBER 2023

11.00-19.00 MARS SESSION

Convener: Oleg KORABLEV
conference hall, second floor

11.00-11:20  Alina Valley topography of northeastern ~ 14MS3-MS-01
MUKHAMEDZHANOVA  Terra Cimmeria on Mars
11.20-11.40  Yaowen LUO Constraint on paleo hydrological ~ 14MS3-MS-02
activities from deltas on Mars
11.40-12.00 COFFEE-BREAK
12.00-12:20 JunCHU etal Deposits in the depression west 14MS3-MS-03

to Eberswalde crater indicate

a synchronous hydrogeological
history of Holden and Eberswalde
craters on Mars

12.20-1240  Boris IVANOV New craters on Mars: Updating 14MS3-MS-04
after 2022 catalog

1240-13.00 Elena PODOBNAYA Some statistics on fresh Martian 14MS3-MS-05
etal clusters

13.00-14.00 LUNCH

14.00-1420  Zhongchen WU The gas-solid chemical reaction 14MS3-MS-06
etal during Martian dust events

14.20-1440 Anna FEDOROVA Distribution of atmospheric 14MS3-MS-07
etal aerosols during the 2007 Mars

dust storm by solar infrared
occultation on Mars-Express

1440-15.00 Ekaterina Two years of gravity waves 14MS3-MS-08
STARICHENKO observation in the Martian
etal atmosphere by the ACS
experiment on board
the ExoMars/TGO
15.00-15.20  Pavel VLASOV Martian global water vapor 14MS3-MS-09
etal column abundance from ACS
TIRVIM nadir observations
onboard ExoMars TGO
15.20-15.40  Alina MERKULOVA Possible explanations for 14MS3-MS-10
and A.K. PAVLOV seasonal variations of oxygen in

the Martian atmosphere

15.40-16.00 Dominik BELOUSOV Possible source of perchlorateson  14MS3-MS-11

etal Mars and Europa
16.00-16.20 COFFEE-BREAK
16.20-16.40  Anton SALNIKOV Analytical continuation of 14MS3-MS-12
etal the magnetic field of Mars from
satellite data using a combined
approach
16.40-17.00  Jinsong PING Mars electron density inversion 14MS3-MS-13
etal based on Tianwen-1 radio
occultation experiment
17.00-17.20  Egor KULIK Effects of anelasticity on Chandler ~ 14MS3-MS-14

and Tamara GUDKOVA  period of Mars



17.20-17.40

17.40-18.00

18.00-19.00

Jordanka SEMKOVA
etal

Elena KARPOVICH
etal

New results from the radiation
investigations aboard ExoMars
TGO in 2018-2023

A science Martian airplane:
preliminary configurations and
radiation loading analysis

POSTER SESSION, SESSION MARS

12 posters * 5 min

14MS3-MS-15

14MS3-MS-16

18.00-18.05

18.05-18.10

18.10-18.15

18.15-18.20

18.20-18.25

18.25-18.30

18.30-18.35

18.35-18.40

18.40-18.45

18.45-18.50

18.50-18.55

18.55-19.00

19.00-20.00

Anatoly ZUBAREV
etal

Alexey BATOV
and Tamara GUDKOVA

Sergei KULIKOV
etal

Oleg VAISBERG
etal

Marina KUZMICHEVA
and Boris IVANOV

Anatoly MANUKIN
etal

Mohamad ABDELAAL
etal

Vladimir OGIBALOV
and G. M. SHVED

Vladimir OGIBALOV

Petr LYSSENKO
etal

Andrey KIRILLOV

Nikolay KASATIKOV

Photogrammetric procession of
Mars 2020 Ingenuity data and
subsequent obtaining of

a 3D surface model

On correlation of non-hydrostatic
stresses in the interior of Mars
with the epicenters of marsquakes

Magnetic field observations
at the surface of Mars:

the influence of atmospheric/
ionospheric phenomena and
the interplanetary medium

Recurring magnetic structure in
Martian dayside magnetopause

Characteristic features of
magnetic anomalies of impact
craters on Earth: how they appear
on terrestrial planets

Improvement of
the characteristics of the uniaxial
seismometer

Exploring electromagnetic
signatures of dust particles
collisions: experimental setup and
station construction for signal
acquisition

An improved model of radiative
transfer for the NLTE problem

in the NIR bands of CO; and

CO molecules in the daytime
atmosphere of Mars. 3. An effect
of aerosol radiation scattering on
the vibrational state populations

Hierarchy of vibrational state sets
for solving the NLTE radiative
transfer problem in the IR CO,
bands in the Martian atmosphere

On the role of methane and
ammonia absorption in studying
Jupiter’s atmosphere

Electronic kinetics of molecular
nitrogen at the altitudes of Titan's
middle atmosphere

Integrating loT with space
exploration: Improving Mars
missions with Neural networks

WELCOME PARTY

14MS3-MS-PS-01

14MS3-MS-PS-02

14MS3-MS-PS-03

14MS3-MS-PS-04

14MS3-MS-PS-05

14MS3-MS-PS-06

14MS3-MS-PS-07

14MS3-MS-PS-08

14MS3-MS-PS-09

14MS3-MS-PS-10

14MS3-MS-PS-11

14MS3-MS-PS-12



TUESDAY, 10 OCTOBER 2023

10.00-19.45

MOON AND MERCURY

Conveners: lgor MITROFANOV, Maxim LITVAK
conference hall, second floor

SESSION
MERCURY
10.00-10.20  Alexander KOZYREV
etal
10.20-10.40  Alexander LAVRUKHIN

etal

14MS3-MN-01

Three Mercury flybys:
observations of neutron and
gamma-ray fluxes by MGNS
instrument onboard the ESA's
BepiColombo mission

Determination of the optimal 14MS3-MN-02
parameters of the Mercury’s
magnetosphere for the

MESSENGER mission

THE STUDIES OF THE MOON AS CELESTIAL BODY

10.40-11.00 Alexander GUSEV

etal
11.00-11.20  Mikhail IVANOV
etal
11.20-11.40  Alexander BASILEVSKY
etal
11.40-12.00
12.00-12.20  Alexander BASILEVSKY
etal
12.20-1240 Xing WANG
and James HEAD
12.40-13.00 Zifeng YUAN
etal
13.00-14.00
14.00-1420 James HEAD
and Mikhail IVANOV
14.20-14.40 James HEAD
etal
1440-15.00 Maya DJACHKOVA
etal

Geological exploration of 14MS3-MN-03
the Moon VI: mineralogy,

rheology, heat budget

Thickness of volcanic materials 14MS3-MN-04

in Mare Fecunditatis

Study of the surface morphology ~ 14MS3-MN-05
of permanently shadowed
floor of polar crater Shoemaker:

Relative depth of small craters
COFFEE-BREAK

Photogeological analysis of 14MS3-MN-06
the tectonically deformed
impact crater in the South Pole

region of the Moon

Evidence for extensive 14MS3-MN-07
cryptomaria in the center of

the South-Pole Aitken basin

Inversion of global lunar 14MS3-MN-08
oxides using Chang’E-2 Lunar

Microwave Sounder data
LUNCH

Mare mesas in Mare 14MS3-MN-09
Fecunditatis: characteristics of
anewly documented class of

mare volcanic feature

Ina shield volcano summit 14MS3-MN-10
pit crater: forward-modeling

major stages in its evolution

and comparison with surface

morphology and sequence

Studies of the floor of Zeeman 14MS3-MN-11
lunar polar crater with LRO and

Luna-25 data



15.00-15.20 Maxim LITVAK The experiment LEND: 14 years ~ 14MS3-MN-12

etal observations of lunar neutron
albedo
15.20-15.40  llia KUZNETSOV Investigation of the cosmic 14MS3-MN-13
etal dusty plasmas with dust
monitoring instruments
15.40-16.00 Vladimir DUDCHENKO A temperature distribution 14MS3-MN-14
and Evgeny SLYUTA model in the lunar soil at

the Polar Regions
16.00-16.20 COFFEE-BREAK
THE EARTH BASED EXPERIMENTS AND STUDIES OF THE MOON

16.20-16.40  Daniil MIRONOV VI-LH1 - Lunar highlands 14MS3-MN-15
etal simulant for large scale
experiments

16.40-17.00  Yuri BONDARENKO Earth-based radar observations ~ 14MS3-MN-16
etal of permanently shadowed
regions on the lunar South Pole

17.00-17.20  Artem KRIVENKO Features of isotopic 14MS3-MN-17
etal fractionation of water ice
during sublimation under lunar
conditions
LUNAR EXPLORATION PERSPECTIVES
17.20-17.40  Dmitry GOLOVIN The gamma-ray spectroscopy 14MS3-MN-18
etal of Rare Earth elements in lunar
subsurface
17.20-18.00  Anton SANIN On the neutron emission from 14MS3-MN-19
etal the south polar region of
the Moon

18.00-19.45 POSTER SESSION, SESSION MOON AND MERCURY

21 posters * 5 min

18.00-18.05 Alexander BASILEVSKY  Regional and local geology 14MS3-MN-PS-01
etal and Moon Mineralogy Mapper
data analysis for the Luna 24
landing site
18.05-18.10  Alexander KRASILNIKOV  Model stratigraphy in the Artemis ~ 14MS3-MN-PS-02
etal landing sites region
18.10-18.15  Mikhail IVANOV Sources of materials in 14MS3-MN-PS-03
etal the Luna-16 sample
18.15-18.20  Zhiguo MENG New findings of surface deposits ~ 14MS3-MN-PS-04
etal in cryptomare region revealed

by CE-2 MRM data

18.20-18.25 Xeniya KOCHUBEY Degradation of fresh-looking 14MS3-MN-PS-05
and Mikhail IVANOV craters on the Moon

18.25-18.30  Ekaterina GRISHAKINA  Absolute model age estimates 14MS3-MN-PS-06

etal of the Plaskett crater
18.30-18.35  Michael SHPEKIN The structure features of young ~ 14MS3-MN-PS-07
and V.S. SHISHKINA impact craters in the area of
“bulbous fields” on the Aitken
crater floor



18.35-18.40

18.40-18.45

18.45-18.50

18.50-18.55

18.55-19.00

19.00-19.05

19.05-19.10

19.10-19.15

19.15-19.20

19.20-19.25

19.25-19.30

19.30-19.35

19.35-19.40

19.40-19.45

Nadezhda CHUJKOVA
etal

Ekaterina KRONROD
etal

Jing YANG
and Lianghui GUO

Jinsong PING
etal
Andrey SHUGAROV

etal

Ekaterina GRISHAKINA
etal

Boris EPISHIN
and Michael SHPEKIN

Imant VINOGRADOV
etal

Alexander KOSOV
etal

Alexandra UVAROVA

Mohamad ABDELAAL
etal

Ivan AGAPKIN and
Alexandra UVAROVA

Egor SOROKIN
etal

Azariy BARENBAUM

Dynamics of the Earth-Moon
and Venus-Mercury systems:
a comparative analysis

Numerical simulation of the
thermal evolution of the Moon.
Consistency with the presence
of a low-viscosity zone at the
core-mantle boundary

An omnidirectional filtering
method for destriping lunar
satellite gravity data

To promote a joint space-time
reference datum on the Moon

Astrophysical UV-Optical-IR
telescope for the International
Lunar Research Station

Creating the map of the polar
regions of the Moon

The situation in the lunar sky in
the landing area of the Russian
«Luna-25» station from August
2023 to August 2024

Design of a compact
multichannel diode laser
spectrometer for the Luna-
27 mission: challenges and
achievements

Luna-27 lander and Luna-26
orbiter navigation by means of
Radio Beacon deployed on the
Luna-27 lander

Studying the suitability of the
Kamchatka peninsula as natural
testing site for lunar missions
based on the properties of soils

Investigating high-voltage
charging effects and substrate
material on dust particle
dynamics and electromagnetic
signatures in a low-pressure
conditions: lunar regolith
analogue study

Experimental research of
the lunar soil-analogue VI-75
under negative temperature

Thermal reduced Siand P in
metallic iron nanospherules:
experimental data

New interpretation of “true
polar wander” phenomenon:
conclusions for terrestrial planets

14MS3-MN-PS-08

14MS3-MN-PS-09

14MS3-MN-PS-10

14MS3-MN-PS-11

14MS3-MN-PS-12

14MS3-MN-PS-13

14MS3-MN-PS-14

14MS3-MN-PS-15

14MS3-MN-PS-16

14MS3-MN-PS-17

14MS3-MN-PS-18

14MS3-MN-PS-19

14MS3-MN-PS-20

14MS3-MN-PS-21



10.00-11.40

10.00-10.20

10.20-10.40

10.40-11.00

11.00-11.20

11.20-11.40

11.40-12.00

12.00-18.40

12.00-12.20

12.20-12.40

12.40-13.00

13.00-14.00

14.00-14.20

14.20-14.40

14.40-15.00

15.00-15.20

WEDNESDAY, 11 OCTOBER 2023

conference hall, second floor

LUNAR EXPLORATION PERSPECTIVES

Anatoly ZUBAREV
etal

Huijuan WANG
etal

Denis LISOV
etal

Tatiana TOMILINA
etal

Lev ZELENYI
etal

Processing technique for the
image data from Service Television
Camera System - Luna (STS-L)

at the landing stage

Optimizing scientific objectives
for the Lunar-based UV-Optical-IR
telescope for ILRS

In-flight selection of landing site for
lunar polar lander

Laboratory Testing for ISRU of
Regolith by SLM technology

Russian Lunar Program: Difficult
beginning

COFFEE-BREAK

VENUS session

Convener: Ludmila ZASOVA
conference hall, second floor

Lev ZELENYI
etal

Takehiko SATOH
etal

Igor KHATUNTSEV
etal

Ludmila ZASOVA
etal

Mikhail LUGININ
etal

Daria EVDOKIMOVA
etal

Evgenij ZUBKO
and Y. J. LEE

Venera-D Mission Update

Updates of Akatsuki Venus

Orbiter

Twelve years cycle in the cloud

top winds on Venus

LUNCH

Some peculiarities of the
Venusian mesosphere dynamics

Retrieval of upper haze aerosol
properties at Venus from
SPICAV-UV and —IR data

Venus lower cloud variations by
SPICAV-IR/VEX night emission
observations and supplemented

radiative transfer model

Retrieving microphysics of
aerosols in the atmosphere
of Venus using the glory

phenomenon

MOON AND MERCURY

SESSION

Conveners: Igor MITROFANOV, Maxim LITVAK

14MS3-MN-20

14MS3-MN-21

14MS3-MN-22

14MS3-MN-23

14MS3-MN-24

14MS3-VN-01

14MS3-VN-02

14MS3-VN-03

14MS3-VN-04

14MS3-VN-05

14MS3-VN-06

14MS3-VN-07



15.20-15.40

15.40-16.00

16.00-16.20

16.20-16.40

16.40-17.00

17.00-17.20

17.20-17.40

17.40-18.40

17.40-17.45

17.45-17.50

17.50-17.55

17.55-18.00

18.00-18.05

18.05-18.10

Mikhail IVANOV
and James HEAD

Piero D'INCECCO
etal

Denis BELYAEV
etal

Pavel KLIMOV
etal

Piero D'INCECCO
etal

Dargilan Oliveira
AMORIM
and Tamara GUDKOVA

Morphological and topographical
groups of large volcanoes on
Venus

Introducing the “Analogs

for VENus' GEologically

Recent Surfaces” initiative:

an opportunity for identifying
and analyzing recently active
volcano-tectonic areas of Venus
trough a comparative study with
Terrestrial analogs

COFFEE-BREAK

Scientific concept of
VOLNA experiment to study
spectroscopy of Venus
atmosphere

SONET scientific equipment for
the Venera-D project

The Campo Imperatore
ADvanced VEnus'Night Airglows
Near-infrared Telescope
(ADVENANT) Project as a ground-
based segment for future
missions to Venus

Earth-like viscoelastic models of
Venus interior structure

POSTER SESSION, SESSION VENUS

Marina PATSAEVA
etal

Artem NEPOP
etal

Elizaveta FEDOROVA
etal

Imant VINOGRADOV
etal

Vladislav ZUBKO
etal

Dmitry MOISEENKO
etal

12 posters * 5 min

Influence of the underlying
surface on the zonal and
meridional speed at the cloud
top level near noon from
VMC/Venus Express and
UVI/Akatsuki images

Study of aerosol properties in the
Venus' upper haze from SOIR data

Study of the HDO/H,0 isotope
ratio in the mesosphere of Venus
based on SOIR observations for
2006-2014

Optical design of a high-
resolution IR spectrometer
ISCRA-V for the Venera-D mission

Study of flight scenarios to
Venus followed by a passage of
an asteroid

Venus in solar wind: scientific
goals and concepts of plasma
analyzers for Venera-D mission

14MS3-VN-08

14MS3-VN-09

14MS3-VN-10

14MS3-VN-11

14MS3-VN-12

14MS3-VN-13

14MS3-VN-PS-01

14MS3-VN-PS-02

14MS3-VN-PS-03

14MS3-VN-PS-04

14MS3-VN-PS-05

14MS3-VN-PS-06



18.10-18.15

18.15-18.20

18.20-18.25

18.25-18.30

18.30-18.35

18.35-18.40

Vladimir GUBENKO
and I.A. KIRILLOVICH

Evgeniya GUSEVA
and Mikhail IVANOV

Ivan BORONIN
and Tamara GUDKOVA

Tamara GUDKOVA
and Alexey BATOV

Valery KOTOV

Natalia BULATOVA

Comparison of internal wave
characteristics in the Venus's
atmosphere deduced by two
independent methods from
the Magellan radio occultation
measurements

Coronae of Venus: topography
and volcanic productivity

Computer realization of
algorithm for inversion of
Venusian interiors based on
Monte Carlo method:

1. testing on classical example of
gravitational field data

On stress state of Venus

Motion of Venus and Earth, and
Fibonacci numbers

Cosmic rays are initiators of
strong earthquakes

14MS3-VN-PS-07

14MS3-VN-PS-08

14MS3-VN-PS-09

14MS3-VN-PS-10

14MS3-VN-PS-11

14MS3-VN-PS-12



10.00-18.50

10.00-10.20

10.20-10.40

10.40-11.00

11.00-11.20

11.20-11.40

11.40-12.00

12.00-12.20

12.20-12.40

12.40-13.00

13.00-14.00

14.00-14.15

14.15-14.30

THURSDAY, 12 OCTOBER 2023

SMALL BODIES session

including cosmic dust

Conveners: Alexander BASILEVSKY, Alexander ZAKHAROV
conference hall, second floor

Vacheslav
EMEL'YANENKO

Vladislav GUSEV
and Eduard KUZNETSOV

Vladimir BUSAREV
etal

Tatyana GALUSHINA
etal

Alexander MELNIKOV
and K.S. LOBANOVA

Evgenij ZUBKO
and G. VIDEEN

Wentao LUO
etal

Dominik BELOUSOV
and A.K. PAVLOV

llia KUZNETSOV

etal

Valentin BORZOSEKOV
etal

The origin of distant trans-
Neptunian objects

The accuracy of methods for
estimating the ages of pairs
of trans-Neptunian objects in
close orbits

Spectral signs and probable
mechanisms of optically thin
and thick dusty exosphere of
active asteroids

The study of mean motion
resonance multiplet for near-Sun
asteroids

On perturbations in

the rotational motion of the
asteroid (99942) Apophis during
its 2029 Earth encounter

COFFEE-BREAK

What we can learn about dust in
comets from their polarimetry
/Invited talk/

The 2.5 meter Wide Field Survey
Telescope (WFST) design and
hunting for NEOs

Distant cometary outbursts:
a non-gravitational mechanism
of orbit perturbation

LUNCH

UV-influence on dust particles
electrostatic lift-off processes in
experimental set-up

Microwave discharge
experiments on samples of a
meteorite substance and lunar
regolith simulants for plasma-
dust cloud modelling

14MS3-SB-01

14MS3-5B-02

14MS3-SB-03

14MS3-SB-04

14MS3-5B-05

14MS3-SB-06

14MS3-5B-07

14MS3-5B-08

14MS3-SB-09

14MS3-SB-10




14.30-14.45

14.45-15.00

15.00-15.15

15.15-15.30

15.30-15.45

15.45-16.00

16.00-16.15

16.15-16.30

16.30-16.45

16.45-17.00

17.00-17.15

17.15-17.30

17.30-17.45

17.45-18.00

Tatyana GAYANOVA
etal

Yulia IZVEKOVA
etal

Sergey POPEL
and Lev ZELENYI

Yulia REZNICHENKO
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VALLEY TOPOGRAPHY OF NORTHEASTERN
TERRA CIMMERIA ON MARS

A.E. Mukhamedzhanova
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Russia, alinam2001@gmail.com

KEYWORDS:
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INTRODUCTION:

On Mars, there are landforms that visually resemble river valleys and wa-
tercourse beds. One of the possible explanations for this fact is the fluvial
character of these formations, suggesting the presence of liquid water as an
agent of formation of this kind of relief. The most important questions in such
acase are about the sources of water, the duration of its active operation, the
age of these forms, and the receiving basins.

Terra Cimmeria is a large Martian region located in the southern hemisphere
of the planet. To the north of it there is a transition zone with specific relief
between the ancient southern cratered continent and relatively younger and
lower plains of the northern hemisphere [1]. The choice of the key study area
is conditioned by the presence of this specific transition zone and implied the
study of the valley relief of the northeastern part of the Terra Cimmeria with
consideration of the peculiarities of the structure of a specific part of the
transition zone on Mars.

GOALS OF THE STUDY, DATA, AND METHODS:

The purpose of this work is to identify the most probable variant of the
origin of the valleys of the northeastern Terra Cimmeria (98.79-179.66° E,
12.13-73.54° N). The main methods used in this work are geomorphologic
interpretation of Mars remote sensing data and geomorphologic mapping
of the area, as well as morphometric constructions using GIS-technologies.
The methodology of valley forms research included: interpretation of valley
thalwegs, study of valley network structure, study of morphology of separate
valleys, study of valley correlation with relief forms of another genesis.

Based on the Global Geological Map of Mars [2], Geological Map of Aeolis
Quadrant [3], as well as visual interpretation of CTX space images with a spa-
tial resolution of 6 m, a geomorphological map of the study area was made. It
was revealed that the northeastern Terra Cimmeria is a combination of plains
of different morphology formed on ancient (presumably of Early and Middle
Noahian age) rock complexes and substantially reworked in the Hesperian
and Amazonian times by complex denudation and impact-explosion process-
es. These plains are cut through by two submeridionally oriented valley sys-
tems - Ma’adim and Durius.

RESULTS:

A set of characteristics that helped to identify and describe this type of relief
was used as deciphering features of valley forms. Thus, for example, narrow
and deep valleys indicate that the conditions of formation of this type of
forms existed for a short time, but with active processes of incision. Wide
valleys testify about long time of their formation. In some cases, the valleys
have a rather clear appearance, by which one can determine their structure,
pattern and morphology. Thus, in both the Ma’adim and Durius valley sys-
tems the main valleys and their tributaries are clearly distinguished by their
shape, size and albedo. During interpretation, the structure of the valley net-
work was coded. The system of valley order determination by Straller was
used, where each river tributary is classified according to its position in the
overall network. The main characteristics of the network were obtained: val-
ley lengths, widths, and gradients, as well as morphological characteristics
of the valleys: longitudinal profile, depths and widths along the banks and
bottoms, and the shape of the transverse profile. Changes in the shape and
parameters of the cross-sectional profile down the valleys were also analyzed
to elucidate the patterns of valley development.
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DISCUSSION:

The study revealed that both valley systems are characterized by branching
(presence of watercourses of several orders) together with weak develop-
ment of upper links of the erosion network: tributaries of low orders have
insignificant length and insufficient morphological expression compared to
the main valley. A general trend of incision from south to north was revealed.
Both main valleys tend to develop a U-shaped profile and to widen their bot-
toms as they approach the mouth. Correlative landforms (outcrop cones, ter-
races) in the Ma’adim valley may indicate flowing water activity.

The valleys cut through background plains composed of rocks of Early and
Middle Noachian age, which automatically excludes the possibility of valley
formation at this time. There are areas where valley systems are partially
destroyed as a result of impact events, and there is a rather low morpholog-
ical preservation of the Ma’adim valley paleodelta. These facts allow us to
assume a rather ancient bedding of the valley and the cessation of its active
functioning in the pre-Amazonian time.

Thus, the most probable time interval for the formation of these valley sys-
tems is the Early Noachian-Hesperian time (4.5-3 billion years ago), which
does not contradict the existing estimates for some other valleys. Most likely,
the considered valleys were formed by relatively fast deep erosion by geo-
logic standards. The relatively simple morphological structure of the valleys
under consideration does not imply multiple cycles of incision and alluvium
filling and is reduced to relatively fast and directed erosion. At the same time,
the terraces and partially eroded fragments of the ancient accumulative val-
ley floor noted in the Ma’adim valley do not exclude individual episodes of
partial filling of the valleys with sediment, probably due to the intensification
of regressive development of the uppermost links of the valley network that
supplied sediment to the main valley.
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CONSTRAINT ON PALEO HYDROLOGICAL
ACTIVITIES FROM DELTAS ON MARS

Yaowen Luo
Deep Space Exploration Lab, Hefei, 230031, China
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Deltas record fluvial and sedimentary activities on the early Mars. However,
quantitative hydrologic and sedimentary processes related with the forma-
tion of the Martian deltas still need further investigation. We quantitatively
analysed the fluvial and sedimentary process of seven deltas with various
morphologies in different locations on Mars in order to constrain their forma-
tion. Paleo discharge, sediment transport rate, timescale and amount of wa-
ter needed to construct the deltas were estimated. The volume between del-
tas and carved valleys are compared, and the absolute age of the delta/valley
relation is approximated by crater counting. Different processes of water
supply are considered. The seven deltas were divided into three types based
on their supplying valleys and water source. We assume that the formation
of the deltas can be associated with various scenarios, including retreating
erosion, groundwater sapping, ice melting, precipitation, impact events and
variations of the Martian obliquity. Based on mass balances, the continuous
formation timescale of the deltas can range from days to thousands of Mar-
tian years. Considering the intermittency of water supply and flow power, it
can reach hundreds of million years. The results suggest that a warm climate
is not fundamental requirement for the formation of the Martian deltas.
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INTRODUCTION:

Eberswalde crater is located to the north of the Holden crater and is char-
acterized by the presence of well-developed delta [1, 2]. The delta in
Eberswalde indicates the presence of sustain water flows that carried sus-
pended fine-grained materials into the crater from outside, from a broad
depression westward of Eberswalde, the western depression, into the sink
of the crater [3]. To study the modes and timescale of the formation of
the delta, we investigated the morphological characteristics of the western
depression in detail. Our study was based on the topographic data (MOLA
gridded topography, 1/128° resolution) and the mosaics of the CTX images
(6 m/px resolution).

MORPHOLOGICAL UNITS:

The depression to the west of Eberswalde crater can be divided to three mor-
phological units (Fig. 1): (1) Peripheral channelized unit: it is located in the
western and southern part of study area; its surface is cut by narrow chan-
nels. (2) Northern light unit: it has a smooth surface with higher albedo and
lacks channels. (3) Central dark unit: it is a topographically the lowest area,
which is cut by a broader valley and show the presence of outcrops of layered
deposition.
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Fig. 1. Morphological units: (1) Peripheral valleyed unit; (2) Northern light unit;
(3) Center dark unit; (4) Impact ejection from Holden crater; (5) Eberswalde crater;
(6) Bigbee crater; (7) Holden crater. The red and blue dotted lines represent the rem-
nant Bigbee and Holden crater ring, respectively (CTX images)

DESCRIPTION OF OUTCROPS:

The layered outcrops of layered deposited appear to be similar to the out-
crop in Holden craters and can be divided into two subunits [4]: (a) the lowed
subunit is layered and consisted of light-toned coarse-grained materials. The
polygonal cracks on the surface of the subunit are filled with dark materials.
The edges of the subunits are step-like with small pits. (b) Dark, fine-grained
mantle which unconformably overlays the lower layered subunit.
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MORPHOLOGICAL DESCRIPTION OF THE CHANNELS:

There are three types of channels in the study area: (1) channels with fun-
nel-like sources (Fig. 2A): they occur in the western part of the peripheral chan-
nelized unit and are characterized by many branches in their upper stretches.
(2) long and deep V-like channels (Fig. 2B): they occur in the southern part of
the peripheral channelized unit. (3) short and shallow channels (Fig. 2B): they
also occur in the southern part of the peripheral channelized unit.

Fig 2. Type of channels: A. channels with funnel-like sources (indicated by black ar-
rows); B. arrows 2 indicate the long and deep V-like channels; arrow 3 indicates the
short and shallow channels. C and D. arrow indicate the knickpoint in long and deep
V-like channels. The light blue line represents the -280-contour line. (CTX images)

CHRONOLOGY:

In order to reconstruct the sequence of the geological events, we have
performed crater size-frequency distribution (CSFD) measurements for the
defined units: (1) the southern part of the peripheral channelized units
shows a single absolute model age, AMA, of 3.3(+0.06, —0.1) Ga; the west-
ern part of peripheral channelized unit with the funnel-like valleys shows a
single AMA of 610(+100, —100) Ma; (2) the northern light unit shows two
AMAs of 3.8(+0.05, —0.07) Ga and 3.4(+0.04,-0.1) Ga; (3) the central dark
unit shows a single AMA of 3.6(+0.07, —0.1) Ga. We also performed CSFD
measurements for the floor of Eberswalde crater and obtained two AMAs of
3.8(+0.08, —0.2) Ga and 3.3(+0.1, —0.5) Ga. The southern part of the floor of
the Holden crater shows a single AMA of 3.4(+0.05, —-0.6) Ga.

DISCUSSION AND CONCLUSION:

1) The presence of layered deposits in the western depression indicates the
presence of a stable water body in this area. Morphologically similar out-
crops of layered deposits occur in Holden crater and likely contain clay
minerals [5]. The later fluvial activity westward of Eberswalde eroded the
layered deposits and transported their materials to form the delta.

2) The funnel-like channels morphologically disappear at the contour line of
-280 m, and the knickpoints of the V-shaped valleys are also located at
the same contour line (see Fig. 2). Thus, the level of =280 m probably in-
dicates the highest water level in the western depression. The water body
was ponding by a dam formed by ejecta of the Holden crater deposited
between the western depression and Eberswalde crater (see Fig. 1). Later,
the dam was breached, and the water level dropped, causing the forma-
tion of the second type of the channels (the long deep V-like channel). The
boulder-bearing deposits in the Eberswalde delta likely formed by the col-
lapse of the dam [6] and the other parts of the delta may be related to the
upper water level (—280 m) in the western depression. The whole process
may resemble that of the fan-shaped deposit where Uzboi Vallis entering
the Holden crater [7].
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3) The AMAs derived from CSFD measurements show that the water flow
activity in the west depression began around 3.7 Ga and ended at 3.4 Ga.
The AMA of 3.8 Ga may indicate the formation of the lowest strata in
the Eberswalde crater. Later, seepage of water from the western depres-
sion has filled the floor of the crater and caused formation of the delta;
these processes were ended at 3.3 Ga. The southern plain on the floor of
the Holden crater represents the lowest layer visible in floor layered se-
guence, indicating that the filling of Holden crater was basically completed
by 3.4 Ga, which is close to the AMAs for the western depression. Previous
studies [7-9] indicated that the Holden crater was partly filled by flows
from Uzboi Vallis. The western depression is not connected with Uzboi.
Thus, the layered deposits on the floors of the Holden and Eberswalde
craters have different sources that, however, existed at about the same
time.
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INTRODUCTION:

Numerous orbital spacecrafts continue to investigate Mars to study ongo-
ing planetary processes. One of them is ongoing impact bombardment of
the Martian surface with small celestial bodies. In dusty regions new impact
craters are easily recognized in high-resolution images allowing us to find
impacted sites with low-resolution CTX images. The following HIRISE imaging
fixes new craters with the resolution of 25 to 30 cm per pixel. The pioneer
study by Malin [1] revealed first twenty of small impact craters formed within
the known period of time. The continuation of this activity allows us to find
1221 dated impact cites imaged until 11.02.2021 [2]. The continuation of
the published catalog for “new” crater formed after this data allows us to
improve estimates of the current impact flux to Mars.

“NEW” (DATED) IMPACT CRATERS:

Impact craters on Mars could be dated with images before and after an impact.
Such impact cites are commonly designated as “new’ craters. The interval be-
tween “before” and “after” images could vary from a few days to a few years.
A simple estimate of the origin date is typically the middle date between dates
of “before” and “after” images. More sophisticated study of the impact cite
decay could be used in a future to better constrained the impact feature age.

The next problem is to estimate the projectile size from the impact records
seeing in images. In contrast to the Moon, small celestial bodies could be
shuttered in the Martian atmosphere, and approximately in 30% of impacts
we have a cluster of craters from one entered projectile. In some extreme
cases HiRISE images reveal more than a thousand individual craters in a clus-
ter [3]. By convention we use an equivalent crater diameter as D, = (SD, 31

for a cluster of craters with individual diameters D, (see more defails in [2])

Having ahead more sophisticated representation of craters, taking into account
possible difference in the surface mechanical properties, we could discuss
some general results from the “new” crater’s database. Fig. 1 shows a differen-
tial size-frequency distribution, separating the whole collection by the approxi-
mate origin data in two large groups — “new” (dated) impacts occurred before
and after 2007. We do not make a “fine” tune of the separating date, but this

1000
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10 before 2007

1 10 100
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Fig. 1. Differential number DN of “new” impact craters in diameter bins 1to 2 m, 2 to
4 m, etc. for catalogized ~1800 “new” craters ([2] plus author’s data). The “boundary”
year 2007 is chosen to have approximately same number of craters in equivalent di-
ameter bins 16 to 32 m and 32 to 64 m
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“boundary” date give a good impression of a relative stability of the recorded
impact flux during the HiRISE observational period. At the same time, we see
how the continuous imaging of the Martian surface results in a better count of
small impacts with equivalent crater diameter below 16 m. Above this size we
totally accumulated data about ~60 impacts during the whole MRO mission.
With a proper selection of a dusty areas we hope to have a reliable impact rate
of small bodies on Mars to compare with the Lunar impact rate [4].

NEW CASES OF ATMOSPHERIC SHOCK WAVES:

A very interesting example of a new impact site was recently imaged
by the HiRISE (ESP_078372_2020, imaged16 April 2023, D . ~ 11.8 m,
lat=21.929°, lon = 2.381°, “before” image — THEMIS 187237002, 08.14.2021
“after” image HiRise ESP_078372_2020, 04.16.2023, dust index 0.94094, al-
titude —1.932 km, thermal inertia 120 (Fig. 2).

&

Fig. 2. The impact site formed between August 14, 2021 and April 16, 2023. The main
crater is about 10 m with the attached scimitar, recorded the impact trajectory di-
rection from SE to NW. A dozen of smaller crater are seen around the main crater.
Fragment impacts created a couple of small craters north of the main one also created
“parabolas” (strictly speaking — hyperbolas), giving some data to restrict the impact
angle, impact velocity and projectile density

Estimates made with standard gas-dynamic description of air-shock waves
propagation in the Martian atmosphere, approximated with CO, gas, allow
us estimate the size of the main body as ~30 cm (iron) to ~60 cmistony), im-
pacting the surface with the velocity ~8 km/s at an angle ~36° (iron) or 5.5 to
6.5 km/s at an angle of ~30 to 40° (stony). Smaller impacts, created “parabo-
las” (hyperbolas) occurred ~0.5 s later than the main impact. More modeling
is anticipated to improve our understanding of a complex picture of multiple
atmospheric shock wave interaction in Martian conditions.

CONCLUSIONS:

The long-term observations of the bombardment of Mars with a constant
flux of small celestial bodies give an unique opportunity to see the interac-
tion between space objects and the planetary surface and atmosphere.
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INTRODUCTION:

On the Earth, as a rule, meteoroids 1-10 m in scale are observed during a short
flight through the atmosphere, and most of their mass remains in the atmosphere
due to fragmentation and ablation, in rare cases, their fragments are found as me-
teorites. On Mars, similar objects would lead to the formation of crater or crater
clusters due to rarefied martian atmosphere [1]. The density of the atmosphere
near the surface of Mars corresponds to about 30 km altitude in the Earth’s at-
mosphere, so the consideration of crater fields on Mars allows us to study details
of fragmentation that cannot be detected in Earth conditions. The properties of
space objects are estimated from observational data within certain assumptions
with not very high accuracy, the study of Martian clusters provides an opportunity
to evaluate the properties of meteoroids independently.

CRATERS ON MARS:

Previously, it was predicted that meteoroids in the Martian atmosphere could
disintegrate and form clusters of craters on the Martian surface [2-3]. Later
fresh crater clusters were discovered [4]. Currently detailed data for more
than 1200 recent dated impact sites are published [5-6]. These data include
information about the size and location of craters in the cluster. About 58 %
of impact sites are clusters, and the rest are individual craters [6]. New data
are permanently released by HiRISE project, so our current catalog is supple-
mented by about 650 new impact sites.

TYPES OF IMPACT SITES:

Authors of the article [7] suggested to divide impact sites into 4 types based on
small statistics available at that time (about 20 cases). First type (Type 0) combined
single craters, pairs and clusters with one major crater and few (<9) much small-
er ones. Clusters with major crater supplemented by numerous small ones (>10)
were marked as Type 1; other clusters refer to the Type 2, but densely populated
clusters (with more than 400 craters) were marked as Type 3.

This presentation will apply initially suggested classification to the essentially
updated catalog and will discuss its applicability to extended data.
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INTRODUCTION:

Mars dust events (dust storms, dust devils, and grain saltation) occur fre-
quently on the surface of present-day Mars which generate strong electric
field and very likely trigger the electrochemical reactions during electrostatic
discharge (ESD). For instance, the ESD on Martian dust has been recently
proposed as a geological process producing (per)chlorate [1], carbonate [2],
and it may also contribute to the transient HCl in the Martian atmosphere
during dust events.
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Fig. 1. Experiment setup of ESD CO2 glow discharge for the study of chemical reaction
under simulated Martian conditions (F: Flange; EF: Electrical feedthrough; SMGM:
Simulated Martian Gas Mixture)

Our studies were conducted in the Mars environmental simulation chamber
(cylinder-shaped; diameter 150 mm; height 400 mm) (Fig. 1), where the at-
mospheric components and pressure resembled those of Mars surface. Two
homemade disc-shaped copper parallel planes were used as discharge elec-
trodes with a gap of 2.0-5.0 mm. The CO, gas plasma could be generated
between two electrodes when certain high A.C. voltages were applied to the
two electrodes. Then the chemical reactions will take place in this plasma
conditions. For in-time detection of the newly generated gas product during
the plasma reaction, a mini air pump and an electronic gas flowmeter were
used to pump the end gas of the Mars chamber into several series gas sen-
sors(such as CO, 0, 02) at a fixed flow rate.

In this study, several experimental results by ESD chemical reaction using this
setup, such as O,, oxychloride and carbonate aerosol generation, were report-
ed. The new experimental phenomenon and its reaction mechanism were
also discussed. Our study indicates that electrochemistry during Martian dust
storms leads to the chemical transformation in the Martian atmosphere-sur-
face, and it is also a potential and practicable technology for O, and CO genera-
tion for in-situ resource utilization (ISRU) on the Martian surface.
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Solar occultation measurements by the SPICAM IR on Mars-Express have been
used to study aerosol vertical distribution during the 2007 global dust storm
(GDS) of Mars Year 28. The spectrometer working in the near-IR spectral range
from 1 to 1.7 um provides information about aerosol optical properties like
opacity, extinction coefficient, particle size and number density [1-2]. The ob-
servations were performed at Ls = 254—-302° of MY28 and latitudes from 65° S
to 65° N. SPICAM IR cannot distinguish between absorption due to dust or wa-
ter ice. The particle size distribution and its parameters, the effective radius
and variance, are retrieved assuming either mineral dust or water ice refrac-
tion indices. Before the GDS Ls < 265° the aerosol was extended from 20 to
60 km with dust particle size about 0.7 um below 50 km and decreasing with
altitude above. The detached layers, presumably water ice, have been found at
altitudes of 60 km in the Southern hemisphere and 45 km in the northern and
southern hemispheres with opacity <0.01 and 0.01-0.04, respectively. With
the development of the GDS the dust lifted to 80 km and higher, r_.. tends to
increase with altitude and stay about 1-1.2 ym up to 70-80 km. /gjg the high
latitudes of the Northern hemisphere at Ls = 268—275° the optically thin high
altitude water ice clouds were detected at 80-90 km with r_. < 0.3 um and
number density 2-7 cm. The dependence of the effective variance on altitude
and season has been found. Before the beginning GDS v, varied from 0.4-0.6
below 40-55 km to v, = 0.2 above. During the GDS, the wide distribution prop-
agated higher, with v__~ 0.5-0.6 up to 70 km in both hemispheres. This sug-

gests profound modiﬁjgation of the dust particle size distribution during a GDS.
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Fig. 1. Evolution of extinction coefficient profiles at 1152 nm. A — latitudinal trend of occul-
tations in the Northern hemisphere; B — vertical distribution of the SPICAM extinctions in
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km—1 for the Southern hemisphere; D — latitudinal trend of occultations in the Southern
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INTRODUCTION:

Internal Gravity waves (GWs) represent the oscillations of air in the atmo-
sphere that originate from the displacement of balance between gravity and
buoyancy forces. Since they redistribute energy and momentum between
atmospheric layers, GWs greatly affect atmospheric dynamics. In this work,
we study the parameters of GWs [1] and their various distributions. These
parameters are retrieved from the vertical profiles of Martian atmosphere
temperature, which is obtained from the solar occultation experiments con-
ducted by the infrared spectrometers of Atmospheric Chemistry Suite (ACS)
[2] on board the Trace Gas Orbiter (TGO). In this study we analyze waves’ am-
plitude, potential energy and the GW drag. It is found that the activity of GWs
is symmetrically distributed around the equator during the seasons of equi-
noxes, while during solstices periods the maxima of activity is shifted towards
the winter hemisphere. Maxima of GW drag is aligned with the weak zonal
wind areas along the border of seasonally varying zonal jets modeled with
the MAOAM Martian general circulation model (MGCM) [3]. The increased
GW activity in the polar regions during the Global Dust Storm event of 34
Martian Year (MY34) is seen. A diurnal and semidiurnal modulation of the
GW activity and drag is found in both equinoctial seasons.

ACS is a part of the TGO, which represents the ESA-Roscosmos ExoMars 2016
collaborative mission. The instrument consists of three infrared channels [1]:
near-IR (NIR, 0.73—1.6 um), middle-IR (MIR, 2.3—4.2 um) and thermal-IR (TIRVIM,
1.7-17 pm). In this work, we use the data obtained from the MIR and NIR instru-
ments. Both spectrometers can retrieve temperature and density vertical profiles
in the absorption bands of CO, transmission spectra covering the broad altitude
range of 10-180 km (MIR) [4] and 10-100 km (NIR) [5] with the vertical resolution
~0.5-2.5 km. Presently, we report the observations for 2 Martian years (MY),
from the middle of MY34 (April 2018) to the middle of MY36 (February 2022),
counting ~760 occultations of MIR and ~8550 occultations of NIR.
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The Thermal InfraRed channel (TIRVIM) [1] is a double-pendulum Fouri-
er-transform spectrometer and one of the three instruments (NIR, MIR, TIR-
VIM) of the Atmospheric Chemistry Suite (ACS) designed by Space Research
Institute of the Russian Academy of Sciences (IKI) in Moscow [2] onboard
the joint ESA-Roscosmos mission ExoMars Trace Gas Orbiter (TGO) [3]. ACS
TIRVIM is designed to observe the Martian atmosphere in the 1.7-16.7 um
spectral range in nadir and solar occultation modes at a great variety of local
times, covering almost a complete Martian Year (MY) during its operation
from March 2018 till December 2019. The main scientific goal of TIRVIM in
nadir mode is long-term monitoring of thermal structure of the atmosphere
up to 60 km of altitude, surface temperature and column dust and water |ce
clouds content from measurements in 5-16 pum spectral range with 1.17 cm™t
resolution.

TIRVIM is also capable of observing 6 um H,O band which provides informa-
tion about water vapor column abundance in the Martian atmosphere at the
daytime. The nighttime nadir observations of water vapor are not available
due to the low signal-to-noise ratio. Another significant problem of nadir wa-
ter vapor retrieval is correct H,0 spectroscopic parameters in CO,-rich atmo-
spheres since there are not enough measurements for H,O broadened by
CO, in this spectral region (1400-1800 cm™). The most o% approaches use
5|mple scaling of H,0 line parameters from HITRAN database [4] based on
observations of other H,0 bands [5,6], and there are also attempts to mea-
sure and simulate H,0-CO, collision broadening in the considered 5-8 pm
spectral range [7,8].

In this work we present an overview of of the daytime atmospheric water
vapor column abundance seasonal variability from ACS TIRVIM nadir obser-
vations in the 14001800 cm™* spectral range onboard ExoMars TGO, which
includes both of zonal mean map and the set of spatial maps in different
seasons during almost a complete MY (from L =142° of MY 34 to L_=115°
of MY 35). We also demonstrate that different H ,0—CO, broadenlng affects
the retrieved column water vapor abundance W|th content varying by 25% in
some cases, so it is important to know exact line parameters for H,0 broad-
ened by CO, in order to reduce inaccuracy and get correct atmospheric water
vapor abundance on Mars.

2
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INTRODUCTION:

Using The Sample Analysis at Mars (SAM) instrument onboard the Mars Sci-
ence Laboratory Curiosity rover, it was observed that the amount of oxygen
increases by 30 % during the spring and summer and decreases to the pre-
dicted values of known photochemistry by the fall [1]. At present, no atmo-
spheric or surface process has been found to explain the seasonal variations
in oxygen.

RESULTS:

Clathrate compounds of CO,+0,+0, formation in Polar Regions during a win-
ter season is considered as a possn%le reason for the seasonal oxygen varia-
tions. The clathrate compound dissociates and releases the previously stored
ozone, when the temperature rises in spring. which dissociates to O, under
the action of ultraviolet radiation.

Using the thermodynamic model of the CO,+0,+0, clathrate [2], we estimat-
ed the mass of ozone that could be accumulated |n the clathrate compound
within Martian winter. We demonstrate that the mass is sufficient to provide
seasonal variations of oxygen in the Mars atmosphere. The ozone transport
from low and middle latitudes to Polar Regions was analyzed as possible
powerful source of ozone in polar region during winter season

According to the results of this study, it was revealed that the formation of
ozone clathrates in the polar regions of Mars may be the cause of seasonal
variations in oxygen.
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INTRODUCTION:

The presence of perchlorate salts is an important feature of the Martian
regolith, which affects the preservation of organic matter and survival of mi-
croorganisms. Perchlorates can act as a strong oxidation agent, therefore de-
stroying organic matter. On the other hand, perchlorate-containing solutions
preserve liquid state at low temperatures as liquid brines, which contribute
to survival and growth of microorganisms [1]. In addition, perchlorates could
be a crucial indicator of geological and climatical processes on Mars. Indeed,
due to high hygroscopicity and solubility of perchlorates, local concentration
of perchlorates may indicate the planet’s water regime in different geological
epochs. It is worth mentioning that Mars is not the only object in the Solar
system where perchlorates were detected. Indeed, the IR survey of Europa
showed magnesium and potassium perchlorates present on the moon’s sur-
face [2].

It is well known that the formation of perchlorates on the Earth occurs by
photochemical reactions of atmospheric chlorine with ozone. However, the
photochemical mechanism yields an order of magnitude lower concentra-
tion of perchlorate on Mars compared to that found. Due to the absence of
a dense atmosphere and an internal magnetic field, the surface of Mars is
exposed to intense radiation by galactic cosmic rays. Taking into account high
doses of radiation, it is assumed that the main mechanism of perchlorate
formation is the radiolysis of Martian soil [3]. Europa’s surface is also irra-
diated intensively by energetic charge particles (electrons and various ions)
captured by Jupiter’s magnetosphere. In addition to the synthesis, irradiation
leads to the destruction of perchlorates [4]. The fact that surface of Euro-
pa has a stable concentration of perchlorates clearly indicates the existence
of sustainable mechanism for the formation of perchlorates in a non-atmo-
spheric environment.

Here we present an experimental work on synthesis and destruction of per-
chlorates by energetic electrons in conditions close to Europa and Mars.

METHODS AND RESULTS:

To study the synthesis and destruction of perchlorates under the influence of
high doses of ionizing radiation, sodium perchlorate and sodium chloride in
various mediums (water ice and sand) are irradiated by 0.9 MeV electrons at
doses up to 10 MGy. Irradiation with accelerated electrons is carried out in
the previously described climatic chamber [5] at a pressure of about 0.01 Torr
and temperatures of about —120 and —-50° C. Perchlorate concentrations are
determined in irradiated and non-irradiated (control) samples using: the per-
chlorate-selective electrode and the photometric method. In the irradiated
samples of perchlorides and chlorides, the content of gaseous CIO, is deter-
mined by the method of time-of-flight mass spectrometry. Chlorine dioxide is
both a precursor of perchlorates and a product of their degradation.

To date, our group has developed an experimental methodology and is cur-
rently conducting necessary calibrations of analytical methods. We have re-
ceived preliminary results of the destruction of pure perchlorates, which are
in good agreement with the results of [4].
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INTRODUCTION:

Mars possesses no global magnetic field as is the case for the Earth or Mer-
cury. However, the satellite data derived from Mars Global Surveyor (MGS)
and Mars Atmosphere and Volatile Evolution (MAVEN) missions indicate an
intense and localized magnetic field of crustal origin.

The latest model of the crustal magnetic field [1] that uses MGS and MA-
VEN data has spatial resolution of ~160 km at the surface, corresponding to
spherical harmonic degree 134. The magnetic field at the InSight landing site
turned out to be ten times stronger than predicted by satellite-based models
[2]. The Zhurong rover measured an extremely weak magnetic field at 16
locations in the Utopia Basin along a 1,089 m track [3].

METHOD AND RESULTS:

We have built analytical models of the magnetic field of Mars from satel-
lite data in the landing area of the Zhurong rover of the Chinese Tianwen-1
mission using a combined approach [4]. We analyzed satellite measure-
ments and introduced several criteria for selecting and using data for further
building magnetic field models. To form grids of samples, both regular grids
and SREAG (Spherical Rectangular Equal-Area Grid) grids were used [5]. We
have performed an analytical continuation of the magnetic field towards the
sources at different depths and compared the model values with the mea-
surements received from Zhurong rover.
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INTRODUCTION:

The orbit of Tianwen-1 around Mars has created favorable conditions for the
inversion of the Martian ionosphere based on satellite-ground radio occul-
tation. The orbital position of Tianwen-1, the Martian body, and the ground
station meet specific positional relationships within a specific arc segment:
that is, the Martian body gradually blocks the downlink signal of Tianwen-1,
and the downlink signal passes through the Martian atmosphere and iono-
sphere, and can be received by the ground station. This provides necessary
conditions for conducting Martian radio occultation scientific experiments.
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Fig. 1. The orbit determination residual error of the open-loop velocity measurement
result during radio occultation procedure

In this paper, open-loop velocity measurement data during radio occultation
is used for the inversion of the Martian ionosphere, as shown in Figure 1,
it is the orbit determination residual error of the open-loop velocity mea-
surement result. The preliminary results are shown in Figure 2, which is the
preliminary Martian structure of the ionosphere electron density profile.
The main feature of the Martian ionosphere is the main layer controlled by
photochemistry, namely the M2 layer, generated by solar EUV radiation. The
peak height of the M2 layer at the sunset point is about 120 km, which var-
ies with the solar zenith angle. The M2 peak height in this radio occultation
observation experiment was 126 km. The second layer, the M1 layer, has a
relatively low density and is located about 20 km below the M2 layer. The M1
layer is generated by absorbing solar soft X-ray radiation and varies greatly
over time. The height of the M1 layer observed in this time is 107 km. The
inverted Martian electron density profile well conforms to the vertical struc-
tural characteristics of the Martian ionosphere.
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Fig. 2. Inversion Results of Electron Content and Density in the Martian lonosphere
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INTRODUCTION:

Seismic data obtained during the successful seismic experiment SEIS on Mars
in the InSight Mission posted a number of significant restrictions on the in-
ternal structure of the planet: the average thickness of the crust is from 32 to
70 km, and its average density of not more than 3100 kg/m? [1, 2], the radius
of the core (1830+40 km) [3]. The Chandler Wobble (CW) (206.9+0.5 days)
has been detected for Mars from radio tracking observations of Mars Odys-
sey, Mars Reconnaissance Orbiter, and Mars Global Surveyor [4]. CW of Mars
provides a measure of the body to deform at very long periods. Its value
is determined mainly by temperature, rheology and the composition of the
mantle and CW period can be used as an additional constraint on the interior
structure model.

INTERIOR STRUCTURE MODELS:

As constraints for models of the Mars interior structure we use the measured
geodesy parameters: the mass, mean radius, the normalized polar moment
of inertia (0.3640+0.0006) and the Love number k, (0.174+0.008) [4] and
the values obtained by seismic data: the crust thlckness and the core radius
[1-3]. The interior structure models are built following [5]. The models are
based on the Wanke — Dreibus mineralogy.

The varlable parameters of the models: ferrous number of the mantle Fe#
(Fe# = Fe**/(Fe** + Mg)) is 0.18-0.25, density and radius of the core, crustal

density (Fig. 1).
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Fig. 1. The selection of the models: the horlzontal solid lines indicate admissi-
ble values of the moment of inertia, the vertical solid lines — of Love number
kz. Fe# = 0.18 on the top, Fe# = 0.20 on the bottom
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ANELASTICITY:

The models of the internal structure of Mars are elastic. When interpreting
the k, value, knowledge is required about the rheological properties of plan-
etary interiors, which is definitely not determined even for the Earth. Exclud-
ing the rheology, the obtained model values of the Love number k, are un-
derestimated. The shear module and the tidal number k, are the functions of
frequency. When describing the viscoelastic model of Andrada, the complex

shift module [l is equal to 1/J~ , where J is called complex compliance and
set by the formula [6]

Joo =1+ e T+ o)

where J =1/y, 1), = n/u — Maxwell time; x — tide frequency; I — gamma
function; a — Andrada parameter.

Andrada parameter lies in the interval of 0.2-0.5 [6], although a = 0.3 is of-
ten used for a mantle in the planets. Using the Andrade rheology, for the
trial values of viscosity in the interiors of Mars, the model Love numbers are
calculated.
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Fig. 2. The increase of Love number k, due to anelasticity (in the crust the viscosity is
taken n, in the olivine mantle 10‘2n0, in the B-layer 10_1n0, in the y-layer n )

CHANDLER PERIOD CALCULATIONS:
The CW period for a triaxial elastic body with a liquid core is given by [7]

A, 1/2
(( )3/2 /(1_k/k°>

_ 3G(C—A)
0o— " <& 5
RS2
where T_ is the Eulerian period, 1), is the period of the rotation of Mars;
A B ancFC are the principal moments of inertia of the planet, A, B, — the
principal moments of inertia of the core, kyis a smaller secular Love number.

RESULTS:

The CW period was calculated for a set of interior structure models of Mars.
As noted above, in all calculations of the interior models only elastic models
were considered. The rheological behaviour of the mantle rock in tidal/rota-
tional periods is frequency dependent. Although all models corresponded to
the value of the Love number of k,, some of them did not quite satisfy the
period of the CW. The values of a are in the interval (0.08—0.35) reported in
[7]. The period of the CW is sensitive not only to the Andrada parameter a,
but to a number of other factors, such as rheological models or grains size.
Anelastic behaviour of the mantle decreases the mantle rigidity and leads to
the increase of k, and the CW period. As a result, anelasticity lengthens the
CW period with respect to an elastic model by several days. The viscosity of

_ C—A
, Te=1p(0p) >, a=—=,

Tw=T¢ A
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the mantle is highly dependent on the temperature. The CW serves as an
additional restriction on the distribution of elastic parameters in the interiors
of the planet obtained from observation data.
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INTRODUCTION:

The dosimetric telescope Liulin-MO for measuring the radiation environment
onboard the ExoMars Trace Gas Orbiter (TGO) is a module of the Fine Reso-
lution Epithermal Neutron Detector (FREND) [1-2].

Presented are the main results from the measurements in TGO Mars science
orbit (400 km altitude, 74° inclination) of the radiation characteristics of the
galactic cosmic rays (GCR) and solar energetic particle (SEP) events provided
by Liulin-MO during different phases of the solar cycle in the period 2018—
2023. The results show that the dose rate and particle flux of GCR in June
2023 during the increasing phase of the 25" solar cycle are about 55 % of
the corresponding values measured during the 24" " solar cycle minimum in
March — August 2020. Eight SEP events are registered in Mars orbit from July
2021 to June 2023. The 15-19 February 2022 SEP event is the most powerful
in our data. During this event the SEPs dose is equal to the dose for 38 days
from GCR in undisturbed conditions, the biologically significant dose equiva-
lent from SEPs is equal to the dose equivalent for 13 days from GCR in undis-
turbed conditions. The doses from 28—-31 October 2021 SEP event are about
2 times less. Measurements by Liulin-MO during SEP events are compared to
measurements by other instruments in the heliosphere.

Discussed are comparisons between the measured and simulated dose rates
and particle flux from GCR and albedo radiation in Mars orbit [3—4].

The results of the radiation measurements on TGO are of importance for
benchmarking of the space radiation environment models and for assess-
ment of the radiation risk to future manned and robotic missions to Mars.
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INTRODUCTION:

The study of Mars provides a deeper insight into the evolution of the uni-
verse and enables a better prediction of the environmental conditions for
future Mars missions. Though there are several probes of different types cur-
rently operating on Mars, our understanding of Mars evolution and climate
is still limited. The success of the Ingenuity helicopter mission based on COTS
(Commercial off-the-shelf) electronic components [1] inspired the scientists
and engineers to include flying vehicles in future Mars missions, for example,
the Mars Sample Return project [2].

In contrast to helicopters and surface-based probes, a fixed-wing aircraft can
perform modes of observation that require the airborne acquisition of data
at a longer range and a larger payload [3].

An aircraft intended for Mars exploration can be designed to perform sin-
gle-flight or multiple-flight missions.

A single-flight aircraft will conduct in-flight measurements and, if equipped
with a device to perform a single controlled vertical landing, it will also serve
as a lander, measuring parameters of interest on the planet’s surface.

A multiple-flight vertical take-off and landing vehicle will be able to either
perform profile measurements on the required timescales, or carry instru-
ments to the prescribed sites and conduct on-surface measurements. The
first option will allow for the determination of turbulent and radiative fluxes
over the lowest 2-5 km of the atmosphere. The authors of [4] emphasize that
such measurements are needed to capture the strong temporal variations
anticipated in this part of the atmosphere. The second option will widen the
geographical and temporal coverage of measurements.

Out of the scientific targets for a Martian probe, for an airplane, the walls of
canyons and craters can be considered, for the following reasons:

¢ The relatively high atmospheric pressure expected below the topograph-
ical datum (which would allow reducing the airplane’s cruise speed and
exploring the hypothesis of the water persisting in a liquid state deep in-
side craters).

¢ The high scientific significance of analyzing the inner sides of the crater rim;
walls of craters and canyons might unveil millions of years of Mars’s history.

¢ The impossibility of studying crater walls by rovers and landers.

Another target for exploration may be the Martian boundary layer. The direct
observational measurements within the Martian boundary layer remain rela-
tively sparse, with the vast majority of in situ measurements on Mars having
been obtained at altitudes a little higher than 1 m.

In addition to more typical constraints, the feasible design area for a Martian
aircraft may be limited by:

¢ The aeroshell shape and size, with the consequence of using rigid or inflat-
able unconventional airframe structures with high technical risk.

¢ The launch and entry g-load, with the consequence of increased structural
weight;.
¢ The aeroshell center-of-gravity constraint, which may also exert a signifi-

cant influence on the “big” decisions, like that of the aerodynamic layout
selection.
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¢ The high turbulence intensity, low temperature, dust.
e The radiation load.

The use of COTS for the aircraft’s equipment calls for the estimation of their
tolerance to external ionizing radiation and the displacement effects due to
the internal radiation sources. In the analysis reported in this paper, a Mars
mission is considered, with the airplane mounted in the descent module as
a primary or secondary payload. The analysis accounts for the fact that a
portion of the radiation load comes from the internal radiation sources of
the descend module.

Depending on its vertical takeoff and landing capabilities, the UAV can either
be released from the descend module once the rear jacket (with the para-
chute system) is separated, or perform a vertical takeoff from the landing
platform resting on the Mars surface.

Assuming that in either case, after completing its flight mission, the airplane
can act as a stationary platform, its overall service life is set to be 5 years.

The assessment of the external space environment was carried out using
the COSRAD software [5]. The calculations were performed on the spectra
of fluxes of protons and electrons from solar and galactic cosmic rays and
secondary particles generated during the interaction of primary cosmic ra-
diation with spacecraft and UAV materials. Calculations of fluxes were per-
formed for different thicknesses of spherical mass shielding. The assessment
of the non-ionization dose from internal sources of radiation on board the
descent module and UAV was also performed.
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INTRODUCTION:

In 2020, the Mars 2020 Rover mission was launched from Cape Canaveral
SLC-41. As payloads, the rover Perseverance and the helicopter Ingenuity
were launched. Ingenuity is equipped with 2 cameras: #1 navigation camera
NAV with a frame size of 640x480 pixels and #2 a full-format survey nadir
camera RTE with a frame size of 4208x3120 pixels [1]. The SPICE database [2]
does not contain data on the parameters of these cameras, however, using
data from the MRO HIRISE camera, it is possible to restore the surface topog-
raphy and determine the geometric characteristics of each of these cameras.
On the PDS website, color-synthesized images from a #2 camera are available
as pre-products, with metadata indicating pixel size and focal length [3]. This
data was taken as preliminary when determining the distortion also for the
navigation camera #1.

To determine the camera parameters, the longest flight with the largest num-
ber of frames was chosen. Then the tie points were measured and the image
block was adjusted with self-calibration. The parameters determined at this
stage were used to link all the images available at the time of August 2022,
i.e. over 7000 images. As an example, the result of processing one of the
flights with duration of 200 frames is presented and the technical feasibility
of obtaining a DTM from this data is shown.
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INTRODUCTION:

It is shown that the location of most of the epicenters of marsquakes, record-
ed during the SEIS experiment of the InSight mission, is located in the zones
of extension and sufficiently large shear stresses resulting from the deviation
of the planet from the state of hydrostatic equilibrium.

DATA:

The modeling is based on the data of the gravitational field and the topogra-
phy of Mars, which are present on the website of the Planetary Data System
(http://pds-geosciences.wustl.edu). We use the MRO120D model [1] and
topography data up to 90° and order [2], since at harmonics above 90, the
correlation of the gravitational field data and the topography of Mars deteri-
orates markedly. The catalog of marsquakes is available in [3].

INTERIOR STRUCTURE MODELS:

For calculations, a model of the internal structure of Mars M_50 from the
work [4] was chosen, WhICh has an average crust thickness of 50 km with a
density of 2900 kg/m the radius of the core is 1821 km. This value is within
the range of determlnlng the radius of the core of Mars by seismic methods
(183040 km) [5].

METHOD:

A planet is modeled as an elastic, self-gravitational spherical body. It is as-
sumed, that deformations and stresses which obey Hooke’s law are caused
by the pressure of relief on the surface of the planet and anomalous densi-
ty, distributed by a certain way in the crust. Numerical simulation is based
on a static approach (see for details [4, 6-8]). The criterion for the selection
of possible epicenters of marsquakes was the large values of shear stresses
against the background of significant tensile stresses. It was assumed that
it is the significant shear stresses in the extension zones that represent the
most probable source regions of marsquakes.

RESULTS:

Most of the foci of marsquakes were found east of the seismometer, in the
area of the Cerberus graben system (Cerberus Fossae) [3, 9], a large tecton-
ic structure. The Cerberus Fossae area is thought to be a formation that is
possibly associated with recent volcanic activity due to the Elysium Mons up-
lift. The seismic events of this group are located at an epicentral distance of
26-27°, have a magnitude of 3.5-4, and the focal mechanism of these events
corresponds to extensional tectonics [10].

Comparison of the theoretically calculated non-hydrostatic stresses in the
Elysium Planitia region with data on the location of the epicenters of seismic
events on Mars in this region is shown in the Fig. 1. The figure corresponds

to the model of the internal structure of Mars with a crustal thickness of
50 km, the thickness of the lithosphere is 300 km, under the lithosphere
there is a weakened layer u = 0.1y, to a depth of 1140 km (, is the value of
the shear modulus for a purely eIastlc model).

The stress field under the Elysium shield is dominated by the compressional
stress field, while east of the Elysium Planitia there are significant extensional
stresses in the lithosphere, indeed sufficient to trigger seismic events. Sig-
nificant shear stresses in extension zones correlate well with the identified
marsquake epicenters.
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Fig 1. Model non-hydrostatic stresses in the Martian crust at a depth of 25 km in
the Elysium Planitia region: extensional-compression stresses (top) and shear stress-

es (bottom) in MPa. Designations: A — geophone position, ¥ — epicenters of mar-
squakes
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The previously accepted criterion for selecting zones with high shear stresses
against the background of significant tensile stresses as the most probable
areas of marsquake sources has justified expectations. Possible plume activi-
ty in this area [11] can lead to a release of accumulated stresses.
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INTRODUCTION:

Simultaneous observations from the orbiter and lander on the surface of
Mars permit studies of interactions between the solar wind and the Martian
plasma environment (magnetosphere and ionosphere).

Observations performed onboard the InSight lander and MAVEN spacecraft
indicate that the magnetic field at the planet’s surface depends on the dy-
namic pressure of the solar wind, mostly seen near the terminator on both
flanks of Mars. It seems that phenomenon is related to the motion of the up-
per boundary of the Martian magnetosphere as a response to interplanetary
conditions, which strongly affect the position of that, particularly at flanks.

Two types of variations are found at the surface of Mars in the nightside

sector:

¢ 30-minute variations, possibly related to gradients of ionospheric density
caused by atmospheric gravity waves;

¢ 100-second variations whose origin is tentatively associated with the pro-
cesses in the Mars magnetotail.
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The high temporal measurements of the magnetic field and plasma of Mars
are provided by Atmosphere and Volatile Evolution (MAVEN, [1]) which allow
analyzing the fine layers of Mars plasma envelope. This paper describes mag-
netic structure associated with dayside Martian magnetopause.

It was shown that the shocked solar wind at the dayside of Mars does not di-
rectly interact with ionosphere of Mars. The plasma and magnetic field layer
of 200-300 km thickness form the dayside magnetosphere which is defined
as a region between magnetosheath and ionosphere [2].

Dayside magnetosphere is of two types: (1) the more frequent type magne-
tosphere consists of heated and accelerated O* and OZ+ ions having kinetic
structure and (2) other type of dayside magnetosphere consists of acceler-
ated 0" and 02+ ions towards the magnetosheath where they form continue
accelerated beam forming the plume.

Between the magnetosheath and the magnetosphere there is magnetic
structure which rotates almost unchanging its magnitude. This structure is
located within second part of transition of np/(np + nh) from ~1 to ~107%

The transition between magnetosheath and magnetosphere occurs smooth-
ly including energy density and composition. At the same time the flux of
protons diminishes and the flux of heavy ions increases.

There is repeating phenomenon usually called attractor. It can be calling Re-
curring.
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INTRODUCTION:

The impact craters found on the Earth are characterized by the presence of
gravitational and magnetic anomalies [1], mostly negative. Magnetic anoma-
lies associated with craters have been found on the surface of Mars [2]. The
demagnetization of the lunar surface is also associated with the process of
impact cratering [3].

TYPICAL FEATURES OF IMPACT CRATER MAGNETIC ANOMALIES:

The authors have previously carried out numerical simulations of the mag-
netic anomaly of the Bosumtwi crater [4], which makes it possible to gen-
eralize the results obtained in relation to other impact craters including on
Mars and Mercury. On the one hand, the ejection of target rocks as a result
of a high-speed impact of an asteroid on the surface and the passage of a
shock wave into the target that destroys and weakens the magnetic prop-
erties leads to the formation of a negative magnetic anomaly. On the other
hand, as a result of the impact, impactites are formed — rocks with increased
magnetic susceptibility, capable of creating a positive magnetic anomaly in
the presence of a planetary magnetic field. The parameters of the magnetic
field at the time of the formation of the crater are manifested in the resulting
magnetic anomaly, so it possible to determine the paleomagnetic field.
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INTRODUCTION:

As a result of the work within the ExoMars project, a new version of the
three-coordinate seismogravimeter SEM was developed and created, in
which three identical uniaxial seismometers with mutually perpendicular
axes of sensitivity were installed in one housing so that their axes of sensi-
tivity were at an angle of 54.736 degrees with a vertical [1]. The measuring
system was distinguished by the fact that in it the uniaxis is provided by the
elements of mechanical rigidity themselves. The scheme of such a system is
shown in Figure 1.

a~N O a0,

&7

)
S

Fig. 1.

The test body 1 in the form of a cylinder is held along the Z axis (sensitivity
axis), as well as along the X and Y axes using two stretch blocks 5 installed
near the two ends of the cylinder. Each block consists of three thin foil films
(beryllium bronze was used) placed at an angle of 120° and connected at one
end to the test mass, and the other to the housing element of the device
(7), having the shape of a hollow cylinder, coaxial with the test mass. The
movements of the test body 1 along the Z axis are measured using a capac-
itive transducer. The figure shows only the rotary plate 2 of the measuring
differential capacity connected to the test mass 1 and the fixed plates 3 and
4 of the measuring capacity.
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The elastic element is a thin foil — stretching and is the most important part
of the sensor. For its manufacture, a material is required for which the magni-
tude of the elastic modulus weakly depends on the influence of factors such
as temperature, time, vibrations, workloads, etc. Since there are no ideal ma-
terials, it is necessary to choose a material whose temperature characteristic
of the elastic modulus in the required temperature range is linear and suffi-
ciently stable. Then the temperature error of the sensor, which appears due
to changes in the modulus of elasticity, can be taken into account.

Another important requirement for the elastic element material is the high
stability of the elastic modulus over time.

The instability of the elastic modulus is associated with the processes of
aftereffect and relaxation occurring in the material after its mechanical or
thermal treatment. Therefore, metals that do not receive significant residual
stresses as a result of processing have the least time instability of the elastic
modulus.

Such metals include dispersion-hardening alloys. A characteristic feature of
these alloys is that in the quenched state they have high plasticity, and an in-
crease in elastic properties is achieved during tempering. Beryllium bronze is
just such a dispersion-hardening alloy. In addition, the change in the Young'’s
modulus in a wide temperature range from minus 200 to plus 600° C is al-
most linear. For beryllium bronze, thermoelastic coefficient ~(—2,4-107%) K.
Therefore, a thin beryllium bronze foil was used in the device as elastic ele-
ments — stretch marks.

WAYS TO IMPROVE THE CHARACTERISTICS OF THE SEISMOMETER
After conducting all the tests of the design and finishing (KDO) and standard
(SHO) samples of the SEM device, some characteristics were revealed that, if
possible, | would like to improve. Of course, the tests showed the readiness
of the SHO to carry out a mission on Mars, but the feeling of being able to
improve something else, to improve - always remains. Analyzing the results
of the tests carried out, primarily functional, physical tests, you understand
that there is something to improve in the device.

First of all, this applies to the systems of suspensions — extensions of the test
mass. Stretch marks are elastic elements made of a thin ribbon with a thick-
ness of 30-50 microns made of beryllium bronze BrB— 2, which are soldered
to the massive elements of the rake. For various reasons, these relatively
massive 1.5 mm thick elements were made of brass. The main reason is the
most banal: at that moment there was no material in stock — a bar from BrB-
2, and there was not enough time to order a bar as usual. The manufacture
of an elastic element from a thin tape from BrB-2, and massive suspension
elements from brass, materials with similar but different coefficients of ther-
mal expansion can lead to undesirable instabilities of the suspension system,
which was observed in some samples of sensitive elements. And the crite-
rion for choosing suspensions for their installation in the SHO was the fact
that there were no unwanted accidental emissions. If it were possible, first
of all, the availability of the necessary time, then the first thing that could be
redone in the prepared samples would be the replacement of the material
of the massive suspension elements — brass, with BrB—2. This would greatly
simplify the selection of suspensions and practically eliminate the appear-
ance of unwanted accidental emissions.

The second important change in the design of the device is the reduction
of gaps in the measuring capacitors of capacitive converters from 0.25 to
0.1-0.15 mm, which would significantly increase their conversion steepness.
This is an important characteristic that allows you to increase the resolution
of the device when registering small accelerations affecting its base.

The noted improvements can qualitatively improve the operation of the de-
vice and do not require serious processing of design documentation.

The third change concerns the technology of setting up the device for mea-
surements on the planets of the Solar System, where the acceleration of
gravity is significantly different. The experience of such work has shown that
inserting the parts of the seismometer “separately” into the body of a special
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device designed to adjust the device in terrestrial conditions is very inconve-
nient and involves a high probability of failure of a number of parts.

The main thing is to keep the old developments as much as possible. It is pro-
posed to make a device that will allow placing the sensitive part of the device
into the device for its entire configuration. To do this, it is necessary to make
three recesses in the upper and lower suspensions of the test mass, where
rigid vertical parts are inserted on the screws that hold the entire structure
(see the sketch in Figure 2). The outer size together with the vertical parts is
the same as that of the suspensions. All this design, together with the test
mass, is placed in the housing of the device for tuning. (the lower suspension
shines through the mass in the sketch)

In the section (Figure 3), the vertical parts (1) are gray, with the help of
screws (2) they are screwed to the suspensions. As before, the gap between
the suspension part (3) and the part (4) in which the test mass is fixed is
30-50 microns. The movable plate of the capacitive sensor is conventionally
shown in red, and a permanent magnet is shown below. The whole structure
remains unchanged. The only change is that it is necessary to slightly reduce
the inner radius of the suspension ring by 0.5-0.7 mm and use a BrB2 foil
with a thickness of 10-20 microns.

Fig. 3.
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REPORT

Improvement of the uniaxial seismogravimeter, which allows to significantly
improve the characteristics of the device. Firstly, it is the use of one material
— beryllium bronze BrB-2 — for the manufacture of massive suspension ele-
ments of a test mass with a thickness of 1.5 mm and an elastic element made
of a thin tape with a thickness of 10-20 microns, which reduces the likeli-
hood of instability. Secondly, it reduces the gap in capacitors of capacitive
converters from 0.25 to 0.1-0.15 mm to significantly increase the steepness
of the conversion of the capacitive sensor. Thirdly, a change in the technol-
ogy of setting up the device, for which to combine all the elements of the
sensitive part of the uniaxial seismogravimeter with the help of special ver-
tical inserts. This allows you to place the device as a whole in the system for
its configuration, eliminating the possibility of failure of individual elements,
thereby increasing the reliability of the device.
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INTRODUCTION:

This study presents the results of experiments conducted using an Electro-
magnetic Analyzer (EMA) to analyze the registered signals generated from
the collision of dust particles. The aim was to characterize the interactions
between dust particles and investigate their electromagnetic signatures. To

Fig. 1. Device calibration
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ensure accurate measurements, various experimental setups were imple-
mented to mitigate interference and optimize data acquisition. Moreover,
a robust station construction was developed to provide a controlled envi-
ronment for conducting the experiments. The obtained results shed light on
the electromagnetic properties of dust particle collisions, offering valuable
insights into their behavior and potential applications in diverse fields such as
astrophysics, environmental science, and particle dynamics. The methodolo-
gies employed in this study serve as a foundation for future research in this
area, enabling further exploration and understanding of dust particle dynam-
ics through electromagnetic analysis.
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INTRODUCTION:

The problem of radiative transfer in the IR ro-vibrational bands of the CO,
and CO molecules is the fundamental one for the atmosphere of Mars, since
the heating due to the emissions in these bands has a dominant value in es-
tablishing the energy balance, structure, and dynamic properties throughout
the entire atmosphere of this planet.

The Martian atmosphere consisting of almost 95 % carbon dioxide has a rel-
atively low density. Therefore, the rarity of molecular collisions, on the one
hand, and the high rate of excitation of the vibrational states of the €O, and
CO molecules due to the absorption of solar radiation in the near-infrared
(NIR) spectral range of ~1.05-5 um, on the other hand, result in the break-
down of the Boltzmann distribution in values of the concentrations (popu-
lations) of the vibrational states of these molecules. By another words, the
breakdown of the local thermodynamic equilibrium (LTE) over the vibrational
degrees of freedom of these molecules (vibrational non-LTE) takes place. The
altitude of the level in the Martian atmosphere, lower which one needs to
take into account for the vibrational non-LTE effects when assessing the pop-
ulations of vibrational states of the CO, and CO molecules, varies depending
on the wavelengths of the fundamental band (FB) in which the excitation
of these states by absorption of the solar NIR radiation from the molecular
ground state takes place. Thus, these altitude levels may even descend to
the pIanet s surface for vibrational states of the main isotopologue 12Cl‘SO

(or 626, in the HITRAN notification) which are excited by solar radiation |n
the ro-vibrational (R-V) transitions of the CO, molecule with the wavelengths
shorter than 1.6 pum.

Since the Martian atmosphere is sufficiently rarified already at the surface,
the breakdown of vibrational local thermodynamic equilibrium (LTE) for the
CO, and CO molecules starts in the daytime from the troposphere. As the
Mars lower atmosphere is dusty, the scattering of infrared solar radiation by
aerosols should affect the vibrational state populations of these molecules.

The paper presents the results of modeling the radiative transfer under non-
LTE conditions in the CO, and CO bands in the wavelength range of 1-5 um,
taking into account the radiation scattering by aerosols. The populations
were studied depending on the optical thickness both of the aerosol layer
and of the bands, the vertical distribution of aerosols, the solar zenith angle,
and the aerosol parameters describing the scattering and absorption of radi-
ation. The weaker the band, the stronger the aerosol effect on a population.
This effect manifests as an increase and a decrease in population above and
below a certain altitude level, respectively.

The present study is a continuation of the papers [1-2].
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INTRODUCTION:

The problem of radiative transfer in the IR ro-vibrational bands of the CO,
and CO molecules is the fundamental one for the atmosphere of Mars, since
the heating due to the emissions in these bands has a dominant value in es-
tablishing the energy balance, structure, and dynamic properties throughout
the entire atmosphere of this planet. Also, the emissions in some bands of
the CO, and CO molecules are used for remote sensing of the Martian atmo-
sphere.

The Martian atmosphere consisting for 95 % of the CO, molecules has a rath-
er low density. Therefore, both a rarity of molecular collisions, on one hand,
and the high rate of excitation of the vibrational states of the CO, and CO
molecules due to an absorption of the solar radiation in the near-IR spectral
range, on another hand, result in a breakdown of the Boltzmann distribution
of the excited vibrational state populations of these molecules within wide
altitude intervals of the Martian atmosphere, i.e. the vibrational non-local
thermodynamic equilibrium (vibrational NLTE) takes place. So, a develop-
ment of sophisticated NLTE models for evaluating the values of the Martian
atmosphere emissions in the IR bands of the CO, and CO molecules is re-
quired.

THE EXTENDED MODEL:

In the paper [1], the extended model used for solving the NLTE problem of
radiative transfer in the IR bands of the CO, and CO molecules in the Mar-
tian atmosphere has included the 321 excited vibrational states belonging to
the 7 isotopologues of CO, molecules and the 10 ro-vibrational bands rising
between the 8 vibrationaf states of 2 isotopologues of the CO molecules.
The most upper state is 2003 of the principal CO, isotopologue with energy
of about 9500 cm™. In total, the 779 radiative wératlonal transitions (about
100 000 lines) in the ro-vibrational bands of the CO, molecules (near 4.3, 2.7,
2.0,1.6,1.4,1.25, 1.2 and 1.05 um) and of the CO molecules (near 4.7, 2.3,
1.6 and 1.2 um) were included into the extended NLTE model.

In the study [2], the NLTE model has been further improved to solve the
above radiative transfer problem in the following directions. 1) The radia-
tive transfer in all the bands of CO, and CO within the 15-1.02 pm spectral
interval is taken into account with an exact treatment of overlapping of the
spectral lines in frequency. 2) The processes of scattering and absorption of
radiation by aerosol particles at the frequencies of the IR bands of the CO,
and CO molecules were taken into account. 3) A reflection of the IR radiation
by the Martian surface is also taken into account. 4) The accelerated lamb-
da-iteration technique (the so-called ALI-method) used for solving the NLTE
radiative transfer problem has been modified for the case of the aerosol ex-
tinction presence. The ALI-method allows to take into account the processes
of scattering (with a phase function of general type) and absorption of radi-
ation by aerosols at the frequencies belonging to the spectral ranges of the
CO, and CO ro-vibrational bands.

The above features of the extended NLTE model demand significant compu-
tational resources. For the case, when one is interested in evaluation with
given satisfied accuracy of non-equilibrium populations of only the relatively
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low excited vibrational states of the most abundant isotopologues of the CO
and CO molecules, which contribute substantially into the IR emissions ané
the net radiative heating of the Martian atmosphere, and one does not need
to know the populations of the high excited states with the same accuracy, it
is desirable to find more simple sets with reduced number of the vibrational
states of the CO, and CO molecules.

THE METHODOLOGY:

Taking into account the intrinsic features of the NLTE radiative transfer prob-
lem in molecular bands mentioned above, an important question is how to
select correctly both the vibrational states and vibrational bands of different
isotopologues of the CO, and CO molecules in order to provide the necessary
accuracy of the solution of the NLTE problem. In the paper [3—4], the proce-
dure for reducing the amount of vibrational states which bases itself onto
more or less reasonable criteria was suggested for solving the NLTE problem
in the Earth middle atmosphere using the approximation of isolated ro-vibra-
tional lines belonging to the CO, bands.

In this study, these criteria were updated to take into account the overlap-
ping over frequency of lines within a given ro-vibrational band as well as lines
belonging to different bands. It is important for the optically thick bands of
the co, and CO molecules in the atmosphere of Mars. Now, in particular, all
the possible vibrational states with given numbers of the v, and v, quanta,
which belong to the given Fermi family and interact by the Fermi resonance
are proposed to be included into the set of vibrational states.

RESULTS:

A hierarchy of three vibrational state models, which are more simplier than
the extended model but provide a reliable accuracy of estimating the values
of the non-equilibrium vibrational populations, is proposed. In direction of
decreasing accuracy, the two first (R1 and R2) models include, respectively,
the 208 and 119 vibrational states of 7 isotopologues of the CO, molecules
as well as the 8 vibrational states of 2 isotopologues of the CO molecules.

The third set for the most simple model (R3) contains the 62 vibrational states
of 5 isotopologues of the CO, molecules as well as the 3 vibrational states of
the principal isotopologue 2fthe CO molecules. For a number of both the
vertical profiles of the kinetic temperature and the solar zenith angle, the
numerical errors in estimating the values of the integral non-equilibrium limb
radiance of the 4.3 and 15 um bands using the R3 model do not exceed of
order of 10 and 1 %, respectively. As it concerns of evaluating the rate of net
radiative heating within all the IR bands arising between the included vibra-
tional states, the use of the R3 model gives error which does not exceed of
about 0.5 K/day above altitudes with pressure of 0.001 mbar and increases
down to the Martian surface up to about 2 K/day.
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INTRODUCTION:

The weak methane and ammonia absorption bands that are present in Jupi-
ter’s visible spectrum are important for understanding the structural prop-
erties of its cloud cover and deeper regions of the troposphere. The study
of spatiotemporal variations in the intensity of absorption bands of methane
and ammonia on Jupiter has been a traditional line of work of the Labora-
tory of Physics of the Moon and Planets for more than 60 years. From 2004
to the present, a program of systematic homogeneous spectral observations
of Jupiter has been carried out, the material of which covers more than one
complete period of Jupiter’s revolution around the Sun. In recent years, some
previously unknown interesting features have been discovered that deserve
attention and further study.

RESULTS OF OBSERVATIONS

In our observations since 2004, we have used a diffraction spectrograph (SGS)
equipped with an ST7XE CCD camera (both manufactured by the Santa-Bar-
bara Instrument Group). The spectral dispersion is 4.3 A/pixel. The scale
of the image on the spectrogram was 4.08 pixels per one arc second, so the
diameter of Jupiter, on the spectrogram, was about 160 pixels. Two methods
of observation were used: recording spectra with the slit oriented along the
central meridian of Jupiter or recording zonal spectra when scanning Jupi-
ter’s disk from the south pole to the north. Variations in the intensity of the
absorption bands of methane (CH4) at 619, 702, and 725 nm and separate-
ly of the band (CH4) at 887 nm were studied. The profiles and intensities
of the absorption bands of ammonia (NH3) at 645 and 787 nm were also
measured.

The detailed technique and results of these measurements are de-
scribed in a number of our articles, for example [1] and in the mono-
graph [2].

Figure 1 shows a comparison of extinction variations in the latitudinal direc-
tion and along the equator, as an illustration of a well-defined difference in
the change in extinction from the center of the disk to its edges to the east
and west, to the south and north. Here are the relative values of the equiva-
lent widths of the absorption bands normalized to the center of the disk and
the corresponding profiles of the relative brightness of the disk of Jupiter in
the continuous spectrum.

For each extinction curve, the plots show the characteristic absolute val-
ues of the equivalent widths at the center of Jupiter’s disk. As can be seen,
the meridional course of absorption differs significantly from the course
of brightness, while the course of absorption along the equator is similar
to the change in brightness from the center of the disk to its edge, to a great-
er extent for ammonia and to a lesser extent for methane.

Moreover, for the absorption bands of methane, the following is observed:
dark zones correspond to increased absorption, and light zones correspond
to reduced absorption.

Ammonia is characterized by an increased uptake in the southern dark belt
SEB and a reduced uptake throughout the northern hemisphere.
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Fig. 1. Comparison of relative intensities of CH4 and NH3 absorption bands and
brightness profiles observed in the continuous spectrum along Jupiter's central me-
ridian and equator.

The similarity of the change in absorption of both methane and ammonia
along the equator to the edges of the disk with a decrease in brightness
towards the edges is mainly associated and determined by the geometry
of illumination and reflection from the scattering layer of clouds. However,
meridional absorption variations do not obey this rule and should be mainly
due to latitudinal structural changes in the cloud layer itself. Interestingly, in
different absorption bands, there are divergences in the positions of the ex-
trema of the equivalent widths in latitude. This feature was discovered by us
earlier [3] based on observations of Jupiter in 1999, covering all longitudes
of the planet.

BRIEF DISCUSSION

Over the past decades, new technology has made it possible to signifi-
cantly expand the spectral range of measurements of reflected and intrin-
sic thermal radiation in Jupiter observations. Now, in addition to infrared
radiation, measurements are also being made in microwave radio emis-
sion with the VLA radio telescope system, and a centimeter section of the
spectrum has also been reached from the JUNO [4] space probe, which
makes it possible to study the depths of the Jovian atmosphere up to a
thousand or more bar.
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But this in no way detracts from the value of observations in the visible and
near infrared regions of the spectrum, especially when it comes to studies
of Jupiter’s cloud cover. Therefore, here we again pay attention to some fea-
tures in the observed variations in the molecular absorption bands, which
are most associated precisely with variations in the structure of the ammonia
cloud layer. So far, this structure itself, its connection with dynamic process-
es in the troposphere, remains unclear. It is also not yet possible to confi-
dently determine which model is closest to reality in terms of the thickness
and density of the planet’s cloud cover. Are we dealing with a geometrically
and optically thick layer of clouds, according to the most popular models [5],
or should we accept the model of a translucent cloud, according to direct
sounding data from GALILEO [6].

Until the next experiment of this kind, the main role remains with studies
in the visible and near-IR spectral regions, as an integral part of the overall
complex of all-wave observations of the planet.
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Molecular nitrogen is the main molecular gas in the Titan’s atmosphere.
We study the electronic kinetics of triplet states of N, at the altitudes of
50-250 km during the precipitation of cosmic rays. Intramolecular and in-
termolecular electron energy transfer processes during inelastic molecular
collisions with N,, CH4, CO are taken into account. We present vibrational
populations of triplet states at different altitudes of Titan’s middle atmo-
sphere. The important role of molecular collisions in the population of meta-
stable molecular nitrogen is shown.

We study the inelastic interaction of electronically excited N, molecules with
acetylene C,H, and ethylene C,H, molecules at the altitudes of the middle at-
mosphere. Izt was shown for the ?irst time that the inelastic interaction dom-
inates in the formation of C,H and C,H, radicals at the altitudes. The main
contribution in the radical formation is related with collisions of metastable
molecular nitrogen with acetylene and ethylene molecules. The possible role
of the reactions in hydrocarbon production is discussed.
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INTRODUCTION:

The use of Internet of Things (loT) technologies has revolutionized various
industries, and space exploration is no exception. Expeditions to Mars re-
quire real-time monitoring of environmental conditions, equipment opera-
tion, and the well-being of astronauts. In this presentation, we will look at
the potential benefits of loT integration for the safety of astronauts on Mars
exploration missions. We will discuss the deployment of sensor networks on
Mars to collect valuable data on atmospheric conditions, astronaut health,
radiation levels, geological features, and more. We will also look at the chal-
lenges and considerations for implementing 10T in harsh Martian environ-
ments, including power management, communication protocols, and data
storage limits. In addition, we will explore how the loT can improve the safety
and well-being of astronauts by monitoring vital signs, providing feedback to
the environment, and enabling efficient resource management. The integra-
tion of loT technologies with space exploration on Mars holds great promise
for expanding our understanding of the Red Planet and enabling future long-
range missions.
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INTRODUCTION:

The trajectory of the BepiColombo spacecraft on its cruise to Mercury in-
volves a series of gravitational maneuvers on Earth, Venus and Mercury [1, 2].
This report analyses the data for the second Venus flyby and the first, second
and third Mercury flybys. Data from the first Fly-by of Venus was not used, as
the BepiColombo spacecraft was at a large distance at the moment of closest
approach, so that the signal from the planet could be detected by the MGNS
instrument [3, 4] with reliable statistics. Special sessions of measurements
were performed during Venus and Mercury fly-bys during which the MGNS
instrument measured neutron flux with a time resolution of 20 seconds. In
the case of Mercury, neutron fluxes with energies of about 1-100 MeV are
produced in the shallow surface layer under the exposure to Galactic Cosmic
Rays radiation. These neutrons interact with the nuclei of the main soil-form-
ing elements through inelastic scattering reactions (if the neutron has high
energy) or neutron capture reactions (if the neutron is slowed down to ther-
mal energies). For Venus the processes of generation and moderation of sec-
ondary neutrons are the same as for Mercury except that the neutron flux
is not generated on the surface of Venus but in its atmosphere at altitudes
above about 50—60 km. For the atmosphere of Venus, the element that best
absorbs thermal neutrons is nitrogen, of which there is about 3.0-3.5 wt%
in the upper layers of the atmosphere. In order to obtain model estimates
of Mercury’s surface composition and interpret the MGNS instrument mea-
surement, Monte Carlo based simulations also will presented for the Fly-bys
environmental conditions.
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INTRODUCTION:

Mercury, the planet closest to the Sun, has its own magnetic field, sufficient
to create its own magnetosphere around the planet. It has been studied
in detail during the MESSENGER (MERcury Surface, Space ENvironment,
GEochemistry, and Ranging) mission. This spacecraft completed more than
4,000 revolutions around the planet from 2011 to 2015. We use the parabo-
loid model of Mercury’s magnetospheric magnetic field to determine the op-
timal parameters of Mercury’s magnetosphere current systems and internal
planetary dipole parameters for all MESSENGER orbits.

The formation of the magnetosphere is associated with the currents flowing
in the space around the planet, which create their own magnetic field, super-
imposed on the planetary internal magnetic field. These currents, and hence
the magnetic field they create, can change from flyby to flyby, or even on the
scale of one spacecraft orbit, due to the short reconfiguration time of the
Mercury’s magnetosphere, which is on the order of several minutes [1]. To
take into account these contributions and to refine the estimate of the plan-
etary magnetic moment, a model of the magnetospheric field is required. In
this work, we use a paraboloid model of the Mercury magnetosphere. It was
introduced in [2] for the Mariner 10 data analysis, and then for the analysis
of the first two MESSENGER flybys in [3], where the effect of dipole tilt was
included. In [4], the paraboloid model was used to describe the erosion of
Mercury’s magnetosphere.

METHOD:

We use an updated implementation of the chi’ functional minimization meth-
od FUMILIM [5]. The FUMILI code algorithm was made available for use as part
of the CERN library. The program for finding the minimum of the functional of
the sum of squared differences between the components of the experimental
and model magnetic fields calculates the model magnetic field vector using a
theoretical paraboloid model with free parameters, which allows one to calcu-
late the magnetic field in the planetary magnetosphere and compare it with
the obtained experimental data. The FUMILIM code is used for determination
of the best fitting model parameters that minimize the RMS standard deviation
between the model field vector and the measured magnetic field.

For the dataset used, when searching for the minimum of the functional, it
makes sense to take into account not only the modulus of the difference vec-
tors, but also the angle between the two vectors. The approach used in [3]
took into account only the modulus of the residual vector and lost sensitivity
to the sign of the difference between experiment and theory. This effect was
especially pronounced for a parameter that is significant only for one of the
components of the vector function (such parameters include the values of the
corresponding IMF components penetrating the magnetosphere). The new
version of the FUMILIM minimum functionality search program can accurately
work with vector functions as well. In the new version of the package, all three
components of the residual vector are transferred to the program.

Our task is to find six parameters that determine the magnitude of the plan-
etary magnetic field of Mercury. As a first approximation, we neglect secular
variations and assume that these parameters do not change from one revo-
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lution to another. In addition, each orbit is characterized by seven local pa-
rameters that describe the state of magnetospheric current systems formed
during the interaction of the solar wind plasma with the planetary field.

DISCUSSION:

As a result of the magnetic field vector fitting, the magnitude and direction
of the magnetic moment of Mercury, as well as its displacement relative to
the center of the planet for each of the orbits of the satellite, were rede-
fined. In this case, there is a small secular variation of the dipole moment,
but these changes are at the limit of errors, more precisely, beyond the limits:
in order to isolate a possible effect, it is necessary to increase the reliability
of the method for solving the inverse problem by an order of magnitude.
The parameters of the current systems of the magnetosphere model were
also determined for each individual orbit. For each revolution of MESSENGER
around Mercury, we considered the parameters of the magnetosphere to be
unchanged during the entire magnetospheric part of the trajectory, which
lasted about an hour on average. We have considered only two magneto-
spheric current systems — the currents at the magnetopause, which screen
the dipole field from penetrating into the transition layer, and the current
system of the magnetotail. As a result, the state of the magnetosphere at
each orbit was described by 4 parameters: B, is the field of the current sheet
atits leading edge in nT, R, is the distance to the subsolar point at the magne-
topause in R, , R, is the distance to the inner edge of the current sheet in Ry
Z, is the displacement of the current sheet in the vertical direction relative to
the equatorial plane of the magnetospheric coordinate system in R, . Three
more constants specify three components of a constant (changing from one
orbit to another, but constant along a fixed MESSENGER orbit) vector of the
magnetic field, which makes the discrepancy between the model and mea-
surements minimal. This B, vector is formed by the vector of the interplan-
etary magnetic field penetrating from the transition layer into the magne-
tosphere and as a result of the regular deviation of the rotation paraboloid
from the real magnetosphere, which gives a “correcting constant” in the field
of currents at the magnetopause. However, uncertainty now remains both in
the spatial distribution of the penetrating interplanetary field and in the rela-
tive value of the penetration coefficient for different components. In order to
evaluate the effectiveness of the dipole parameters selected for fitting, the
pairwise cross-correlation of the parameters among themselves was calculat-
ed, the smaller the pairwise correlation coefficients, the better the selected
set of parameters. As expected, for the vertical displacement and the dipole
value, the correlation is the highest, but in this case, the residual minimum is
well manifested, and the accuracy of its determination is quite high.
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INTRODUCTION:

The review discusses 1) the new results of laboratory studies of the lunar
regolith within new dates of the Chinese mission Chang’E-5, 2) the new real-
istic estimations of the water concentration in the bound state of lunar rocks,
3) the last mysteries of the long-term generation of a powerful thermal bud-
get of the Moon. A new era of scientific and applied research of the Moon is
coming, and dozens of lunar missions of various space agencies are already
planned for the next decade [1-2].

Currently, Chinese scientists and engineers are working on the next series
of lunar missions: the Chang’E-6 spacecraft will collect the first samples of
lunar soil from the far side of the Moon in 2025, the Chang’E-7 multi-pur-
pose spacecraft, which is scheduled to launch in 2026 and among other tasks
will look for water ice in the shadowed craters of the Moon. The Chang’E-8
spacecraft, due to land on the moon around 2028, will lay the groundwork
for the larger ILRS project that China plans to build in the 2030s. The ILRS will
consist of a lander, a habitable bunker, an orbiter and a rover, and will include
testing the first technologies for exploiting lunar resources on the lunar sur-
face. Also, Chinese colleagues are considering the possibility of 3D printing
lunar bricks using materials from the lunar surface. A nuclear facility will be
used to power the Chinese lunar base. 3D printing for space activities has
been considered and tested for years: the European Space Agency is working
on making lunar bricks that mimic lunar regolith.

CHANG’E-5 MISSION ON THE MOON: MINERALOGY:

The origin of the young lunar basalts of Chang’E-5 (CE-5) is highly debated.
The authors [3] present the results of high pressure, high temperature (P-T)
phase equilibrium experiments and petrological modeling to limit the source
depth and temperature of these unique marine basalts. Experimental results
indicate that CE-5 basalts could have been formed either by the melting of
clinopyroxene and cumulates rich in single bond Fe oxide Ti in the shallow
lunar mantle, or by extreme fractional crystallization of the hot Mg-rich par-
ent melt. The results of Chinese scientists confirm the local retention of sig-
nificant heat (at least 1200 °C) in the lunar mantle, which is necessary for
the formation of basaltic melts of CE-5 composition at the age of 2 billion
years. The authors of the paper argue that CE-5 basalts are formed by the
melting of Fe and rich Ti accumulate in the shallow lunar mantle, since the
extreme fractional crystallization of olivine and plagioclase from the original
picritic melts requires too high temperatures in the lunar mantle (>1500 °C)
for approximately 2 Gyr.

The successful Chang’E-5 mission returned to Earth 1731 g of lunar soil from
the northeastern ocean Oceanus Procellarum [4]. The author’s study starts
with a comparison of the mineralogy and geochemistry of the CE-5 soil with
the Apollo and Luna samples. Samples CE-5 have the same mineral content
as the Apollo Sea soils. Geochemically, the CE-5 soil is characterized by a
high content of FeO, an average content of TiO,, and an increased content
of geologically incompatible elements. New returned lunar samples CE-5 is
a unique type of marine soil that expands the variety of returned lunar sam-
ples. Their gross chemistry suggests that the CE-5 soil is composed of crushed
local marine basalt. Lunar Samples CE-5 provides an additional iron-rich ba-
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saltic composition and significantly expands the chemical range of existing
calibration soils for lunar remote sensing. The CE-5 lunar samples, togeth-
er with the topographic localization of the landing site, can serve as a new
ground standard in both mineralogy and geochemistry. Based on the general
chemical data of the CE-5 samples and the pyroxene compositions in the CE-5
marine basalt clasts, the authors conclude that the CE-5 marine basalt has a
fractional crystallization history like the high-Ti Apollo basalts.

RHEOLOGY AND HEAT BUDGET OF THE MOON:

In the article [5, Fig. 1], the modernized rheological models of Andrade (1910)
and Sandberg and Cooper (2010) are compared with the Maxwell model in
order to better understand the mechanisms of tidal heat generation inside
rocks. The authors found that both Andrade and Sandberg-Cooper rheolo-
gy’s [6] can produce at least 10 times more tidal heating compared to the
traditional Maxwell model for a warm 1400-1600 K lunar-like celestial body.
Sandberg-Cooper rheology can also cause even more heat generation in the
vicinity of the critical temperature and tidal frequency.
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Maxwell Voigt-Kelvin Burgers Andrade Sundberg-Cooper
Fig. 1. Rheology

These models allow cooler planets and their moons to remain tidally active in
the face of orbital disturbances, a condition the authors call “tidal stability.”

This has implications for the temporal evolution of tidally active worlds and
the long-term orbital-rotational equilibrium in which they are trapped. The
authors also show that Andrade inelasticity, which is contained in both An-
drade and Sandberg-Cooper rheological models, can generate much greater
dissipation energy at lower temperatures in the mantles of planets and their
resonant moons. The authors provide detailed reference tables for the gen-
eral initial dissipation equations that other scientists need to incorporate the
Andrade and Sandberg-Cooper models into standard tide formulas. The au-
thors show that advanced modern rheology strongly influence the heating of
short-period exoplanets and exo-moons, while tidal stability properties may
mean more tidally active worlds among all extrasolar systems. In the past,
the area of planetary tidal dynamics has been moderately separated from
the nuances of laboratory materials science. New papers [7-8] attempts to
best combine these two regions through careful modeling of the planetary
geometry and layered interior compositions of their moons. Tidal forces are
generated by a non-zero gravitational potential gradient across the planet’s
moon. These forces result in internal stress, which is counteracted by the
strength of the satellite material. Changing this gradient over time due to
an eccentric orbit, non-synchronous rotation (NSR), non-zero inclination, or
some combination results in the dissipation of orbital and/or spin frictional
energy into internal heat. All rheological models are attempts to represent
the microphysical interactions between atoms and grains of the planet’s
basic material on a macro scale, usually with a compact set of equations.
Burgers rheology is better able to capture certain interfacial interactions at
grain boundaries. They become relevant at moderately high frequencies and
are usually described by a peak or plateau in the response. Grain bound-
ary sliding is a phenomenon that occurs on a shorter relaxation time scale
than Maxwell-like diffusion creep and moreover is recoverable, which is rep-
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resented by a pair of parallel spring-ash (Voigt-Kelvin) elements in Burgers.
The use of parameters proposed by ground-based observations [8] leads to a
rheological response in the temperature range similar to Maxwellian, except
for temperatures in the range of 1200-1600 K, where a moderate secondary
peak of tidal dissipation occurs.

The Andrade model was originally developed to describe the tensile response
of laboratory specimens of metallic copper (Andrade, 1910). It has since ex-
panded and become particularly successful in describing a wide range of lab-
oratory studies, including silicate minerals, metals, and ices, and has recently
made inroads into planetary science. One of the features of Andrade’s rhe-
ology is the goal of “softening” the too steep frequency dependence of the
Maxwell model with a function that is a power law in the frequency domain
with fractional powers less than 1. This allows the model to describe the very
real phenomenon that few materials the real world consist of grains for the
same size; they usually contain impurities along with a spatially varying de-
fect range and defect density. Since neither Burgers’ formalism nor Andrade’s
formalism could account for this feature, they developed a complex rheologi-
cal model combining features of both.

The authors of [5] call their composite model Sandberg-Cooper rheology [6]
and found that the use of Andrade and Sandberg-Cooper rheology leads to
an increase in a property which is called tidal stability, or the ability of ongo-
ing tidal activity to persist for a long time in the face of disturbances.

In general, recommend considering Andrade and Sandberg-Cooper rheology
for any solid-state tidal application where minimal errors are desired with the
tides. Likewise, continued observation of the heat flux leaving tidally active
worlds such as lo will allow us to better constrain internal states. In general,
we recommend that Andrade and Sandberg-Cooper rheology be seriously
considered for any solid-state tidal application where errors of less than 10
are desired when mapping the results back to internal conditions. This is es-
pecially true for masses from 1 Mlo to 10ME, for temperatures from 1000 to
1600 K, and for all periods of action associated with tides.
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INTRODUCTION:

The thickness of the volcanic fill within lunar maria is an important characteristic
of the volcanic evolution of the Moon. There are several approaches to estimat-
ing the nature, geometry and thickness of volcanic flooding of cratered planetary
surfaces (e.g., [1]). Modern data, including high-resolution photographs of the
surface, topography, and spectroscopy provide the means to refine previous es-
timates (e.g., [2-3]) of total thickness of mare materials. Here we present our
estimates of the thickness of volcanics within Mare Fecunditatis.

THICKNESS ESTIMATES AT THE LOCAL SCALE:

Several lines of evidence suggest that the thickness of mare materials in Mare Fe-
cunditatis may be relatively small locally [4]. (1) Within Mare Fecunditatis there
are a number of outcrops of highlands that occur in the SW and NE portions of
the mare. The highlands outside the mare in both regions have standard devia-
tions from the mean elevation of ~290 m (SW region) and ~620 m (NE region).
The mean elevation of the highland outcrops in the SW region is ~200+130 m and
in the NE region is ~60+£30 m. These values suggest that near the outcrops in the
SW portion of Mare Fecunditatis, the mare thickness is several tens of meters,
whereas in the NE portion, the thickness may approach a few hundred meters.
(2) In the area around the Luna 16 landing site, exposures of pre-mare craters
are seen. These craters are about 10-12 km diameter and their rim heights are
estimated to be a few hundred meters (e.g., [5]), which introduces additional
constraints on the mare thickness in the vicinity of the landing site. Autors [5]
have estimated the thickness of the mare fill near craters Webb-B (~60 km WSW
of the Luna-16 landing site) and Webb-H (~100 km SW of the Luna-16 landing
site) to be about 33 and 95 m, respectively. (3) About 30 km SW of the landing
site there is a fresh crater with a distinctly low abundance of FeO in its interior
and ejecta. The crater diameter is ~1.5 km, which suggests that the thickness of
the mare fill near the landing site is less than ~150 m.

LARGER FLOODED CRATERS:

An independent way of estimating the local mare thickness comes from com-
parison of the topographic configuration of craters affected and not-affected
by volcanism. Crater Webb-P (~50 km diameter) at the NE edge of Mare Fe-
cunditatis has an actual depth of ~0.7 km. The crater Kapteyn is similar in size
and is as deep as ~2.5 km, thus, the thickness of mare in Webb-P is ~1.8 km.
The flooded crater that forms Sinus Successus (~130 km) is ~0.8 km deep
and non-embayed crater Langrenus (123 km) has a depth of ~3.5 km, which
provides an estimated thickness of mare in Sinus Successus to be ~2.7 km.
The partly flooded crater Gutenberg (70 km), at the western edge of Mare
Fecunditatis, is ~1.25 km deep and crater Stevinus (~77 km) is ~2.5 km deep;
thus, an estimated mare thickness in Gutenberg is ~1.25 km.

Within Mare Fecunditatis, there are a number of almost completely flooded
craters. Comparison of their actual depth with the depth of non-filled craters
within the highlands nearby the Fecunditatis basin provides mare thickness
estimates varying over a narrow interval from ~1.8 to ~2 km.

THICKNESS ESTIMATES AT REGIONAL SCALE:

The small values of mare basalt thickness determined locally suggest that
if they are representative for the entire Mare Fecunditatis, then remnants
of larger craters from the pre-mare population should be visible within the
mare if they indeed formed in this region. To test this hypothesis, we selected
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alarge area on the farside between 60°N —60°S and 150°E — 115°W, which has
only small and dispersed mare occurrences (mostly in the northern portion of
the South Pole — Aitken basin). In this area, which represents a non-modified
crater population of the highlands, we have measured the mean distances
between craters in different diameter ranges using the catalogue of lunar cra-
ters larger than 20 km [6]. These distances are as follows: ~280+160 km (for
craters in 128-256 diameter range), ~110+50 km (64-128 diameter range),
and ~65%30 km (32-64 diameter range).

We then calculated an expected number of these craters within the inner ring
of the Fecunditatis basin (~700 km diameter) as a ratio of the area within the
inner ring to an area of a circle with the radius equal to the mean nearest dis-
tance. The expected number of craters 128-256 km diameter is ~2, which is
equal to the actual number of such craters within the rim (Langrenus, 132 km
and Sinus Successus, 130 km). For the smaller craters, however, a significant
deficiency of craters within the ring is observed. The expected number of cra-
ters in the 64—128 km range is ~10, whereas only one crater of such size (un-
named crater at 64.58°E, 1.76°N, 70 km diameter) is present, near the western
edge of Mare Spumans. The expected number of craters in the 32—-64 km range
is ¥30 and only 11 craters of this size are seen within the inner ring.

The differences between the expected and actual number of craters suggest
that a composite layer of mare materials within the inner ring is sufficiently
thick to hide a significant portion of craters smaller than ~100 km diameter.
Crater Ansgarius (79.72°E, 12.92°S, 95 km) eastward of the Fecunditatis basin
is not flooded/embayed; the height of its rim is ~1.5 km, which provides a
minimal estimate of the thickness of mare in the basin.

CONCLUSIONS:

The calculated thicknesses suggest that the mare basalt volcanic fill of Mare
Fecunditatis is highly variable. At the regional scale, it must be at least ~1.5 km
to be able to hide a significant number of ancient larger craters. In areas of
partly or completely flooded craters the thickness increases up to ~2-2.7 km.
In the vicinity of the Luna-16 landing site, however, the mare thickness appears
to be much smaller, and is likely to be less than a few hundred meters. These
variations appear to be due to the complex topography of the pre-mare sur-
faces which was significantly affected by initial viscous relaxation followed by
ejecta from both the Nectaris and Crisium basins. The highly variable thickness
of mare materials (and range of ages and locations) is consistent with signifi-
cant lateral variations of the time of different volcanic phases, which can reflect
eruptions of different duration, rate, and age (e.g., [7]).
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INTRODUCTION:
This is continuation of our study of permanently shadowed floor of polar
crater Shoemaker reported at the 13" Moscow Solar System Symposium [1].

Crater Shoemaker (88.14°S, 44.91°E) is superposed on the rim of South
Pole — Aitken impact basin. It has rather mature morphology. Its rim is pitted
by numerous small craters of a few km in diameter, whose spatial density
corresponds to model age 4.15+0.02 Ga [2]. Inside crater Shoemaker, at its
floor and lower parts of its inner slopes is permanently shadowed area within
which we outlined four study areas, each about 4.5x6 km, — two on the floor
and two on the lower parts of inner slopes.

This time we report on measurements of relative depth (d/D) of craters with di-
ameters of 150-400 m in the Shoemaker floor (Study areas 1 and 2) and compare
the results with similar measurements in the Lunokhod-2 and Apollo-16 areas.

MEASUREMENTS:

For that in the cases of Shoemaker and Apollo-16 craters were used DTMs
based on the LOLA measurements [3] and for the Lunokhod-2 area — DTM
based on stereometric analysis of LROC NAC images [4]. The crater depth was
obtained by calculating the difference between the maximum and minimum
values of the elevation within the considered crater area. Results of these
d/D measurements are shown in Fig. 1.
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It is seen in Fig. 1 (see next page) that small craters on the permanently
shadowed floor of Shoemaker are systematically deeper than craters in the
Lunokhod-2 and Apollo-16 areas “normally” illuminated by the Sun. The
deepest craters, which are obviously the youngest in their size range, of the
Shoemaker floor Areas 1 and 2 have d/D values ~0.3, while the deepest cra-
ters of the Lunokhod-2 and Apollo-16 sites have d/D values ~0.2. Mean d/D
for 74 craters of Area 1 with D = 150-400 m is 0.147, for 60 craters of Area 2
it is 0.18, for 130 craters of Apollo-16 site it is 0.114, and for 288 craters of
Lunokhod-2 working area it is 0.082.

DISCUSSION:

We suggest that this may be due to presence of water ice in the target ma-
terial of the Shoemaker floor. LCROSS experiment in the floor of polar crater
Cabeus showed that content of water ice in the crater floor material may be
~5 mass% [5]. It looks obvious that presence of water ice in the upper 1-2 m
of the polar regolith (0.51+0.04 mass% in the case of Shoemaker crater [6])
cannot influence the cratering mechanics for craters 150-400 m in diame-
ter. Thickness of the ice-containing material in the case of Shoemaker floor
should be commensurate with the depth of penetration for craters of the
considered size (D = 150-400 m), that is ~30—80 m.

Some numerical simulations considering cratering in target with ice layer on
top of basalts [7] and cratering experiments with dry and water-saturated
sandstones [8] showed influence of water ice and liquid water presence on
the cratering process. But the situations considered in these publications dif-
fer from our case. So, they do not explain the concrete mechanism of crater
deepening due to admixture of water ice in the Shoemaker case.

Interesting that [9] measured the depth/diameter ratio of approximately
12 000 lunar craters of 2.5-15 km in diameter using Lunar Reconnaissance
Orbiter data and found that craters become shallower near the south pole
of the Moon. They found than near the south pole, craters become ~15 %
shallower. The average shallowing is ~10+1 m. They concluded that it is due
to the presence inside these craters of rather thick ice deposits. Our obser-
vations show the opposite trend, but craters considered by us are by 1 to
1.5 orders of magnitude smaller than those considered by [9] and suggested
by them ice in the crater floor material even may be the factor of deepening
of considered by us craters of 150 to 400 m in diameter.

CONCLUSION:

Craters of the Shoemaker floor are systematically deeper than those in the
Lunokhod-2 and Apollo-16 areas. This maybe an effect of presence of water
ice in the Shoemaker target material. Similar studies in other permanently
shadowed areas are necessary to understand if the mentioned crater deep-
ening is present there too.
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INTRODUCTION:

Space agencies of a number of countries plan for near future studies in the
South Pole region of the Moon. This is because there in regolith are present
ices of volatiles (that typical for the North Pole region too) and because
there is rim of South Pole — Aitken impact basin, the largest and the most
ancient on the Moon. South Pole region is highlands with predominance
of impact craters. Among the latter sometimes are observed craters with
gullies (fractures) on their floors. Such floor-fractured craters are also ob-
served in other lunar regions and their floors’ fracturing is considered as
resulted from magmatic activity beneath the crater floor [1-2]. Such com-
bination of impact and magmatic processes is very interesting and we study
one of such craters located in south polar area (Fig. 1). Coordinates of its
center are 126.59°W, 64.32°S and diameter is 34 km. Our method is pho-
togeological analysis of images. More extended description of this study is
presented in [3].
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Fig. 1. Mosaic of LROC NAS images showing the considered crater (a); the same with
shown on the floor gullies and scarps (red) and prominent craters (yellow) (b). Black
rectangles outline areas shown in Fig. 2 and 3.

OBSERVATIONS AND MEASUREMENTS:

In the vicinities of the considered crater, besides numerous craters with
diameters up to several tens of kilometers, there are chains of secondary
craters. It is seen in Fig. 1 that the considered crater floor is complicated
by hills, gullies and scarps. Central peak is absent and in morphologic clas-
sification the considered crater belongs to class Dawes [4]. Hills, gullies and
scarps are gentle-sloped with slope steepness <10-15°, rarely up to 20° and
with no shadows on the used for this mosaic NAC images. Shadows are seen
only in a few craters with diameters 300-500 m and smaller. In a number of
places, the inner slope of the considered crater merges into arcuate gullies.
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Gullies near the inner slopes and within the floor area are more numerous
in the western part of the floor. They are 2 to 20 km long, 0.3—-1 km wide
and 50-150 m deep. Planimetrically they form a polygonal system. Scarps
are observed close to inner slope of the crater in its northern, southern and
south-eastern parts. Their length is 6-10 km, height 50-150 m.

To estimate age of the considered crater we counted in the south-western
part of its rim craters of 300 m to 2 km in diameter. To estimate age of the
considered crater floor we counted craters of 500 to 900 m in diameter in
two areas where the surface slopes were <5°. It was found that the crater
age is ~3.85 Ga. But here we cannot exclude presence of mentioned above
secondary craters so this value may be overestimation. Estimates for the
crater floor showed two values: ~1 and ~3.5 Ga. The first value probably
relates to the age of the crater floor reworking by the suggested magma
intrusion, while value ~3.5 Ga relates to the considered crater age.

Below is analyzed surface morphology in two subareas of the considered cra-
ter floor (black rectangles in Fig. 1b) using the NAC images with resolution
~1 m taken at the Sun elevations 14.3 and 24.1°.

Figure 2 shows subarea 1, where one of the gullies is forking. It is seen that
at the gulley edges there are no scarps. Steepness of their inner slopes
first downslope increases, then decreases. Texture of the regolith surface
is wrinkled. This is typical for the inclined surfaces and is resulted due to
the downslope regolith material movement provoked by meteorite impacts
and moonquakes. There are seen craters up to 50-100 m in diameter, but
they are rather rare probably due to their accelerated destruction on the
slopes [5].

64°9'S

126°50'W 126°50'W

Fig. 2. Fragments of NAC images M1122039053LE/RE (a) and M135960042LE (b) with
resolution 0,88 m and height of the Sun above the horizon 14,3 and 24,1°, corre-
spondingly.

Figure 3 shows subarea 2, where is present the NW-SE oriented gulley which
characteristics are the same as for gullies in subarea 1. Near the NE edge of
this gulley is 700-m crater. Based on position of shadow in it (see Fig. 3a) its
relative depth is ~0.25 and steepness of the slopes is 15-25°, that related
it to morphologic class B, but with unusually large depth. Its age should be
<1 Ga [5]. Absence of its ejecta in the adjacent part of the gulley suggests that
that the crater is older than the gulley.
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Fig. 3. Fragments of NAC images M1122039053LE/RE (a) and M135960042LE (b) with
resolution 0,88 m and height of the Sun above the horizon 14,3 and 24,1°, corre-
spondingly.Conclusion:

The considered 34-km crater certainly deserves further studies: It is interest-
ing to look if the suggested young magmatic activity influenced details of the
mineralogic composition as well as concentrations of water ice and chemical-
ly bound water in the crater floor regolith. We plan to apply to International
Astronomical Union suggesting to name this crater “Galimov” in honor of late
geochemist and planetologist academician Eric Galimov, who was director of
the Vernadsky Institute of Geochemistry and Analytical Chemistry of Russian
Academy of Sciences. We believe that there will be many publications about
the considered crater and name of Galimov will be often mentioned.
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INTRODUCTION:

Most lunar farside maria were identified as concentrated within the SPA ba-
sin, which is the largest observable basin on the Moon. Nevertheless, these
identified mare patches within this largest basin appears to be spotty [1], and
have relatively young ages (Imbrian and younger) [2]. Are there still some
buried or obscured old maria/cryptomaria within the basin, especially in the
center of the basin where mare deposits are usually observed in the large
nearside basins? Previous spectral investigation reported a compositional
anomaly in the center of the SPA basin named SPACA [3]. SPACA exhibits a
pervasive high-Ca pyroxene (HCP) feature, while the surrounding unit is dom-
inated by abundant Mg-rich low-Ca pyroxene (LCP). In addition, its albedo is
slightly higher than the typical maria but lower than the surroundings. These
characteristics might indicate that SPACA represent potential cryptomaria
occurring in the center of the SPA basin. However, SPACA has also been inter-
preted to originate from the differentiated SPA impact melt [4], or non-mare
volcanisms induced by the SPA impact [5]. Due to these uncertainties, we
reassess these theories for the origin of SPACA.

COULD SPACA ORIGINATE FROM DIFFERENTIATED IMPACT MELT?

We reconsider the differentiated impact melt origin for SPACA from the per-
spective of the scale of the SPA impact melt sheet. The large-scale topogra-
phy of the SPA basin in Figure 1a shows that SPACA is confined only with-
in ~350 km from the center; yet the SPA central depression is much larger,
~700 km from the center. In addition, the entire central depression has a rel-
atively thin crust (Fig. 1b). We compare the SPA basin to the Orientale basin,
the best-preserved multi-ring basin on the Moon. A central depression also
occurs in the Orientale basin with a characteristic thin crust (Fig. 1c, d), lying
within the Inner Rook ring (IR). Two best-fit topographic ellipses of the SPA
basin were previously identified [6] (E1, E2 in Fig. 1a, b). These two ellipses
appear to correspond to the Outer Rook ring (OR) and the Cordillera ring (CD)
of the Orientale basin, respectively. Given that large basin with concentric
rings often shows ring spacing roughly proportional to v2 [7], the location
of SPA inner ring could be approximated (the dashed ellipse in Fig. 1a, b),
which is coincident with the edge of the central depression as observed in
the topography. In Orientale, impact melt deposits occupy the entire central
depression [8]. The SPA central depression may be analogous to this, sug-
gesting the scale of SPACA may be much smaller than a region representing a
differentiated SPA impact melt sheet.

COULD SPACA EXTENSIVE SPA CENTRAL CRYPTOMARIA?
We perform CSFD analyses on craters with diameters over 5 km in the three

SPA interior compositional zones. The crater data used is from LROC database
(5-20 km in diameter) and [9] (>20 km in diameter). As shown in Figure 2,
the Mg-pyroxene Anulus (MA) and the Heterogeneous Anulus (HA) of the
SPA basin show comparable patterns, and a clear, separable distinction can
be observed between SPACA and these two. The obvious deflection at the
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Fig. 1. Topography and Crustal Thickness maps for SPA and Orientale. E1, E2 and PIR
in (a) and (b) refer to the two ellipses from [6] and the potential location of SPA inner
ring, respectively. The compositional zones in red outlines are from [3]. IR, OR and CD
in (c) and (b) refer to the Inner Rook ring, Outer Rook ring and Cordillera ring of the
Orientale basin, respectively
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Fig. 2. CSFD analysis for craters with diameters over 5 km in the three SPA interior
compositional zones

SPACA CSFD plot strongly suggests that resurfacing events have occurred
here before. The HCP composition of SPACA further supports the interpre-
tation that resurfacing events are likely to be associated with basalt filling. In
addition, impact rays (e.g., from Orientale) and secondary crater chains are
widely recognizable within SPACA, indicating that this area was also modified
by subsequent impact craters and basins. This may account for the increased
albedo. Eventually, the extensive SPA central cryptomaria were formed.

The thickness of this potential SPA central cryptomaria can also be deter-
mined from the CFSD analysis. The deflection occurs at ~70 km for SPACA
(see Fig. 1), suggests that the pre-resurfacing craters with diameters below
70 km may have been completely buried by the subsequent volcanic activi-
ties [10]. Therefore, the rim heights for 70 km diameter craters are taken to
represents the average thickness of the cryptomaria in the SPA basin center,
which is ~1.29 km according to the rim height/diameter relationship [11].
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This is consistent with the 1-2 km thick cryptomare deposits in the SPA cen-
ter predicted by the lava flooding model [12]. On the basis of the regional
geological mapping [13], we infer that these SPA central cryptomaria may be
no younger in age than the Early Imbrian period.

CONCLUSIONS:

We conclude that the central region of the SPA basin has experienced wide-
spread resurfacing events. SPACA likely originates from extensive cryptom-
aria deposits in the basin center rather than the differentiated impact melt
sheet. These old mare basalts were modified and buried by ejecta deposits
from nearby or distant craters or basins, increasing their albedo and eventu-
ally forming cryptomaria. This work also demonstrates that SPA basin can be
placed into the population of virtually all other impact basins on the Moon
in having been filled with voluminous and potentially continuous post-basin
formation mare deposits.
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INTRODUCTION:

The study of the abundance of the major lunar oxides plays a key role in un-
derstanding the evolution and formation of the Moon. Till now, several stud-
ies concentrated on the inversion of major Lunar oxides based on multi-spec-
tral data [1-4]. However, multi-spectral remote sensing can only observe the
shallow layer of the Lunar surface. This shortcoming limits the effective abun-
dance inversion under the lunar surface.

Chang’e-2 Lunar Microwave Sounder (CELMS) has been proved a comple-
mentary tool to study both the Lunar surface and sub-surface for its pen-
etration depth ranging from several centimeters to several meters by four
operation frequencies: 3.0, 7.8, 19.35 and 37.0 GHz [5-6]. In this study, we
use eight normalized brightness temperature features including four noon
features (nT,) and four brightness temperature difference features (ndT,) be-
tween noon and midnight (shown in Figure 1) to inverse global oxides includ-
ing Al,O,, Ca0, FeO, MgO and TiO, based on small-patch convolutional neural
network (SP CNN) model [3, 7]. Tzhe training and testing samples include 40
in-situ returned regolith samples from Apollo, Luna and Chang’e missions
[2-3]. To the best of our knowledge, this is the first study and product to
comprehensively inverse the serial oxides with CELMS data.

The scatter plots of five major oxides of both training and validation sets by
SP-CNN model are shown in Figure 2. And the corresponding mapping results
are displayed in Figure 3. Our results generally agree with those derived from
previous studies from multi-spectral data, which demonstrates the feasibility
of the proposed method, but presents some brand-new important hints:

1) Compared with other multi-spectral-based machine learning inversion re-
sults [2—4], our oxide maps exhibit more various changes in major maria
regions that highly related to the period of the basalt eruption, such as
Oceanus Procellarum, Mare Imbrium, Mare Nubium, Mare Tranquillitatis,
and Mare Fecunditatis. The possible reason is that CELMS data can reflect
the characteristic of deep-layer structure, so yields specific changes of ox-
ide abundances effected by basalt eruption period.
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Fig. 1. Normalized noon (nT,) and difference (ndT;) maps of 3.0 GHz and 37.0 GHz
(50° N ~ 50 °S)
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2) The abundances of MgO in eastern Oceanus Procellarum, western Mare
Imbrium and Mare Tranquillitatis are shown relatively lower values than
their vicinities compared with the previous studies [2-4]. One of the hy-
pothesis is that deep-layer brightness temperature difference (ndT ) is an
impact factor because lower MgO abundances in maria regions show high
correlations with 3.0 GHz ndT . But the exact relationships between MgO
abundance and CELMS brlghtness temperature should be further investi-
gated in future studies.

3) The abundance of TiO, in maria regions by our study are distinct from
the previous results by multi-spectral data. In the TiO, maps by [2-3], the
TiO, abundance of Mare Tranquillitatis is outstandlngiy higher than other
mares However, in our results, Oceanus Procellarum, Mare Imbrium and
Mare Tranquillitatis exhibit the three highest TiO, abundance regions in the
whole lunar surface and their differences are obV|0ust less than previous
results. Spectral information only reflects the shallow surface characteristic.
In 37.0 GHz nTB and ndT, maps (shown in Figure 1) which reflect approxi-
mate depths with spectral information, it is obvious that Mare Tranquillita-
tis shows higher brightness temperature than other mares. But in 3.0 GHz
nT, and ndT, maps, the brightness temperature distributions are quite dif-
ferent Oceanus Procellarum presents the highest brightness temperature
in 3.0 GHz nT, map, and Oceanus Procellarum, Mare Imbrium and Mare
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Tranquillitatis exhibit similar difference temperature value. This deep-layer
information has never been revealed by spectral data before. And the abun-
dance of Ti is one of the most important factors of the change of brightness
temperature [8]. Accordingly, the depth information from CELMS data is cru-
cial in understanding the composition of lunar regolith.

In conclusion, CELMS data provides both reliable and complementary infor-
mation in studying lunar geological structure. This study presents five new
lunar oxide maps that contains surface and sub-surface regolith characters.
Further studies will be conducted on the influence of the difference depth of
the brightness temperature on the oxide inversion.
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INTRODUCTION:

A wide diversity of lunar mare volcanic features has been identified in
previous studies of global lunar volcanism and shown to be related to
the characteristics of dikes approaching and reaching the surface [1]. In
our recent detailed geological mapping of the Mare Fecunditatis region
of the Moon [2], we documented an unusual type of feature noted ear-
lier [3—4] but not previously described with recent image/topography
data. Here we describe several occurrences of these features, which we
call “mare mesas” due to their generally relatively steep sides and often
flat tops (Figures 1-3). We explore several candidate origins for “mare
mesas” and encourage the search for similar features in other parts of
the maria.

GEOLOGICAL SETTING:

On the basis of our regional and local studies of the Fecunditatis basin
and Mare Fecunditatis (location of the Luna-16 sample return landing
site), we find that: 1) crater size-frequency measurements yield an ab-
solute model age (AMA) of ~3.81 Ga, suggesting resurfacing after the
Fecunditatis impact event but before the latest mare emplacement;
2) Mare Fecunditatis mare surface AMAs are ~3.45 Ga, consistent with
most radiometric age determinations from Luna-16 samples (clustered at
~3.5-3.4 Ga); 3) Mare Fecunditatis current surface is likely to represent
the latter episodes of volcanism, but the presence of older basalts in the
Luna-16 sample should not be ruled out, taking into account the likely
multiple sources of its materials and the complex nature of the emplace-
ment of lavas in Mare Fecunditatis.

Fecunditatis mare materials have been subdivided into unit mMF and in-
clude materials of flat-topped mesas (unit mm). The mesas are defined by
flat-topped hills less than a few kilometers across and tens of meters high
(up to a few hundred meters) with scarp-like angular or scalloped edges
(see Figs. 1-3). This unit corresponds to the table-like hills described earlier
in the NE portion of Mare Fecunditatis [3] and elsewhere [4]. Steep-sid-
ed dome-like features and a narrow sinuous ridge, which is morphologi-
cally different from the mare wrinkle ridges, occur on the summit of the
largest mesa. Several elongated, flow-like features extend from the mesa
and appear to be embayed by the surrounding mare. The surface of the
mesa is draped by a regolith layer that obscures details of the mesa inter-
nal structure. High-resolution NAC images, however, show that the steeper
slopes of the mesa expose numerous large (a few meters across) boulders
arranged in layers and the body of the mesa appears to consist of stacks of
meters-thick layers. The high-resolution, Kaguya based map of FeO abun-
dance [5] shows that the mesa has the same abundance of iron as the sur-
rounding mare. These characteristics suggest that the mesa represent a
volcanic feature that pre-dates the emplacement of vast Fecunditatis vol-
canic mare plains.
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INTRODUCTION:

The enigmatic Ina feature is a 2x3 km D-shaped pit crater (Figure 1) at the
summit of an ~22 km diameter shield volcano on the central lunar near-
side. Ina consists of a rough, optically immature floor, with a population of
smooth, meniscus-like, convex-upward optically-mature, irregularly shaped
mounds [1]. Recently defined as a large “Irregular Mare Patch” (IMP), anal-
ysis of superposed impact craters revealed an Absolute Model Age (AMA)
of the Ina floor mounds of ~33 Ma [2], younger that the crater Tycho and
virtually all regional lunar mare deposits [3]. Two other large IMP AMAs (So-
sigenes, ~18 Ma; Cauchy 5, ~58 Ma) suggested that lunar mare volcanism
has continued until geologically recently [2] and may indeed be continuing
today, in conflict with virtually all lunar thermal evolution models [4]. While
the basic definition and observations [1-2] are not contested, interpretation
of the ages fall into two categories (summarized in [5]): Ina and related IMPs
represent: 1) recent lunar volcanic activity (<100 Ma), consistent with their
fresh surfaces, sharp boundaries, and modern AMAs [2]; or 2) ancient vol-
canic activity (~3.5 Ga) consistent with their surroundings and geologic set-
tings, with their young AMAs explained by unique substrate characteristics
[6]. Here we follow our earlier theoretical work [7—9] and forward-model the
late-stage behavior of a lunar shield volcano summit pit crater, as a basis for
testing against observations.

Fig. 1. Ina pit crater. LROC NAC image

THEORETICAL PREDICTIONS AND FORWARD MODELING:

Modeling of the generation, ascent, and eruption of lunar basaltic magma
[7-9] has shown that eruptions progress through four basic phases [9], with
the highest flux and volume occurring during the Phase 2 lava flow extru-
sion/shield-building stage. We therefore construct a forward-model of this
process to make predictions to compare to observations. Of interest here is
Stage 3 and 4, the strombolian stages, where magma rise rates decrease dra-
matically and strombolian activity dominates in the pit crater. Phase 3. (Tran-
sition to strombolian activity; occurs quickly). The main driving process is the
horizontal reduction in the dike thickness due to decrease in dike excess pres-



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 [IRRtSivaey

sure and forced host rock relaxation/deformation. Magma vertical rise speed
decreases greatly to <1 m/s; reduced vertical magma flow speed means that
gas bubbles nucleating throughout the vertical dike extent can now rise at
an appreciable rate through the liquid, and there is time for larger bubbles,
especially CO bubbles being produced at great depths, to overtake smaller
bubbles leading to coalescence and even greater growth. The result is very
large bubbles — gas slugs — filling almost all of the dike width and producing
strombolian explosions at the surface. Phase 4. (Dike closing, strombolian
vesicular phase). Activity is entirely strombolian; tectonic stresses continue
to close dike, magma extrusion at a low flux. Magma is still being forced up
to lower pressure, and bubble production continues. Very minor strombolian
explosive activity continues above the vent. However, a stable crust will have
formed on the magma still emerging from the vent (the lid). We utilize this
baseline as a forward model to assess the terminal cooling and solidification
stages of the volcanic activity at Ina in order to provide more quantitative
tests of the hypotheses for the formation of the pit crater interior, rough floor
and mounds (Figure 2). We explore the following questions:

Pit crater environment
(closed environment)
— Lava pond —

Foam locally extrudes
¥ to surface

Surface crust .7
— macrovesicular —

Dike relaxes elastically, > 1
forces foam into lava ponti 3

H20 magmatic foam collects
in stalled dike

Fig. 2. Conceptual model for pit crater formation [7]

1. What s the predicted total time for cooling and solidification of the entire
lava lake and feeder dike?

2. How long does strombolian activity continue before the lava lake floor
(lid) is sufficiently thick that its disruption is precluded?

3. What is the fate of the volatiles degassed after lid disruption ceases?
4. What is the size of gas slugs rising from depth as the dike solidifies?

5. What is the time delay before lava lake second boiling occurs and can the
exsolved volatiles disrupt the lid at this point.

6. How does the 3-D geometry of the lava lake change with time during pro-
gressive cooling and solidification?

7. What topographic changes are predicted during lava lake solidification
processes?

8. What is the nature and fate of the volatiles degassed during cooling and
solidification (lid, lava lake, etc.)?

On the basis of these considerations, our forward-model makes the following
predictions: Radiative cooling of the upper lava lake surface causes the lava
lake lid to grow to a thickness of 10-11 m in less than a year, a thickness that
would generally preclude disruption due to rising gas slugs. We therefore
predict a final lava lake stratigraphy consisting of an upper very rough vesicu-
lar lid surface, with vesicularity growing in volume and vesicle size with depth
in the lid. At the base of the lid, exsolved volatiles would collect, varying in
size from coalesced bubbles to flattened gas slugs. If the lid precluded signif-
icant diffusive loss until solidification a wide range of macrovesicles should
survive, the upper limit dictated by the evolving slug volumes. A phase of sec-
ond boiling occurs in the cooling lava lake in the weeks after lid stabilization.
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Exsolved volatiles collect above and below the evolving solidification fronts
in the central lake, their expansion offsetting subsidence due to solidification.
The resulting flexure and fracturing of the lid can provide potential pathways
for the underlying highly vesicular magmas to reach the surface; ensuing
eruptions into the vacuum are predicted to further vesiculate the magmas,
producing an ‘autoregolith’ overlying magmatic foams and vesicular lavas.

COMPARISON OF PREDICTIONS AND OBSERVATIONS:

We apply this forward model to observed topography and morphology. We
interpret the observed topography of the Ina interior (Fig. 3) to be consis-
tent with progressive cooling and subsidence of an ancient lava lake in the
terminal stage of evolution of the associated shield volcano. The rough, rela-
tively flat floor unit represents the upper surface of the cooling lava lake lid,
modified by subsequent impact cratering and vertical sifting of regolith into
the predicted abundant internal voids. The stratigraphically younger floor
mounds are interpreted to represent extrusions of highly vesicular magma
from second boiling, extruded through late-stage flexural cracks associated
with cooling and volatile inflation. The current extremely young AMAs of the
mounds and floor unit, and their sharp contacts are interpreted to be due to
the changes in impact cratering energy partitioning from that seen in normal
dense basaltic flows, favoring vertical crushing and penetration, over lateral
excavation and bowl-shaped crater formation; an unusual vertical diffusions
processes (sifting of impact-generated regolith into subsurface voids [10])
dominates over lateral diffusions of traditional regolith. These predictions
and interpretations can be further tested in association with the upcoming
DIMPLE PRISM Mission to Ina.

. NAC DTM
¢ -290+
km 1 m
T I O I | -334
-.

Fig. 3. Topography of Ina interior. LROC NAC DTM on LROC NAC M119815703 [6]
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Zeeman crater is a lunar impact crater located on the far side of the Moon in
the south polar region. This crater is among the deepest craters in the south-
ern hemisphere of the Moon and has has an unusual size ratio: its diameter
is about 190 km and its depth is about 8 km. Its formation is associated with
a very strong impact, which is possible if the impactor’s speed is very high or
its substance is very dense.

Landing cameras of the STS-L system of Luna-25 spacecraft took the images
of the Zeeman crater on August 17 [1] during a flight in the orbit of an artifi-
cial satellite of the Moon. The resulting images significantly complement the
currently available information about this crater.

The images revealed the different roughness features of the crater that was
analyzed using the LOLA data [2]. We interpreted the differences according
to the lunar geological features and examined the WEH content according to
the LEND data [3].
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INTRODUCTION:

The LRO spacecraft started orbital mapping of the Moon on 15 September
2009 using circular polar orbit with ~50 km altitude [1]. In December 2011
the circular orbit was transformed into a stable elliptical orbit to maximize
spacecraft lifetime. The mapping is continued until now allowing to collect a
lot of science data that is very important for the lunar studies and prepara-
tion future lunar missions.

LEND is a neutron spectrometer integrated onboard LRO spacecraft to provide
mapping of lunar neutron albedo with a rather high spatial resolution [2]. It
uses collimated neutron detectors with a selection of lunar neutrons com-
ing in with angles 0°—14° of the nadir direction. It provides possibility to dis-
tinguish major permanent shadowed regions and test if they/their vicinities
contain subsurface water ice [3].

In this study we present the updated map of subsurface water ice in southern
polar regions of the Moon based on a summary of 14 years of orbital obser-
vations.
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INTRODUCTION:

One of the complicating factors of the deep space exploration is the influence
of the dust. The upper regolith layer of the atmosphereless bodies is elec-
trically charged by the solar ultraviolet radiation and the flow of solar wind
particles. Therefore, electric charge and thus surface potential depend on the
local time, latitude and the electrical properties of the regolith.

DUST MONITORING INSTRUMENT:

Based on the ideas of the PmL instrument for Luna-25 mission a number of
improvements for the next generation dusty plasma monitoring instrument
is suggested. The possible orbit or in-situ configuration for the instrument is
proposed.
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INTRODUCTION:

The diurnal temperature fluctuations in the lunar soil in the equatorial region
completely attenuate at a depth of about 80 cm, where a constant tempera-
ture of about —20 °Cis observed [1, ref. there in]. In the Moon Polar Regions,
the Sun shines tangentially and, depending on the relief, the degree of illumi-
nation can vary from its complete absence to 80 % [2], and the temperature
on the surface from 273 to 27 K [3]. Estimating the temperature distribution
in the lunar soil in the Polar Regions is one of the urgent tasks at the present
stage of lunar exploration and is necessary, among other things, for the de-
velopment and creation of scientific equipment and various lunar soil sam-
pling and drilling devices.

EQUATORIAL REGION:

In the equatorial region, the daily temperature variation on the surface from
the minimum (night) to the maximum (day) reaches 300°. The lunar soil ther-
mophysical properties, the diurnal variation and distribution of temperature
in the lunar soil were measured in the area of the Hadley Rille in Mare Imbri-
um and in the Taurus Littrow in Mare Serenitatis at Apollo-15 and 17 landing
sites of [4-5]. It was found that daily temperature fluctuations in the lunar
soil in the equatorial region completely attenuate at a depth down to 80 cm,
while annual temperature fluctuations can be traced to a depth of 2 m or
more (Figure 1).
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Fig. 1. Daily temperature variation (y) at a depth of 45 cm during 38 lunations (lunar
days) (x) according to [6]. The smoothed solid line reflects annual temperature fluc-
tuations minus daily variations with a resolution of +0.015 K. The dashed line after
subtracting annual temperature variations reflects the transition to an equilibrium
state disturbed by the activity of astronauts on the surface

Thus, the average temperature established at depth is known, as well as daily
and annual temperature fluctuations depending on depth, and the periodic
dependence of the heat wave on time, i.e. function T{(z, t), where z is depth,
t is time. To calculate a thermal wave in the lunar soil, boundary conditions
and thermophysical properties of an inhomogeneous solid body (lunar soil)
are required [1, ref. there in]: thermal conductivity,

K(T) = (1,66:107°2°°) + (8,4-1071'7%),
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heat capacity,

c=-23.173 + 2.1270T + 1.5009-1072T% - 7.3699-10 T + 9.6552-10°T*,
density,

p=1.92(z+12.2)/(z +18).

The boundary conditions for the nonlinear one-dimensional heat equation
are determined by the step function of the surface heating temperature from
80 to 380 K (Figure 2). Since the thermal conductivity of the upper loose soil
layer with a thickness of about 3—-5 cm is almost an order of magnitude less
than the underlying layer [1, ref. there in], then to simplify the problem, the
conditional surface is set at a depth of z =5 cm. The next boundary condi-
tion in the form of a fixed temperature is set at a conditionally large depth,
since annual temperature fluctuations at a depth of 2 m become negligible
[6]. Thermal waves decay exponentially (see Fig. 2). At a depth of z~ 30 cm,
a clear asymptotic line of the average temperature value is already visible,
around which oscillations occur. The straight horizontal line indicates the
establishment of an equilibrium constant temperature in the lunar soil. An
upward slope would indicate heating, and a downward slope would indicate
cooling.

Fig. 2. Model of the daily course of temperature distribution in the lunar soil (x) of
the equatorial region depending on the temperature on the surface (y) with superim-
posed fluctuations in the region of all possible values

The T(z) model, taking into account the known thermophysical properties of
the lunar soil and depending on the specified conditions on the surface (du-
ration of day and night, average day and night temperatures on the surface),
allows solving the inverse problem to determine the steady-state equilibrium
temperature in the lunar soil at depth. For example, according to this model,
the calculated constant temperature in the equatorial region at a depth of
45 cm is estimated at 254 K with a fluctuation of 1 K, which is in good agree-
ment with the measured data [6] (see Fig. 1).

Polar Region: According to a comparative analysis of several sites at the South
Pole, the most preferable site for accommodating a lunar scientific station [7]
is site #2, a flat hill on the rim of the Shackleton crater (Figure 3), where the
degree of illumination reaches 80 %, i.e., the lunar day lasts 80 %, and the
night 20 % [2]. In the summer season, the average temperature is 165 K, the
maximum is 255 K, and the minimum is 90 K (Figure 4) [3]. Given these condi-
tions on the surface, the calculated constant temperature at a depth of 45 cm
in the lunar soil is 230 K. In the winter season, the average temperature is
130 K, the maximum is 240 K, and the minimum is 80 K (see Fig. 4). Given
these conditions on the surface, the calculated constant temperature at a
depth of 45 cm in the lunar soil is 210 K.
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Fig. 3. Digital elevation mod- Fig. 4. Average winter (left) and summer (right) tem-
els of sites #2 by data on LRO peratures at site #2 [4]. The asterisk shows the loca-
spacecraft (NASA) [7]. The as- tion of the temperature estimate in the lunar soil
terisk shows the location of

the temp. estimate in the lu-

nar soil

Fig. 5. Model of the daily course of temperature distribution in the lunar soil (x) at site
#2 in the winter season (see Fig. 4) depending on the temperature on the surface (y)
with superimposed fluctuations in the region of all possible values

SUMMARY:

The T(z) model, depending on the given conditions on the surface (duration
of day and night, average day and night temperatures on the surface), al-
lows solving the inverse problem for determining the steady-state equilibri-
um temperature in the lunar soil at depth. The estimated constant equilib-
rium temperature in the lunar soil at a depth of about 45 cm on a hill near
the Shackleton crater with a degree of illumination of about 80 % in the
summer season is about 230 K, and in the Winter season it drops to 210 K,
which is 40° lower than in the equatorial areas where there is no change
of seasons.
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INTRODUCTION:

For various experiments, where, unlike analogs of lunar soil in terms of phys-
ical and mechanical properties, for example, VI-75 [1], the chemical and
mineralogical properties of the lunar highlands, as well as the particle size
distribution, are important, a new simulator of the lunar highlands soil VI-
LH1 was developed (Institute named after A.l. VI Vernadsky — Lunar High-
lands 1), made from natural labradoritic anorthosite complex without add-
ing any other components. This analogue is not close enough to the lunar
highland rocks in terms of the content of anorthite molecule, but its content
is close enough (compared to other available analogues). In addition, the
geochemical weathering of the material is relatively minimal. This material
is available in large volumes, which allows it to be used in large-scale ex-
periments. The geotechnical properties such as chemical and mineralogical
compositions, particle morphology, grain size distribution and bulk density
were determined. The results were compared with data obtained during the
Apollo-16 and Luna-20 missions and with other analogues.

MATERIALS AND METHODS:

A sample of labradoritic anorthosite was delivered from the Osnykovskoye
deposit, located in Zhytomyr region, Ukraine. This deposit is located on the
northern part of the Ukrainian crystalline shield. All the oldest rocks of mag-
matic origin are concentrated within its boundaries. Rocks from the Osnyko-
vskoye deposit, such as labradoritic anorthosite, are the best-selling orna-
mental stones of this rock in the CIS, and are also used in European countries.
To determine the composition and study the properties, the material was
preliminarily crushed to powdery state. Chemical analysis of the rock was de-
termined by x-ray fluorescence analyses on an Axious Advanced PW 4400/04
(Philips) using a basalt standard. X-ray diffraction analysis of powder prepara-
tions was performed using a MiniFlex 600 X-ray diffractometer. Interpretation
and phase diagnostics of the samples were performed using the Jade 6 soft-
ware package with connected PDF-2 powder databases. The composition of
accessory minerals as well as the morphology of particles were determined
by scanning electron microscopy on a TESCAN MIRA 3 instrument. The data
obtained by electron microscopy were analysed in Aztec program. The grain
size distribution was determined according to standard methods [2] by sieve
method for fractions larger than 0.1 mm and areometric method for smaller
fractions, using areometer AG (0995-1030). The density of hard particles was
determined by pycnometric method, with the volume of 100 ml container,
according to [3].

RESULTS:

The bulk chemistry of material of the Osnykovskoye deposit is similar to lunar
rocks in many aspects, but the difference is the higher alkaline concentra-
tion (K,0+Na,0), and in comparison with some analogues it is closer to lunar
rocks (Table 1). It is noted that most analogues of lunar highlands soils have
similar alkalinity [4—7]. This material is classified as intermediately related
to basaltic tracheandesites-andesites of normal and moderate alkalinity [8].

The main minerals, according to X-ray diffraction analysis, are plagioclase,
which accounts for 80 % (Table 2), biotite, quartz. Pyroxene and ilmenite
are also common, pyrrhotite, apatite, chromite are represented as acces-



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14MS3'MONR'}\E

sory minerals, olivine and magnetite are relatively rare, and hornblende is
presumably also found. The composition of plagioclases: 54 % of the rock is
labradorite with the concentration of anorthite molecule mainly 56-61 %,
reaching 72 % in some phases, 26 % is represented by andesine, the content
of anorthite molecule is 30-50 %. It is noted that the contained minerals are
characteristic of anorthosites in general [11].

Table 1. Chemical composition of VI-LH1 and comparison with Apollo-16 regolith
samples, Luna-20 regolith samples and some analogues of lunar highlands

VI-LH1 | A-16[9] |Luna-20[10] | JLU-H [4] | UoM-W [5]
Loi 1,06 0,77
Na20 | 4,25 0,43 0,40 4,95 13,40
MgO 0,83 6,00 9,15 0,06 5,21
A203 | 23,74 | 26,80 22,90 19,28 1,40
sio2 | 52,69 | 45,10 45,60 65,15 68,24
P205 | 0,81 0,10 0,01 0,33
K20 1,20 0,14 0,07 2,74 1,07
CaO | 10,20 | 15,60 14,50 6,45 9,06
TiO2 0,49 0,75 0,46 0,04 0,06
MnO | 0,06 0,22 0,10 0,01 0,01
FeO(t) | 4,64 5,40 7,50 1,18 1,40
Sum | 99,98 | 100,54 100,68 100,64 100,18

Table 2. Mineralogy of VI-LH1 during the XRD and SEM data

wt, %
Labradorite (An 50-70 %) 54
Andesine (An 30-50 %) 26
Biotite 10
Quartz 8
Other (olivine, pyroxene, ilmenite, etc.) 2

Due to the permanent bombardment of the Moon by meteorites and ab-
sence of weathering processes, most of the particles have a sharp shape [12].
To give this shape, the process of particle erasing is used. Based on visual
SEM analysis (Figure 1a), the developed analog has such particles, which is
consistent with the characteristics of lunar soil particles. Grain size distribu-
tion modeling demonstrated that the particle size is generally similar to that
of lunar regolith, based on Apollo-16 data (Figure 1b).
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Fig. 1. Image of crushed sample using SEM (a); Cumulative curves of particle size dis-
tribution for continental lunar regolith (Apollo-16 [13]) and lunar soil analogues (b)
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SUMMARY:

VI-LH1 is one of the most available and cheapest analogues of lunar high-
lands soil. This analogue is very similar in chemical and mineralogical com-
position to most other analogs, having some advantages. Most of the other
parameters of VI-LH1 are similar to the Apollo 16 lunar highland regolith and
match well with other highland simulants, confirming the high ability to sim-
ulate many lunar rock properties in the development of this analogue. This
analogue is supposed to be used for various experiments, including large-
scale ones, in which the main and most important requirement is the imita-
tion of lunar soil in terms of chemical, mineral, and granulometric composi-
tion. Also, such analogue will be useful for development and testing of new
methods and technologies, for example, lunar regolith sintering and lunar
biomining, as the development of new technologies at the first stage requires
a large amount of material. Such an analogue is also suitable for biological
and astrobiological experiments, since it is close to the most common lunar
highlands rocks in terms of chemical and mineralogical composition.
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INTRODUCTION:

Earth-based radar observations of the lunar South Pole provide detailed
topographic and polarimetric data for areas that are in permanent shadow
from solar illumination. Such areas may contain water-ice deposits as well as
various surface and subsurface features hidden from optical images [1-4].
Here we present new radar images (Fig. 1) and polarimetry data of the South
Polar Region of the Moon with a surface resolution of 75 m.

Earth-based radar observations were conducted in May 2023 using the
64-meter diameter antenna (TNA-1500) at the Bear Lakes Satellite Communi-

Fig. 1. Opposite-sense circular polarization radar backscatter image of the south polar
region of the Moon in orthographic projection. PSRs are circled in red [6], while white
arrows indicate several areas visible to the radar
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cations Center of the SDB MPEI and the 13.2-meter diameter radio telescope
(RT-13) at Svetloe observatory of the IAA RAS in a bistatic configuration at a
wavelength of 4.2 cm. At this wavelength, radar signals penetrate to a depth
of 1 m into the lunar regolith and are sensitive to surface and suspended
material with a diameter of about 1 cm and larger.

During our observations, the radar incidence angle at the south pole was
close to the maximum of 84°, which allowed the radar to illuminate as much
of the permanently shadowed regions (PSRs) as possible. The TNA-1500 an-
tenna was used to transmit a circularly polarized modulated signal, and the
RT-13 radio telescope received reflections in both senses of circular polar-
ization. Circular polarization of the signal is reversed after reflection from
smooth, radar-facing parts of the surface and the maximum power of the
reflected signal is expected in the opposite circular (OC) polarization, though
some of the signal is received in the same circular (SC) polarization as trans-
mitted, due to multiple reflections or diffuse scattering by surface or subsur-
face features with wavelength-scale roughness, such as rocks or cracks. The
circular polarization ratio (CPR) defined as the ratio between SC and OC is a
measure of roughness, rock abundance and material composition at the lu-
nar surface and below. Low CPR values correspond to smooth at wavelength
scales surfaces, while CPR values approaching one indicate targets with high
diffuse scattering such as impact crater rocky ejecta and fractured melt [5].
Measurements of receiving system noise temperature during the radar ob-
servations provided a reliable estimate of the CPR.

Analysis of the obtained radar images revealed areas with high backscatter
and CPR within permanently shadowed regions. The number and distribution
of rocks and irregularities at wavelength scales, on the surface and near-sur-
face layer of the regolith were estimated.
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INTRODUCTION:

One of the processes that define conditions for the retention of water ice
in the Moon’ regolith is the sublimation and condensation of water vapor
with a daily change in the temperature of the regolith surface. This process
involves free water, which, unlike chemically bound water, is not part of the
crystal lattice of minerals, but is retained by regolith, mainly in the pores of
mineral grains due to adsorption-desorption or by adhesion in high vacuum
conditions.

EXPERIMENTS AND RESULTS:

The physics of the processes is essentially similar to the processes occurring
in the pore space of the comet nucleus [1]. However, obtaining quantitative
estimates of the contribution of (re) sublimation to water retention in the
lunar regolith is associated with great uncertainties, since the known mea-
surements of vapor diffusion and condensation were carried out mainly un-
der atmospheric conditions. In solving this problem, conducting experiments
on laboratory vacuum installations in conditions as close as possible to those
existing on the lunar surface can help.

Proper experimental facility has been created at GEOKHI RAS to analyze the
processes of (re) sublimation of water ice in vacuum at low temperatures.
The range of (re) sublimation temperature is from -100 to 0 °C [2]. The de-
vice is connected to an isotope ratio mass spectrometer (IRMS), which allows
measuring the isotopic composition of vapors of an evaporating substance
and estimating the rate of sublimation under specified physico-chemical con-
ditions. The presence of direct gas input into the mass spectrometer in real
time distinguishes the developed installation from foreign analogues.

The IRMS setup revealed the strong dependence of stable hydrogen D/H iso-
topes fractionation value of the water ice during sublimation under lunar
conditions. It means low total pressure and temperatures from —20 to —60° C.
It turned out that not only the temperature has an important role, but also
the mineral composition on which the water ice was located. The effect is
associated with the features of condensation and adsorption of water vapor
on silicate minerals with different types of crystal lattices [3]. In particular, a
comparison was made with the known data on the isotopic composition of
water at lunar regolith minerals delivered by the Luna-20, -21, -22, -23, -24
and Apollo-14, -15, -16, -17 missions.
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The laboratory experiment was conducted at Joint Institute for Nuclear Re-
search with a prototype of planetary gamma-ray spectrometer (GRS) based
on a High Purity Germanium (HPGe) detector and a proton detector config-
ured with the GRS [1]. The main objective was to conduct experiment with
an irradiation of 11 samples of Rare Earth Elements (REEs) with high energy
protons (170 MeV) to find a set of uniquely characterized gamma-ray lines
that confidently indicate the presence of the given REE.

These measurements are acquired to understand the conditions of a hypo-
thetical space experiment on the lunar surface aimed for the reconnaissance
of lunar resources [2]. In this experiment, ambient gamma radiation is pro-
duced by charged particles of Galactic Cosmic Rays [3]. 45 significant gam-
ma-ray lines were found for 11 tested samples of REEs in total.

The obtained experimental results were used to predict the expected intensi-
ties of the REEs gamma-ray lines in a future gamma-ray spectrometric exper-
iment on the lunar surface. In particular, for a hypothetical lunar ore field [4]
it is estimated that a planetary GRS may detect Cerium after 1.6 h of signal
accumulations.
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A manned expedition to the Moon is fraught with a number of difficulties
and risks. One of them is hazard radiation on the surface. The absence of
an atmosphere and a global magnetic field allows particles of Galactic Cos-
mic Rays (GCRs) to freely bombard the lunar soil. GCR particles interact with
nuclei in the shallow subsurface to produce secondary nuclei, charged par-
ticles and neutrons [1]. Not only charged particles, but also neutrons pose
a radiation hazard to cosmonauts. The energies of these newly produced
neutrons are distributed over a wide range from tens of MeV up to tens of
GeV. The process of random diffusive propagation of neutrons occurs in the
subsurface layer with multiple collisions with rock-forming nuclei. The energy
of neutrons decreases at collisions and they are moderating during propa-
gation in the subsurface. Thus, the energy spectrum of secondary neutrons
emitted from the surface is ranging from tens of GeV, as an initial energy of
produced particles, down to the thermal energy with the temperature of the
subsurface material. It is obvious that the temperature of the subsurface soil
is a determining factor in the properties of the thermal neutron flux. The
presence of light nuclei such as hydrogen in the lunar soil reduces the flux of
epithermal and fast neutrons and increases flux of thermal neutrons. On the
other hand, the presence in the soil of nuclei with a large neutron absorption
cross-section may dramatically decrease the flux of the thermal and low-en-
ergy epithermal neutrons.

We present the results of numerically simulations of neutron spectra on the
surface of the Moon in the southern high-latitude region. Changes in the
obtained spectra depending on the temperature of the lunar soil, its compo-
sition, and hydrogen content are discussed.
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In August 2023 the Russian lunar landing mission Luna-Resurs (Luna-25) is
to launch. Onboard Service Television System (STS-L) consists of 8 cameras,
including four wide-angle cameras in the optical range, located on its side
panels and providing a 360-degree view of the surrounding surface. Images
obtained by these cameras will be used to get the topography of the landing
site.

All cameras were calibrated in the laboratory with an RMS not worse than
0.5 pixels. Relative calibration of the cameras was performed after the sys-
tem was installed on board the spacecraft. The maximum relative calibration
error did not exceed 1 image pixel (RMS 0.4 pixels). The STS-L was referenced
to the spacecraft coordinate system with an absolute RMS of 7.3 cm along
all 3 axes. This makes it possible to determine the position and orientation
of each STS-L camera in the Moon coordinate system (MOON ME) based on
transmitted telemetry data (obtained images).

During the controlled descent of the Luna-25 spacecraft, the STS-L system
will conduct operational survey of the landing till the touchdown. All ob-
tained data will be transmitted to Earth during the first weeks after landing.
The design of the STS-L system allows building stereo pairs from neighboring
cameras, but stereo covers narrow overlapping areas — up to 20 % of the
field of view. During the landing, due to vertical movement, it will be possible
to build stereo pairs from images obtained at adjacent time points, which will
increase the stereo coverage up to 80%. The entire set of images can be used
to obtain the topography of the landing site, as well as general information
about the distant terrain around the touchdown point.

The study will present the image processing technique and digital terrain
models obtained based on modeled image data (used for testing the tech-
nique) and first results of processing STS-L data (if available).
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Taking the advantages of the lunar-based environment, we could perform
multi-wavelength observations with an ultra-wide wavelength coverage, es-
pecially from extreme ultraviolet (EUV) to infrared (IR). A proposal to build
a Lunar-based UV-Optical-IR telescope/array for the International Lunar Re-
search Station (ILRS) was submitted by our collaborative research groups
from Russia and China in 2021. We kept on prompting it since then, and we
focus on optimizing the scientific objectives during the past year.

The optimized scientific objectives of this telescope focus on:

1) To carry out lunar-based UV sky survey and fine observations, obtain a
dynamically updated and complete UV catalog, conduct research on gal-
axy formation and evolution, and construct a picture of galaxy evolution
within 80 % of the universe’s evolution history;

2) To shoot dynamic cosmic “movies” in the near UV band, explore high-en-
ergy transients in the local universe and systematically study the ultravio-
let characteristics of variable sources in the Milky Way;

3) To investigate the habitability of exoplanets from a new and unique per-
spective, both space weather phenomena and the influence of small bod-
ies in planetary systems will be considered; discover new terrestrial exo-
planets in the habitable zones, study the characters of them, and explore
the future livable homes for mankind.

The optimization of the scientific objectives, some new simulations about the
scientific capabilities, and some new considerations about payload require-
ments over the past year will be introduced in this talk, as its concept and pre-
liminary science have been introduced in our previous talks and paper [1-6].
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INTRODUCTION:

Modern lunar lander missions often target the polar areas of the Moon due
to high scientific interest to high latitudes including the possibility of water
ice deposits being present in these areas. This constraint makes landing no-
ticeably more challenging[1]. Both lighting and radio visibility conditions are
more complex and variable at higher latitudes. In addition, the lunar sur-
face in these areas is more rough, with more slopes and obstacles that could
cause a landing failure, than at lower latitudes usually targeted before.

The planned landing site of a mission, while chosen well before launch, can
be modified at multiple points in the mission timeline including after launch.
The initial landing area can be refined based on the predicted or actual final
orbit before landing, and the spacecraft may be capable of autonomously
adjusting the landing point for safety reasons.

During the development of the Luna-25 mission we created special software
for optimizing the mission success chance and expected science value by
choosing the target landing site based on the actual orbit measurements tak-
en during flight, including precise measurements of the final orbit. The soft-
ware takes into account mission requirements, surface properties that affect
safety and scientific value (slopes and roughness from LOLA[2], hydrogen/
water content from LEND[3]), illumination and radio visibility conditions for
the mission dates based on simulated horizon[4], and ballistic restrictions on
the points where landing is possible. The software operator is provided with
a user interface for exploring this dataset and listing candidate landing sites.
The software uses a multi-factor ranking algorithm that enables the operator
to quickly produce a list of best landing site candidates for further simulation,
final landing site selection and implementation.

The software is not specific to the Luna-25 mission and can be used for future
lunar landing missions including, but not limited to, the planned Luna-27 and
Luna-28 landers if necessary.
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Lunar regolith may become important resource for future lunar exploration.
As a raw material, it may be used for making components of lunar infrastruc-
ture, also the artificial surfaces of regolith may become a protection of mech-
anisms of lunar dust. Therefore, development and technology for ISRU of
regolith is a subject of study for many research centers around the world
[1,2].

Such technology consists of three basic elements: preparing of regolith as
raw material, manufacture of particular elements and ensuring the neces-
sary mechanical properties of final products.

These three items will be discussed in this report: a short overview of already
obtained results will be presented as well as recent results obtained at A.A.
Blagonravov Mechanical Engineering Research Institute using additive SLM
technology.
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INTRODUCTION:
First spacecraft “Luna-25" of the new Russian program for the investigation
of Lunar polar regions was launched from the new cosmodrom “Vostochnyi”
August, 11, 2023.

During 9 days of spacecraft operations’ in interplanetary space and circu-
lar Lunar orbit scientific payload of this mission was successfully tested and
some instruments even provided some valuable results. Some of them will
be reported in this talk. However at August, 19, spacecraft braking for the
transition to the lower prelanding orbit was erroneously too strong and the
mission was aborted due to collision with the Lunar surface.

However, despite this tragic failure Russian Lunar program continues and
current plans for the next “Luna-26” — “Luna-27” — “Luna-28” mission are
updated and their scientific and operational plans will be presented during
this talk.
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INTRODUCTION:

Luna-24 was the last Soviet sample return robotic mission to the Moon. It
landed in 1976 in the SE part of Mare Crisium, drilled a bore-hole, loaded the
2-m long core of regolith material into the returned capsule and delivered it to
Earth. The samples received extended and intensive studies which showed that
the returned material is representive of a new very low-Ti (VLT) type of mare
basalts (e.g., [1-3]), which based on then-available remote sensing data, were
not expected in that place [4]. Later remote sensing studies did not result in
an explicit understanding of surface composition of that area (e.g., [5-7]). The
analysis was complicated by the lack in understanding of the local geology of
the landing site. Special searches in Lunar Reconnaissance Orbiter Narrow An-
gle Camera (LROC NAC) images led to discovery of the location of the Luna-24
lander on the lunar surface, sitting on the rim a of 65-m crater, Lev [8] (Fig. 1).
Roscosmos plans to send the Luna-28 mission to the South polar area of the
Moon to return samples from this very interesting region (frozen volatiles in
regolith and location on the rim of the largest and most ancient from known
South Pole — Aitken basin) [12-13], it is thus worthwhile to recollect the last
Soviet sample return from the Moon, the Luna-24 mission.

Fig. 1. Surface of Mare Crisium at the Luna-24 site; portion of LROC NAC image
M119449091RE. Arrow shows the lander at the rim of crater Levy, see also inlet (left).
Artistic representation of the Luna-24 liftoff, rendered from the image provided by
http://russianspaceweb.com/luna24.html (right)

DESCRIPTION:
In this paper we consider the results of photogeologic analysis of LROC WAC
and NAC images, Kaguya Terrain Camera images, as well as Lunar Obiter La-
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ser Altimeter (LOLA) data. Also analyzed were data taken by the Moon Miner-
alogy Mapper (M3) [9]. The analysis of LOLA gridded topography with spatial
resolution of 512 px/deg covers area ~200x200 km while analysis of LROC
WAC mosaic (100 m/px) covers the area from 10 to 15° N and from 60 to
65° E (~150%x150 km). These data provide the regional context of the study:
This area includes the SE part of Mare Crisium and part of the Crisium basin
highland rim. The analysis of the Kaguya Terrain Camera mosaic (7.7 m/px)
covers the area 31.5x41 km around the Luna-24 landing site including the
6.5 km crater Fahrenheit, whose ejecta probably reached the Luna-24 site,
and the adjacent mare plains. Our goal was to understand geology in the
vicinity of the Luna-24 site, aiming to select the sites to study the surface
composition based on the data gained by the Moon Mineralogy Mapper [9].
The analysis of the LROC NAC images (0.5 to 1.4 m/px) was intended to un-
derstand details of the geology of the Giordano Bruno rays and secondary
craters, including those in the close vicinity of the Luna-24 site [10].

LW PN "‘ it ¢ £ (84 b ;
Fig. 2. The vicinity of the Luna-24 site seen on the LROC WAC mosaic. The black box
outlines the area shown on the right (left). : Portions of the Kaguya Terrain Camera
mosaics, morning version. Crater Fahrenheit (6 km diameter) is in the upper left. Red
stars show the landing site (right)

The analysis of LROC WAC mosaic showed that Luna-24 landed on the mare
surface with craters of various size and wrinkle ridges. Relatively bright, dif-
fuse features considered to be rays from the distant highland 22-km crater
Giordano Bruno crater [10] are observed near the landing site and at great
distances. Outcrops of highland terrain are observed ~40 km SE of the land-
inte site are probably one source of the minor admixture of highland material
in the Luna-24 core. Study of the Kaguya mosaic combined with other infor-
mation revealed no evidence for distinct individual lava flows or mare units
r. It was also shown that the area was affected by ejecta from the 6 km di-
ameter Fahrenheit crater, which should be well-mixed with local regolith; its
percentage in the regolith should be rather small. Study of LROC NAC images
within the Luna-24 landing area led to better understanding of the structure
of Giordano Bruno rays [10]. An overview of the region using M3 data [11]
indicates that local craters have excavated two types of mare basalt in the re-
gion, one of which is distinctly olivine-rich. The spatial resolution of M3 data
and limited number of measurable craters near the Luna-24 site, however, is
insufficient to determine which basalt type is likely to dominate the Luna-24
sample from M3 data alone.

CONCLUSIONS:

The above consideration suggests that Luna-24 landed about 7 m northwest
of its rimcrest of the 65 m crater Lev (one of the secondaries formed 5—-10 m.y
ago by ejecta from the distant farside crater Giordano Bruno). Earlier events
likely are recorded in the sample including ejecta from 6.5 km crater Fahren-
heit. They should be derived from a depth ~100—400 m; models suggest that
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they should be deposited at the Luna-24 site in an amount equivalent to a
layer ~0.5 m thick. This depth suggests that at least part of the ejecta could
have been derived from the central to lower parts of mare forming lava flows
(for example, potentially both types of maria detected by M3 data [11]) and
that they should be relatively coarse-grained. At the Luna-24 landing point,
the estimated thickness of crater Lev ejecta is 0.5 to 1 m. During the land-
ing event an unknown upper part of the surface material was likely to have
been blown away by the descent engine plume. Taken together, these data
provide new insights into the characteristics and provenance of the Luna-24
core materials, and provide a model for the sequence of event represented
by changes of sample characteristics with depth in the core. A concentrated
re-examination of Luna-24 results, together with new Luna-24 sample anal-
yses should be undertaken with these results as an interpretive framework.
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INTRODUCTION:

The southern circumpolar region of the Moon (SCR) is a geologically complex
area [1] whose topography was largely formed by four major impact events [2—
3]: the South Pole-Aitken (SPA), Bailly, Amundsen-Ganswindt, and Schrédinger
basins. The close areal clustering of the four basins suggests that their ejecta
came from similar crustal (and possibly mantle) domains of the Moon [4].

The Artemis region [5] is in a zone interpreted to be on the rim of the SPA
basin where the ejecta could be contiguous and thick. Their estimated model
thickness is ~5.4 km. Most of successive impacts [1] caused excavation and
re-distribution of the SPA ejecta materials, which therefore could potentially
be found throughout the SCR and in all Artemis sites as well.

Diameters of the post-SPA basins, Bailly, Amundsen-Ganswindt, and
Schrodinger vary from ~300 to ~350 km. This means that the excavation
depth of their impacts exceeded the model thickness of the SPA ejecta, and
ejecta deposits of these basins likely contain a significant proportion of ma-
terials characterizing the earliest (pre-SPA) stages of lunar evolution. Thus,
ejecta of these basins has very high scientific potential.

The region of the Artemis landing sites is near the southern portion of the
Amundsen-Ganswindt basin. This basin is thus likely to represent the major
contributor of materials that have been deposited at the landing sites. The
Amundsen-Ganswindt basin (AGB, ~350 km diameter) is within the Mg-py-
roxene zone of the SPA, away from the central compositional anomaly of the
basin [6]. The AGB impact likely excavated materials that are not contaminat-
ed by SPA impact melt.

DIGITAL FORMATS FOR FIGURES:

In order to estimate a model thickness of ejecta of impact craters and ba-
sins within the Artemis region, we used models proposed in [7] for craters
<45 km, [8] for craters 45-300 km, and [9] for basins >300 km. The relative
ages of the deposits with the estimated thickness were derived from the re-
cently published geological map of the SCR [1].

In all landing sites studied in our work, the model thickness of ejecta of the
Amundsen-Ganswindt basin exceeds several hundred meters, ranging from
~400-500 to 1500-2000 m. Ejecta of the younger craters that overlay depos-
its of the basin are relatively thin, with the mean model thickness ranging
from zero to ~650 m. The usually adopted estimate of the excavation depth
(1/10 of crater diameter, e.g., [10]) suggests that relatively small craters (sev-
eral kilometers diameter) formed on the surface of the pre-Nectarian depos-
its can excavate ejecta of the of Amundsen-Ganswindt basin. These craters
could represent targets of higher priority.

Although the composite layer of deposits from the smaller craters that man-
tles the Amundsen-Ganswindt ejecta was derived from different sources, it
still represents a generalized sample of materials ejected from the SPA basin.
Because most of the craters responsible for the formation of the compos-
ite layer are concentrated in the SPA rim zone, they re-distributed materials
ejected by the SPA impact from the upper portions of the ancient lunar crust.
Thus, the suites of deposits in the Artemis sites allow analysis of both the
lower (the Amundsen-Ganswindt ejecta) and the upper (the SPA ejecta) hori-
zons of the ancient lunar interior.
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The other intriguing feature of the SCR is the local enhanced concentration of
hydrogen in the regolith [11-16], which is usually interpreted as a constituent
of water [12]. Within the Artemis region, ejecta of four craters, Cabeus, Shoe-
maker, Haworth, and Faustini are characterized by the higher concentration
of hydrogen, which can be as high as 0.5 mas% of water equivalent hydrogen,
WEH [15]. The higher values of the WEH characterize both the interior and
the zone of contiguous ejecta of these craters. The hydrogen-bearing phases
are likely to represent extremely friable components of the regolith. Still, it is
important to analyze ejecta of craters with the high WEH in order to constrain
both the physical state of hydrogen, its sources, and possible modes of its
accumulation and preservation in the regolith. In several proposed landing
sites, ejecta from craters Shoemaker, Haworth, and Faustini comprise the up-
per portion of the regolith layer and the hydrogen-bearing materials may be
present on the surface of these sites. The total model thickness of ejecta of
these craters may be up to 150-250 m.
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INTRODUCTION:

Luna-16 drilled and returned to Earth a core sample that represents the up-
permost 35 cm of lunar regolith at the landing site [1]. Although the Luna-16
drill core shows no distinctive layering, it was divided into several zones ac-
cording to changes in the median grain sizes of the regolith particles [1]. The
vertical distribution of particles of different types shows that agglutinates are
the dominant type of particles in zones A, C, and D. Zone B is dominated by
breccias, and agglutinates in this zone are as abundant as gabbro particles.
The presence of such contrasting components as gabbro/basalt and anor-
thosite indicates different sources of materials deposited in the landing site
region.

NON-MARE COMPONENTS:

The non-mare components of the sample are obviously sourced from numer-
ous rays extending radially from craters within the highlands. In the landing
site area, the rays are mostly oriented in the SW-NE and SE-NW directions
(Fig. 1). The most likely source of the NW-trending rays is the crater Lan-
grenus (~300 km SE of the landing point), whose rays and secondary craters
can be traced to the landing site region. In the vicinity of the landing site
there are no rayed craters that could have been the sources of the NE-trend-
ing rays. One of the rays of Tycho crater (~2,500 km SW of the landing site),
however, extends in the northeastern direction and is recognizable near the
landing site within about 5—10 km. Tycho crater may thus represent a poten-
tial additional source for the non-mare materials in the Luna 16 regolith, sim-
ilar to soil fragment at the Apollo-17 site in SW Serenitatis [2], even further
from Tycho.

MARE COMPONENTS:

The gabbro and basalt particles in the Luna 16 sample obviously represent
fragments of volcanic materials that had different thermal histories. They
may have been brought to the landing site from different sources within
Mare Fecunditatis. Alternatively, the gabbro and basalt particles may rep-
resent fragments of a single lava flow(s) that experienced different cooling
history. For example, basalts may correspond to the rapidly chilled boundary
layers, whereas the gabbroic particles could form in the slow cooling interior
of the flow(s). The mutual occurrence of basalt and gabbro particles in one
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core may be additional evidence of mixing of materials composing the Luna-
16 core. The apparent emplacement of multiple flows of volcanic materials
in Mare Fecunditatis suggests that their absolute radiometric ages can vary
depending upon duration and time separation of different volcanic phases.

AGE DETERMINATIONS:

The large error bars of the earlier determinations of the absolute age,
3.5+0.6 Ga (Fig. 2) could be partly the result of mixing of materials with dif-
ferent emplacement times in one analytical sample, which was derived from
gabbro particles analyzed from different zones of the sample [3]. In contrast,
the absolute age of a single basalt particle [4] is much more well-constrained
(see Fig. 2). Later studies of the absolute ages of volcanic particles in the
Luna 16 sample (see Fig. 2) showed either ranges of ages [5,6] or a bimodal
distribution of ages [7]. These results suggest that the volcanic materials in
the Luna-16 sample have different sources that probably were active at dif-
ferent times.

Absolute model ages
Absolute radiometric ages (CSDF measurements)
(Rb-Sr and Ar-Ar methods) | Hiesinger et al.,
2006

Our study

3.0

Age, Ga

highlands
1 @ domain
mare
4.0 - . @ o
Fé landing site
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(T} Vinogradov, Artemaov, 1974
4.2 = | (@) Papanastassiou, Wasserburg, 1974 @urﬂmn
(3} Cadogan, Turner, 1977 FaOITiO2
1| (@ Cohen et. al, 2001 @L.lng(!nus
(%) Fernandes, Burgess, 2005 floor
44

Fig. 2. Comparison of the radiometric ages of particles in the Luna-16 sample and
collection of the results of the AMA determinations in different parts of Mare Fecun-
ditatis

CONCLUSIONS:

This conclusion seems to be in agreement with the results of AMA determi-
nations from CSFD measurements. The different spectrally defined units in
Mare Fecunditatis are characterized by a variety of AMAs [8] and these ages
have a bimodal distribution. The younger AMAs are clustered at ~3.35 Ga and
the older AMAs are around ~3.65 Ga (see Fig. 2).

Our determinations of AMAs in the area around the landing site and in the
region with uniform distribution of FeO and TiO, (see Fig. 2) are consistent
with most radiometric age determinations and we conclude that they are
likely to reflect the latter stage of emplacement of volcanic materials in Mare
Fecunditatis, between about 3.5-3.4 Ga ago (see Fig. 2). Although older ra-
diometric ages have not yet been reported, the presence of older basalts in
the Luna-16 sample cannot be ruled out, taking into account the well-mixed
character of the sample and, thus, multiple sources of its materials and evi-
dence for the emplacement of multiple phases of lavas in Mare Fecunditatis.
Further analyses of Luna-16 samples and radiometric age determinations on
a larger number of fragments should be undertaken.
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INTRODUCTION:

The Cryptomare is a mare basalt deposits covered by impact ejecta, which
records early lunar volcanic activity (3.8 ~ 4.35 Ga) [1], and can provide im-
portant information on the thermal evolution of the moon [2, 3]. Currently,
the recognition of the Cryptomare is mainly based on the Dark Haloed Crater
(DHC) by using the visible data [4]. However, the recognition is heavily affect-
ed by shadow effects in images and by space weathering [5].

In China’s Chang’E (CE)-1/2 missions, a microwave radiometer (MRM) was
onboard to passively measure the brightness temperature (TB) of the rego-
lith. The MRM data are sensitive to the thermophysical features of surface
deposits within the penetration depth [6]. Thus, MRM data were tried to way
to assess the distribution and dielectric properties of surface deposits in the
cryptomare, sampled by the Balmer-Kapteyn region.

METHODOLOGY:

The CE-2 MRM data were used in this work. The instrument obtained a total
of approximately 3650 observation records in one orbital period (118 min).
The observation angle of the instrument was 0°. The radiometric sensitivity
of the MRM data was better than 0.5 K [6]. After ascribing the the observed
MRM points into 24 lunation hours, the Delaunay triangulation linear inter-
polation method was used to generate TB maps of the Balmer-Kapteyn re-
gion with a spatial resolution of 0.25x0.25°. Then, The normalized TB (nT,)
mapping method, defined by Z. Meng et al. [7], were applied to weaken the
change of the TB with latitude (Figure 1).

RS g P

el 1 01 =

Fig. 1. nT, maps of the Balmer-Kapteyn region at noon (left) and night (right): a —
3.0 GHz; g— 7.8 GHz; ¢ — 19.35 GHz; d —37 GHz. Black line: cryptomare unit, white
line: mare unit [2]
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FINDINGS:

1. DEFINING MARE-LIKE CRYPTOMARE DEPOSIT

In cryptomare unit, the regular T, performances occur in the central part
marked C (see Fig. 1), which indicates relatively high nT, values at noon,
relatively low nT, values at nlght and relatively high dT vaIues Similar T,
performances are also found in the basaltic deposits of %e Maria Imbrium,
Moscoviense, Apollo Basin, and Riimker regions [7, 8]. That is, the material
in Region C appears to be mare deposit. However, in the Balmer-Kapteyn
cryptomare region, the existence of mare deposits is impossible, because the
impact ejecta is as thick as at 33 m [3]. Thus, we denote the materials found
in Region C as mare-like cryptomare deposit (MCD).

The discovery of MCD is helpful for improving our understanding of basaltic
volcanism in the Balmer-Kapteyn region. Here, the buried mare deposits in
Region C were lacking in the Th element, indicating that the buried mare
deposits in this region are in a younger episode compared with the north-
ern part of the Balmer-Kapteyn region. Thus, there are at least two kinds of
buried mare deposits in the Balmer-Kapteyn region, which erupted during
different episodes.

2. FINDING A CONSTRUCT-LIKE VOLCANIC FEATURE

In Region R, at daytime, the nT is relatively low at 3.0 and 7.8 GHz, similar at
19.35 GHz, and is clearly hlgher at 37 GHz compared with the nearby regions;
at night, the nTB is clearly lower than its vicinity. The nT, behaviors evidence
that there are abundant rocks in Region R.

Considering that the penetration depth of the MRM microwave is at least
several tens of centimeters and is much larger than the micrometer-scale
penetration depth of the RA-related thermal infrared data, this phenomenon
implies that there likely exists a hidden construct in Region R.

Based on Clementine UV-VIS data and M3 spectra data, B.R. Hawke et al.
[2] and X. Wang and D. Qiu [3] both mentioned the special compositions in
crater S, which are gabbro and monzogabbro enriched in high-Ca pyroxene.
Considering that Region R is located just within Region C and that they both
represent late-episode volcanic activity, we propose that the hidden con-
struct in Region R is probably a construct-like volcanic feature.

3. DISCOVERING SPECIAL MATERIALS WITH LOW T DIFFERENCE

When generating the T, difference (dTB) map between the T, maps at day-
time and at night (Flgure 2), there exists low dT, anomaly in the mare unit
within the Vendelinus crater and the northwest and southwest ports of the
study area, marked by the yellow line in Figure 2.

Fig. 2. (a) Low-dT, anomaly outlined (orange line) in the dT, map at 37 GHz.
(b) Boundary of the low-dTB anomaly expressed in the WAC image. The
das}|1ed lines are boundaries of the impact ejecta identified by B.R. Hawke
etal. [2].

The regional geochemistry and chemical components of the Balmer-Kapteyn
region have been fully studied by B.R. Hawke et al. [2] and X. Wang and
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D. Qiu [3], but none of the components appear to be responsible for the
low-dT, anomaly, at least in geographical position. That is, there probably
exists a new chemical component that has not been identified, at least in the
Balmer-Kapteyn region, which causes the low-dT, anomaly.

When projecting the boundary of the low-dT, anomaly and the boundar-
ies of the ejecta interpreted by B.R. Hawke et aI [2] on the WAC images in
Figure 2b, a strong correlation between the low-dT, anomaly and the im-
pact ejecta identified by B.R. Hawke et al. [2] was observed. We mentioned
that the low-dT; anomaly in the western part comprises large portions of the
ejecta from the Langrenus and Petavius craters. In the southeastern area,
the special material mainly exists in the ejecta from the Humboldt crater.
In particular, the boundary of the low-dT, anomaly largely agrees with the
northeastern margin of the ejecta from the Petavius crater in the southwest-
ern area. These agreements suggest that the special material is probably the
ejecta of large craters. Considering the large excavation depth of large craters
such as Langrenus, Petavius, and Humboldt, according to the cratering nu-
merical simulation [8], the special material should originate in the deep layer
of the lunar crust [9].
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INTRODUCTION:

Impact craters are the most common type of landform on the Moon. Small
lunar craters are susceptible to changes in topography and surface processes.
The study of crater degradation provides new data on lunar erosion. Recent
orbiters have provided higher-resolution remote sensing data of the lunar
surface, which enable reliable and accurate estimation of morphometric pa-
rameters for even small craters [1-2].

We present results of a study of morphologically prominent craters on the
Moon in four regions: Mare Fecunditatis, Mare Crisium, Mare Serenitatis and
Montes Apenninus. Aim of our research is to receive quantitative estimates
of different aspects of crater degradation.

APPROACH:

In order to work out a methodic of the study and to pursue the main goal
of our study, we have selected 24 morphologically prominent craters in a
diameter range from ~5 km (Webb-U) to 14.4 km (Greaves). For each crater,
we have conducted crater size-frequency distribution measurements (CSFD)
both on the rim and walls using the Kaguya mosaics with resolution ~7 m/px.
On the rim, measurements were made in four polygons within a one-radi-
us-wide zone around the crater rim crest. Inside the craters, measurements
were conducted on the northern and southern portions of the wall where
illumination conditions permitted confident identification of craters. Along
with CSFD measurements, we also have measured steepness of the northern
and southern walls of the studied craters by constructing topographic pro-
files and then by linear best-fit approximation of the walls. We used the LOLA
gridded topography map with spatial resolution of ~60 m/px.

RESULTS/DISCUSSION:

In the vast majority, the density of small craters in the rim areas of the larger ones
is higher than on the crater walls and its ratio (Dr/Dw) varies from ~0.6 up to
124 for all diameter bins (root-2 binning). Compared sections differ in steepness.
The difference in crater densities on rims and walls of larger craters is due to the
higher erosion rates on the inner slopes of craters compared to the lower erosion
activity on the subhorizontal rim areas. Values of Dr/Dw, which are less than 1,
are rare and are found for the smallest crater diameters (11-23 m). These craters
are underrepresented in the data sample due to the spatial resolution of the im-
ages. Thus, these values may not reflect certain trends and have random nature.

There is a tendency of increasing of the Dr/Dw ratio as the mean diameter
of the superimposed craters increases. This tendency may suggest that the
larger craters on the walls are more effectively erased compared with the
smaller craters. Such an explanation does not seem plausible and we believe
that an observational effect is responsible for the increase of the ratio. The
mass-wasting processes on the steep-sloped walls (23—33° for the studied
craters) constantly modify the older crater populations erasing the smaller
craters and modifying the larger ones. The larger craters are losing their dis-
tinctive morphologies and are not recognized as impact structures. The small-
er craters on the walls represent the younger crater populations that had
more chances to survive as recognizable features. That tendency is weakly
manifested for the Apenninus craters (Marco Polo-H, Galen, Conon-A). That
may be due to the fact that geological structure of the Apenninus region
(ejecta from Mare Imbrium) differs from other areas (mare basalts).
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There is a noticeable correlation (Spearman’s correlation coefficient = —0.64)
between the crater age and the steepness of crater walls (Fig. 1) for mare
regions. The estimated rate of mare basalts’ craters wall flattening is 1.7 deg/
Gyr, which is extremely low. Addition of Apenninus craters into the sample
leads to decreasing of correlation coefficient (—0.50).
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Fig. 1. Correlation between crater AMA and the slope of its walls

Comparison of the densities of the superposed craters on the northern (equa-
torward) and southern (poleward) walls of the studied craters illustrates how the
wall exposition and different thermal regimes affect mass-wasting processes. For
8 out of 13 craters in Mare Fecunditatis the density of superposed craters on
the equatorward wall is systematically lower (Fig. 2 left). For these craters the
difference is pronounced and a deficiency of the smaller craters (35—-80 m di-
ameter) on the equatorward wall is sufficient. These differences suggest that on
the northern wall mass-wasting processes were more effective compared with
the southern wall and removed a layer ~3.5—-8 m thick. These estimates suggest
erosion rate as high as ~2 mm/Myr. Some craters located at 0° latitude show no
difference in the crater density on the walls (Fig. 2 right). There are also no sig-
nificant differences in crater densities on the inner slopes of the craters in other
regions such as Mare Crisium, Mare Serenitatis and Apennines. Consequently,
the effect of surface exposure on the intensity of mass wasting is ambiguous.
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Fig. 2. Crater cumulative densities on the northern and southern walls. Cumulative
crater density on the southern (poleward) wall of crater Webb-U (2.70 Ga) is signifi-
cantly higher for the superposed craters larger than ~60 m (left). Identical densities of
the crater Taruntius-P (1.35 Ga) which is located at 0° latitude (right)

To estimate the erosion rates on crater slopes relative to the flat rim areas
(Fig. 3), we used Dr/Dw ratio in all diameter ranges of superposed craters.
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The erosion rates (Er) were calculated using the formula:
Er = (Mdwx0.1xDr/Dw)/(Ac — Aw),

where Mdw is the median diameter of the population of superposed cra-
ters on the walls; Ac is the absolute model age, AMA, of the study crater
(from CSFD measurements in the crater rim areas); Aw is the AMA on the
inner walls of key crater. Estimated erosion rates vary over large ranges and
decline sharply with time (see Fig. 3). Thus, for our youngest crater, Messi-
er (0.31 Ga), the calculated rate is 275 mm/Myr, and for our oldest crater,
Conon-A (3.6 Ga), the rate is 3.6 mm/Myr. Our estimates are an order magni-
tude higher than the rates reported earlier [3—5]. However, our estimates are
related to the steep-sloped walls where the higher erosion rate is expected.
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INTRODUCTION:

Crater Plaskett (81.63° N, 176.71° E, 114.34 km diameter) is a pre-Imbrian
impact structure in the northern subpolar region of the Moon. It has a pro-
nounced steep and terraced walls, flat floor, and a massive central peak. In
each of the three areas boulders are exposed both as individual rocks and
clusters; some boulders have rolling marks. The flat floor of the crater sug-
gests that it is covered by either impact melt or basaltic flows. In any case,
the floor is paved by stronger rocks compared to material that makes up the
walls of the crater that likely represent masses of megaregolith displaced
during the Plaskett impact event. In this paper, we present our estimates of
the absolute model age (AMA) of the crater.

METHOD:

Available data on the surface composition in the polar regions [1] do not show
the presence of basaltic lava flows on the floor of Plaskett. Because of this, we
presume that the flat floor of the crater is covered by impact melt and, thus,
represent an ideal area for crater size-frequency distribution (CSFD) measure-
ments [2] and estimates of the crater’s AMA [3, 4]. For CSFD measurements we
used medium (WAC, 100 m/px) and high (NAC, 0.5-1.5 m/px) spatial resolution
images obtained by the LRO orbiter [5]. A mosaic of WAC images was the main
photographic base for our measurements. Its resolution is sufficient to identify
craters larger than 500 m diameter. However, significant portions of the floor
are in shadows in the WAC mosaics. For these areas, we used both mosaics of
NACs and the LOLA LRO DEM with resolution of 20 m/pixel [6].

We used the ArcGlIS CraterTool [7] to map primary craters (>0.1-0.5 km) and
exported their measured diameters to the Craterstat software [3], which pro-
vides the possibility to fit measured CSFD by isochrons [4, 8]; obvious clusters
of secondary craters were excluded from the count areas.

In our CSFD measurements we used three data sets with different spatial
resolution. Data with the coarser resolution (WACs) allows measurements
of craters larger than 400-500 m, which is the lower lower limit of measure-
ments on our study.

Fig. 1. LROC WAC mosaic partially overlaid with LROC NAC images to interpret craters.
On the left, the area of the floor of the Plaskett is bounded in translucent pink, on
the right, in translucent blue, the part of the floor is shown, on which the LRO WAC
mosaic is informative for CSFD of the floor
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In our work, we determined CSFD within the entire floor of Plaskett imaged
by the WAC, NAC, and LOLA DEM data (area is 3790.6 km?, 515 measured
craters) and within a part of the floor imaged by the WAC images only (area is
1619.5 km?, 280 measured craters) in order to see if there are significant/sys-
tematic dlfferences between the AMAs obtained with the help of the slightly
different data sets. In both cases, the count areas are large enough to provide
reliable estimates of the AMAs [9].

RESULTS AND DISCUSSIONS:

The AMA of Plaskett was estimated to be 4.00+0.01 Ga based on CSFD for the
entire floor area and 4.00+0.02 Ga based on data for the area where analysis
was performed using only LROC WAC images (Figure 2).
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Fig. 2. Size-frequency distribution of superposed primary craters: black-white squares
- on the floor of the Plaskett, red squares - on the floor part of the Plaskett on which
the LRO WAC mosaic is informative

The differences in dating are practically absent, which is an exopected re-
sults. The AMA of Plaskett estimated in our study corresponds to pre-Nec-
tarian epoch according to the chosen chronology model [4, 8] and, thus, is
strongly different from the age ascribed to the crater in [10]. We believe that
our estimate of the Plaskett AMA is more robust because it is based on the
results of direct CSFD measurements.
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The studied section of the Aitken crater floor is a compact group of 5 small
craters. This area is located about 20 km east of the central peak of the Ait-
ken crater and is clearly visible on all orbital images, starting with the Lunar
Orbiter spacecraft (1967-1968), and on maps. The surface of three of the five
mentioned craters attracts attention with its unusual topography, as it is cov-
ered with domes. In some publications the relief of this type was called “bul-
bous fields”. Figure 1 shows a general view of the studied area (~20x16 km)
on a map fragment. Table 1 shows the dimensions of all 5 craters. The map
fragment and the data in the table are obtained on the basis of LOM (https://
quickmap.lroc.asu.edu).

Fig. 1. General view of the Aitken crater floor in the area of the “bulbous fields”. The
conditional unofficial names of the four craters, which are used within the text of
these theses, are indicated in capital letters. Aitken G crater is the generally accepted
official name on lunar maps

The images and the map show that the material covering the floor of crater A
is noticeably darker than all the other 4 craters. However, the structure of the
floor in craters B, C and G attracts the most attention. Craters B and G, com-
pletely covered with pronounced domes, look especially impressive.

Table 1. Approximate dimensions of the five craters discussed. Craters B and G have
an oval shape, so two values are indicated for them in the “diameter” column. Ap-
proximate average depth values are given for the craters B, C and G due to their com-
plex topography

Crater Diameter, km Floor diameter, km Depth, m
A 5.9 4.2 270
B 5x6 4.0 200
C 3.8 3.0 160
D 4.3 1.5 570
G 5x6 4.2 100
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It follows from the table that crater D, yielding to crater A in diameter by one
and a half times, exceeds it in depth by more than two times. While its floor
is more than three times smaller in diameter. Also striking is the large shad-
ow from the southwestern part of the wall of crater D, as well as the small
size of its floor. These characteristics served as the basis for a more thorough
consideration of crater D.

On the 3D-model [1], built by us from the images of the Apollo Space-
craft (https://wms.lroc.asu.edu/apollo/browse), it is clearly visible that
crater D is noticeably deeper than the rest in the studied area. The great
depth of the crater just did not allow us to examine its structure in detail
on our model. Then we turned to the LQM database in order to better
understand its topography. To begin with, we built high-altitude profiles
using the Arc tool. Figure 2 shows the cross-section profiles of crater D
constructed by us in two different directions. The graphs below show that
the slopes of the crater wall and its floor are distinguished by a clearly
defined relief. At the same time, the slopes of the wall are quite steep,
and a rather curious relief is visible on the floor of the crater, the shape
of which attracts attention.
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Fig. 2. High-altitude profiles of crater D in two sections, built on the basis of LQM map:
on the left — along the meridian passing through the center of the crater floor; on the
right — along the circle of latitude through the same center

The first thing to note is the absence of a flat bottom flooded with cooled
lava from the melt of the lunar soil. Instead, a fairly smooth convex surface
is clearly visible, covering the entire territory of the floor within the foot of
the inner slope of the crater wall. There is no melt substance on this sur-
face, which is characteristic of the crater formation process. There is no pro-
nounced peak in the central part of the floor, as it happens in the so-called
complex craters, and the vicinity of the crater itself is not covered with lunar
soil emissions, which usually accompany the explosive process.

Fig. 3. The crater D view in high-resolution image taken by the NAC camera aboard
the low-orbit LRO station. Image M176494896LC 11/21/2011, 06:07 (https://wms.
Iroc.asu.edu/Iroc/search)
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The properties of crater D that we have discovered, listed above, allow us to
make the assumption that in the case of this crater we are dealing not with
the usual, but with a unique case of crater formation. Apparently, the veloci-
ties of the impactor’s fall, and therefore the energy of the impact itself, were
small enough to lead to the melting of the soil at the point of the fall, as well
as to the destruction of the impactor itself. Most likely, it is a slow asteroid,
the energy of which was enough to penetrate into the lava lake of Aitken to
a considerable depth of several kilometers. But it was not enough to lead
to the formation of an explosive process with significant heating of the sub-
stance at the point of contact and the release of the substance around the
crater D.

Apparently, the substance of the asteroid-like impactor turned out to be
quite dense, as a result of which excessive pressure was created in the sub-
surface layer in the vicinity of the “drowned” asteroid, which led to the for-
mation of domes in three nearby neighboring craters: crater B, crater C and
crater Aitken G. The combination of domes on the floors of the three named
craters formed a rather rare geological phenomenon on the Moon, called
“bulbous fields”.
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INTRODUCTION:

The dynamics of the Earth-Moon system is considered in detail in our several
articles [1-3] and presented in our report at the 13" Moscow Symposium on
the Solar System (2022). The questions of the dynamics of the Venus-Mer-
cury system are discussed in detail in the articles in the collection “Solar
System” (2017) [4-5], in the article in the collection “Essays on Geophysical
Research” (2003) [6], as well as in some articles by other authors.

DYNAMICS OF THE EARTH-MOON SYSTEM:

An analysis of a huge amount of geological and geomorphological data, car-
ried out by a number of researchers and summarized in [7], indicates the
latest (over the past 3—1 million years) synchronous uplifts of the Earth’s sur-
face. Our analysis shows that modern uplifts of the earth’s surface in the cir-
cumpolar regions are mainly associated with a decrease in the compression
of the earth’s surface due to a decrease in the Earth’s rotation rate due to
tidal braking due to the gravitational influence of the Moon. Similar conclu-
sions were made in the book [8] in the section “Tectonic Consequences of
the Moon'’s Tidal Interaction with the Earth”. Consequently, lunar-terrestri-
al tidal interactions primarily played the role of a “trigger” mechanism that
launched tectonic processes on Earth. This is a very important and, apparent-
ly, the main consequence of the influence of the moon on our planet. If the
Moon did not exist and the preliminary heating of our planet occurred only
due to the decay of radioactive elements, then the Earth would still remain
for about 2-2.5 billion years. Years as a tectonically passive planet and the
cryptotectonic (Katarchean) epoch would have lasted not 600 million years,
but all 2.6-3.1 billion years in a row and the first tectonic movements of the
earth’s interior appeared only about 2.0-1.5 billion years ago.

It follows that if the Earth did not have its large satellite, then now it would
have been dominated by tectonic conditions of the early Proterozoic or even
late Archean. Thus, we can conclude that all dynamic phenomena and cli-
mate change on Earth are due to the presence of the Moon and the evolution
of the Earth-Moon system.

DYNAMICS OF THE VENUS-MERCURY SYSTEM:

Desiring to understand the nature of the planet, we inevitably return to the
question of the contamination of the solar system. The processes that took
place 4.5 billion years ago, unfortunately, are not complete enough. One of
the problems is heat sources for the formation of liquid lava filled with im-
pact craters on Mercury and the Moon. An analysis of lunar rocks shows that
the age of the laurel frozen on the surface has decreased to 4 billion years.
For the calculation of Mercury, based on the unification of the rate of decay
of radioactive elements, it is shown that the preceding natural differentia-
tion of the heating of Mercury should have taken 1.0-4.5 billion years, which
covers the age of the lava. Another hypothesis — an attempt to explain the
rapid heating by meteorite bombardment — is also refuted by calculations.

In the article by LV. Ksanfomality [4] on Mercury considered the hypothesis
that Mercury could be a lost satellite of Venus. In 1976, a mathematical ex-
periment was set up in which the evolution of the orbit of Mercury, which
was initially placed in the orbit of Venus, was calculated. The experiment not
only did not disprove the assumptions about the possible escape of Mercury
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through one of the Lagrangian points of the Venus — Sun system, but also
showed that it inevitably had to happen in a very short time on a cosmogonic
scale — less than 500 million years. Before escape, the period of Mercury’s
orbit should have been about 40 days. All this is quite close to the period of
revolution of our Moon (27 days) and the distance to it (385 thousand kilo-
meters).

During the previous 500 million years (or less), the tides in the body of Venus,
due to the impact of a satellite 4.5 times more massive than our Moon, re-
leased a lot of thermal energy in the crust and bowels of Venus. There must
have been crustal shifts and rapid degassing of the bowels of Venus, resulting
in a hot planet with a dense, hot atmosphere, huge mountains and very slow
rotation, which is observed today. This is an interesting hypothesis, but it
cannot be considered proven.

Such an interpretation of the early history of Venus and Mercury explains a
number of facts, in particular, the resonant, but not synchronous period of
Mercury’s revolution around the Sun (3/2 of the rotation period), the loss of
the angular momentum of Venus and Mercury, and the absence of satellites
for these planets.

According to its mechanical parameters (mass, radius, average density and
model of the internal structure), Venus is a twin planet of the Earth. However,
one of the sensations revealed during the study of the planet with the help
of spacecraft was that in many respects Venus differs significantly from the
Earth. The pressure at the bottom of the atmosphere of Venus is 90 bar, it
does not have its own magnetic field, it has no satellites, it passed by chance,
the history of tidal evolution. Unlike the Earth, Venus is a dry planet, and
perhaps the most significant difference is the youthfulness of the rocks on its
surface, whose age does not exceed 300-500 million people. years. There are
no traces of global plate tectonics on Venus. A large number of works devot-
ed to Venus were carried out at the Institute of Physics of the Earth.

These studies are summarized in a large review [9], based on original studies
carried out at the Institute of Physics of the Earth.

In the early 1980s, it became clear that the interpretation of the anomalous
gravitational field depended on the rheological model of the planetary in-
terior. For this purpose, the Green’s function method was developed. The
Green'’s function technique was used for the joint interpretation of the to-
pography and the gravitational field. The long-wave relief of the crust-mantle
boundary and the thickness of the crust were determined. The tangential
stresses in the lithosphere of Venus are calculated, the correlation of these
stresses with surface structures is revealed.

Models of thermal evolution of Venus are constructed in the approximation
of parametrized convection [10]. For this purpose, the well-known work [11]
of Western authors was substantially generalized. An important feature of
[10] is that it allows obtaining an asymptotic solution of the problem under
consideration in an analytical form and thus revealing in a visual form all the
features of the cooling of Venus or the Earth. The modern temperature of the
upper layers of the Venusian mantle is approximately 1700 K, the tempera-
ture at the mantle boundary is 3500—-4000 K and is close to that for the Earth.

The most likely reason for the absence of its own magnetic field in Venus
is due to the fact that the core of Venus has not yet begun to solidify; as a
result, convection does not occur in it, and the magnetohydrodynamic dyna-
mo mechanism does not work. The magnetic field near the planet could be
excited in the first ~2 billion years.

CONCLUSION:

Venus is the second planet from the Sun. It occupies a special position among
the terrestrial planets. Until recently, it was called the twin of the Earth. The
similarity between Venus and Earth in size and mass (and hence in average
density and gravity) suggests that the internal structure of the two planets is
similar. However, as Venus was studied, it had less and less traits of a “dou-
ble”. In the early epoch, Venus, which was almost a “double” of the Earth, in
its further evolution took a different path. Therefore, like no other planet,
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it allows us to see what could (or could not) be the evolution of our planet
under the influence of not yet fully understood external or internal causes.
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THE MODEL OF THE MOON:

The model of the Moon consists of a 35 km thick crust [1], the upper
and the lower mantle, the layer of low-velocity/low-viscosity (LVZ), lig-
uid outer core, and solid inner core. It is assumed that the upper-mid-
dle mantle boundary marks the base of the lunar magma ocean (LMO),
and below is the primarily undifferentiated mantle, unaffected by partial
melting processes.

LVZ (LOW-VELOCITY/VISCOSITY ZONE):

The existence of a partially molten zone in the lowermost mantle is evi-
denced by selenophysical data and seismic wave attenuation at the base of
the lower mantle [2, 3]. The LVZ layer is believed to contain ilmenite-bearing
cumulates (IBC) containing radioactive sources. Initially formed in the crust,
the cumulates descended through the mantle layers into the LVZ layer as a
result of a mantle overturn (IBC overturn, [4]). According to (Zhang et al.,
2013), half of the KREEP material from the crust enters the IBC layer. The
content of ilmenite in LVZ can reach 20 wt.% [6, 4]. The presence of addition-
al heat sources in the mantle, as well as the reduced viscosity of ilmenite,
make it possible to provide conditions for partial melting in the LVZ [7]. The
LVZ layer is believed to contain ilmenite-bearing cumulates (IBC) containing
radioactive sources. Initially formed in the crust, the cumulates descended
through the mantle layers into the LVZ layer as a result of a mantle overturn
(IBC overturn) [4]. According to [5], half of the KREEP material from the crust
enters the IBC layer. The content of ilmenite in LVZ can reach 20 wt.% [4, 6].
The presence of additional heat sources in the mantle, as well as the smaller
viscosity of ilmenite, make it possible to provide conditions for partial melt-
ing in the LVZ [7].

HEAT SOURCES IN MANTLE AND LVZ:

The content of radioactive sources in the mantle was set in accordance
with the estimates obtained in [8]. In accordance with the magma ocean
hypothesis, the heat release in the lower mantle is assumed to be equal
to the bulk heat release. Following the concept of “IBC overturn”, the
sources in the crust identified in [8] will be divided equally between the
crust and LVZ [5].

METHOD OF CALCULATION:

Calculation of the thermal evolution of the Moon was carried out within the
one-dimensional non-stationary model of thermal conductivity, taking into
account the restrictions on the existence of a low-viscosity zone in the mantle
near the core-mantle boundary. Both conductive and convective heat trans-
fer were taken into account, as well as the processes of heating of the mantle
matter due to the energy of radioactive decay.

RESULTS:

Calculations were carried out for a nonstationary thermal model from 0.5 bil-
lion years from CAl formation to the present time. The temperature distribu-
tions obtained as a result of calculations (Fig. 1) are consistent with geophys-
ical data, as well as with previous estimates of the temperature distribution
in the Moon, calculated from seismic data [9].
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Fig. 1. Estimated current temperature distribution
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INTRODUCTION:

The high-resolution lunar gravity field model of high degree and order estab-
lished by Gravity Recovery and Interior Laboratory (GRAIL) provides crucial
insights into the internal structure and evolutionary processes of the Moon.
However, high-resolution gravity anomalies solved from gravity field models
are often disrupted by complex interference such as multi-directional strip-
ing and random noise. These disruptions arise due to correlations among
high-degree and high-order coefficients, variations in satellite orbits, and in-
strument-related random errors. These issues present challenges for subse-
quent analysis and interpretation.

The interference, characterized by multi-directional striping and high-fre-
quency noise, is mainly affected by the high-order terms of the gravity field
model. Prior approaches [1] often directly manipulate these high-degree
and high-order terms, such as discarding or reducing their significance, to
mitigate striping interference and errors. Yet, these methods typically yield
limited denoising effects and may sacrifice valid signals. Processed grid sat-
ellite gravity anomaly data hold physical significance. As a harmonic field,
gravity data should exhibit smooth transitions between neighboring points
without abrupt Sudden changes or spikes. In other words, when using the
same polynomial fitting method, the results of one-dimensional polyno-
mial fitting on a certain point and its adjacent points should be consistent
with the results of two-dimensional polynomial fitting in principle. Thus,
deviations between data fitting using the same approach signify striping
interference.

Consequently, we develop the omnidirectional filtering method for destrip-
ing lunar satellite gravity data upon the DPF method developed [2] for air-
borne geophysical data. Our method introduces angle parameters to address
the multi-directional nature of satellite gravity data striping. Through data
segmentation and iterative steps involving sliding subregions, a novel om-
nidirectional filtering method for destriping lunar satellite gravity data is
devised. The method follows these steps: (1) Dividing the gravity anomaly
grid data into subregions; (2) Selecting suitable filter window sizes, employ-
ing one- and two-dimensional polynomial fitting to eliminate striping errors,
achieving single-direction denoising for each subregion; (3) Based on the
actual striping distribution, rotating coordinates and regridding using preset
angle parameters, returning to step (2) until denoising is completed for all
preset angle directions, yielding denoised subregion data for all directions;
(4) Merging denoised subregion data; (5) Assessing whether error condi-
tions are met. If satisfied, denoising results are output; otherwise, return to
step (2) for iterative refinement until the output is viable.

Through theoretical model experiments and high-precision satellite grav-
ity data tests in the Moon’s Rimker region, this study demonstrates our
method has superior performance in striping and random noise removal
compared to previous methods. The omnidirectional filtering method ef-
fectively denoises high-resolution satellite gravity data and holds potential
for application to satellite gravity data of other planets or other satellite
geophysical data.
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INTRODUCTION:

Following the rapid progress of lunar space and lunar surface activities of
human beings, the request of a lunar space local datum for Space-Time refer-
ence has been becoming urgent and necessary.

For a lunar surface space-reference, we suggest to set a key selenodetic site
with multi space-geodetic displines, like astronomy, the lunar laser ranging
(LLR), space geodesy, radio beacon and GNSS, for constructing the lunar dy-
namical reference frame or ephemeris, and a lunar fixed reference frame.
At the same place, to realize lunar space local time standard, atomic clock
is suggested as time-frequency reference, with the support of radio link and
calibration between GNSS satellite and the site clock. This datum can be used
as a key station for PNT service in lunar space and on the surface of the moon,
the relevant method has also been considered carefully. This lunar reference
frame can be closely tied to the ITRF, and to various ICRFs.

A simple combination of an S/X band radio beacon with PLL transponder,
a GNSS receiver, a CCR, and a chip Rb clock with USO will be mature tech-
nology for the suggested lunar surface Space-Time Datum hardwares. When
keeping this datum operation, it can be used to study the lunar and planetary
evolution. The observation of lunar physical libration (LPhL) or rotation in
longitude and latitude and lunar pole wobble, plays a key role on study the
lunar interior structure and layered dynamical evolution. In the past 50 years,
the lunar laser ranging (LLR) method by measuring the distance variation be-
tween the lunar surface laser retro-reflectors and ground stations.

Both Russian and French scientists have been arranged top level research
teams, parallel with NASA JPL team, on study the LPhL and on providing good
constraints on the lunar structure of the Moon. Large progress has been
made on finding two and multi-layer Moon. LLR, and the suggested space
techniques also can contribute to test the general relativity in the Earth-
Moon space, in various dimensions. Teams from other nations are catching
up with the top level ones.
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INTRODUCTION:

A Moon-based UV-Optical-IR telescope will be an important research tool for
astronomers to study the evolution of the universe, dark matter, dark ener-
gy and the evolution of stars and galaxies. Moon-based telescopes can also
perform an all-sky survey in UV and discover transients/variables, search and
characterize comets and near-Earth objects in the Solar system and explore
the habitability of exoplanets.

The first Chinese Moon-based telescope LUT (Chang’E-3 mission) has demon-
strated its efficiency in near-UV region. In 2021 China and Russia signed an
agreement to build a future International Lunar Research Station, which pro-
vides new exciting opportunities for Moon-based astronomy. The main ad-
vantages of placing a telescope on the Moon are:

o stable position of the telescope (no micro-disturbances);

e absence of an atmosphere;

¢ longer duration of uninterrupted observations (the rotation of the Moon
is much slower than that of the Earth);

¢ location outside the geocorona (the glow of the geocorona in UV affects
observations from the low Earth orbit).

We are considering several approaches to building up a Moon-based astro-

physical telescope, depending on the available mass budget.

e 15-30 cm telescope with pre-aperture repointing system. We have differ-
ent approaches: moderate wide-field imaging telescope, multiband imag-
ing telescope.

e 60-100 cm multipurpose UV-optical-IR telescope with two independent
focal planes for FUV spectroscopy and broad-band imaging and spectros-
copy.

e Extra wide field UV lens array to capture the whole visible sky in near UV
with high time resolution (~ few minutes).

e A small-scale extreme UV telescope.

e A small-scale extra wide field telescope (prototype).

In all cases, the main design drivers for the Moon-based telescope are: to

have a simple and lightweight design, 2—3 different detectors without an op-

tical relay system and space for filter wheels for each detector.

For the large-scale ILRS-5 mission, we propose a full reflective telescope with

one relatively large focal plane to accommodate several detectors and spec-

trographs and another narrow field-of-view focal plane for high-sensitivity
spectrograph.
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multiband imaging telescope (right)

Table 1. Summary of different proposals for ILRS astrophysical telescope

20 cm 15-30cm 60-100 cm Extra wide
P . . multiband : -
arameter imaging imagin multipurpose field UV
telescope ging telescope ILRS-5 | lens array
telescope
Aperture, cm 20 15-30 60-100 16
Cameras 1 camera 2-3 cameras 3-5 cameras 1 NUV
FUV, NUV, EUV, FUV, NUV,
Optical, IR Optical, IR
Spectrographs - 0-1 2-3 -
Focal length, cm 300 180 Focus 1:1000 16
Focus 2:500
Field of view, 0.4 2.4x1.2 Focus 1:0.4x0.8 10
deg Focus 2: 0.1
Pixel scale, 0.3 0.5 Focus 1: 0.1 14
arcsec/pixel Focus 2: 0.2

For FUV and NUV observations, we need solar blind photon counting MCP
detectors to allow long exposures. In addition, a UV-enhanced CMOS/CCD is
needed for high dynamic range and broad spectral range observations. The
expected performance of the UV MCP detectors for an ILRS telescope is:

¢ Image format: 2kx2k pixels (2.5k — goal) for 25 mm MCP with 6 um pore;
¢ Equivalent pixel size: 10 pum;

e Solar-blind NUV 170-320 nm, QE > 25 % (goal);

e Solar-blind FUV 115-176 nm, QE > 15 % (goal);

¢ Local count rate 20/200 cps in full-frame/window mode (photon-counting);
e Dynamic range over 10 000 using HV gating.

We suggest using scientific CMOS GSENSE400BSI in TE-cooled package with
UV window; it has 2kx2k format, 11 um pixel, readout noise <2e". 5kx5k
small pixel size (4 pm) CMOS with very low readout noise (<le”) are expect-

ed to be available in the future. The small pixel size of CMOS can improve the
sampling and angular resolution of the small aperture Moon telescope.
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For the wide field telescope, we consider a custom MCP detector with 3 um
pore to achieve 4kx4k pixels (5k — goal) resolution in UV.

For a long-term mission, Moon dust may affect the telescope’s performance.
Preliminarily we suggest the following methods for preventing the tele-
scope’s efficiency degradation due to dust:

e To use pressurized air to blow dust away from the telescope optics, for
example, to put nozzles close to the entrance optics;

e To design a protective cover to close the telescope according to the
“Moon’s dust forecast”;

¢ To consider using magnetic traps and blinds around entrance optics.
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INTRODUCTION:

In the near future, several countries are planning flights to the Moon. In the
southern polar region of the Moon, the landing of the Russian Luna-25 (Lu-
na-Glob) spacecraft is scheduled for August 2023. The main tasks of this mis-
sion are to develop the soft landing technology, study the soil by the contact
method, and also confirm the presence of water. For this, a manipulator com-
plex is designed to take lunar rock with a bucket and transfer it to a special
analyzer device [1]. After this station, more complex spacecraft will follow
to the Moon: the Luna-26 lunar orbiter [2], the Luna-27 lander for studying
frozen volatile components in lunar soil and studying its chemical and miner-
al composition, as well as thermophysical, physical-mechanical and electro-
magnetic properties [3], and the Luna-28 lander for the delivery of lunar soil
to the Earth [4—6]. On August 1, 2023, the Chandrayaan-3 spacecraft entered
the circumlunar orbit. Landing of the descent module with the lunar rover is
scheduled for August 23-24. Further, India is preparing, in cooperation with
the Japanese JAXA, the Chandrayaan-4 mission also to the South Pole of the
Moon, where India will provide the lander, and Japan the launcher and lunar
rover. China also plans to search for frozen water near the Moon’s South Pole.
In 2024, the Chang’e-6 spacecraft will be launched to collect soil samples
from the far side of the Moon, and then, in 2026, the Chang’e-7 spacecraft
will land in the South Pole zone. CNSA believes that the flying vehicle, unlike
traditional rovers, will be able to reach the bottom of the crater. Using a drill-
ing tool, the probe will take a sample of ice, and the manipulator will move it
to the apparatus for spectral analysis. The launch of the Chang’e-8 apparatus
is scheduled for 2028 to conduct experiments on the use of lunar resources
and create a basic model of the International Lunar Research Station. Japan
hopes to perform a precision landing on the surface of the moon using an or-
biter and land a lunar rover at the South Pole. The UK will launch its first lunar
lander by 2024, with an orbiting probe to study regolith chemistry, provide
communications and map the lunar surface. South Korea, together with ESA,
intends to launch a lunar orbiter and lander in 2025. NASA will send several
spacecraft to the Moon in 2024, including the new VIPER rover. The purpose
of the device will be a detailed mapping of the distribution and concentration
of water in the region of the South Pole of the Moon. The NASA Artemis pro-
gram aims to land astronauts on the Moon, including the first female astro-
naut. The main goal of the program is to return people to the surface of the
Moon and ensure a long-term human presence on the Moon.

CONTENTS OF THE MAP OF THE POLAR REGIONS OF THE MOON:

It became possible to process large amounts of data received by spacecraft in
automatic mode and present them in the form of various overview and the-
matic maps [7, 8]. We used ESRI ArcGIS 10.1 software. The map of the circum-
polar regions of the Moon was compiled on a scale of 1:5 000 000 in a polar
stereographic projection and is limited by +60 ° parallels so that the landing
site of the Luna-25 ALS could be displayed. Particular interest in the circum-
polar regions of the Moon is due to the fact that there is ice in permanently
shaded places. The Kaguya and LRO laser altimeters determined the heights
of the lunar surface with high accuracy. We used a digital terrain model built
according to the laser altimeter (LOLA) data of the Lunar Reconnaissance
Orbiter (LRO) spacecraft with an accuracy of 64 pixels per degree (0.5 km
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per pixel) [9]. The heights on the map are measured from a sphere with an
average radius of 1737,4 km. Detailed “hillshading” by the cut-off method
was carried out by Grishakina E.A. The height scale includes 17 levels. The
total elevation difference on the Moon is almost 20 km. During the develop-
ment of a color scale for displaying heights on a map, the problem of showing
characteristic landforms at all height intervals was solved. With the help of
cartographic research methods, it was possible to determine the depth of
craters and large basins located on the visible and far sides of the Moon. The
South Pole — Aitken Basin turned out to be the deepest (the average depth of
which is 9 km). The deepest 20 craters in the northern and southern subpolar
regions are presented in Table 1. It follows from the table that the craters of
the southern polar region are, on average, 1-2 km deeper than those in the
northern polar region. In addition to the relief, the map shows the names
of major moon formations in IAU Latin and in Russian. Named craters are
indicated by dots in the center. The largest craters in the northern polar re-
gion are: Bel’kovich 215 km, Schwarzschild 211 km, Rozhdestvenskiy 181 km,
Plaskett 177 km, W. Bond 170 km, and in the south: Schrodinger 316 km,
Bailly 301 km, Zeeman 187 km, Haysen 163 km. There are several other large
unnamed craters (see Table 1). Symbols on the map show the hard landing
sites of the vehicles: GRAILA and GRAILB in the northern polar region, as well
as: Kaguya, Lunar Prospector, Chandrayaan-1, LCROSS, Vikram in the south-
ern polar region [10]. It is proposed to map new landing sites for Luna 25 and
Chandrayaan-1. It is interesting that the number of craters with a diameter
of 10 km or more in the northern polar region is 2302 craters, while in the
southern polar region there are only 1320 craters (http://selena.sai.msu.ru/
Rod/Publications/morph-catalog-craters-moon-nord/  morph-catalog-cra-
ters-moon-nord.htm; http://selena.sai.msu.ru/Rod/Publications/morph-cat-
alog-craters-moon/ morph-catalog-craters-moon.htm) [11]. Figure 1 shows
dependence of the number of craters on the ratio of depth to diameter in
two polar regions. The structure of the distribution of craters is generally the
same in both hemispheres, but differs in number.

Table 1. The deepest craters in the northern and southern polar regions of the Moon

Northern Polar Region Southern Polar Region
N Name Diameter, | Depth, | h/D Name Diameter, | Depth, | h/D
km km km km
1 - 337,2 10,8 |0,032| Cabeus 103,9 10,1 | 0,097
2 Sommerfeld 138,8 7,9 |0,057 - 353,5 9,6 |0,027
3 Stebbins 132,0 7,7 | 0,058 Zeeman 198,8 9,5 0,048
4 Milankovic 105,9 7,3 0,069 Planck 318,0 9,3 0,029
5 - 248.8 7,1 0,028 | Boussingault 124,9 9,2 0,074
6 - 118,8 7,1 | 0,060 Petzval 110,0 9,2 |0,083
7 - 158,6 7,0 [0,044 | Sikorskiy 98,7 8,7 | 0,085
8 | Rozhdestvenskiy | 177,7 6,9 |0,039 Drigalski 173,5 8,7 | 0,050
9 Schwarzschild 212,8 6,8 0,032 | Amundsen 104,5 8,5 0,082
10 Cremona 92,0 6,6 0,072 Demonax 128,4 8,3 0,065
11 Hayn 88,9 6,6 |[0,074| LeGentil 115,2 8,1 |[0,070
12 Belcovich 215,0 6,3 0,029 Casatus 108,7 7,8 |0,072
13 Tikhov 81,6 6,2 |0,089 Hausen 182,5 7,8 |0,043
14 Avogadro 127,3 6,2 |0,048 | Ashbrook 152,0 7,7 |0,051
15 Hayn F 66,6 6,2 0,093 | Schrodinger 313,8 7,7 0,025
16 Poinsot 68,3 6,2 |0,091| Antoniadi 165,3 7,4 | 0,045
17 Plaskett 115,0 6,1 |0,053 Curtius 101,4 7,4 |0,073
18 Seares 109,7 6,0 0,054 Malapert 75,6 7,2 0,095
19 Karpinskiy 96,2 6,0 |0,062 - 91,5 7,2 |0,079
20 - 153,9 6,0 |[0,039| Scheiner 108,4 7,1 | 0,065
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Fig. 1. Graphs of the dependence of the number of craters on the ratio of h/D in the
northern and southern polar regions of the Moon
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Earlier, we reported on our results aimed at developing our own computer
program that would allow ephemeris calculations of the position of any
celestial bodies, including stars and bodies of the Solar System, in the lunar
sky for an arbitrary position of an observer on the surface of the Moon at
large time intervals [1-8]. Such program has been developed and tested in
a number of the above-mentioned publications. The main difference of the
developed program is that it is autonomous and does not depend on other
programs. The program uses ASCII JPL DE 440 text files [9] and takes into
account the physical libration according to the algorithm published in the
almanac [10]. The values of the horizontal coordinates of our program co-
incide with the values of “Horizons Web Application” [11] up to hundredth
of arc second.

We have performed calculations for the main landing site. Figure 1 shows
graph of the Earth’s movement for one lunar day (Earth month). Figure 2
shows graph of the Earth’s movement across the sky at intervals of one Earth
day for the period from August 2023 to August 2024. The movement of the
Earth across the sky for one lunar day occurs in a counterclockwise direction.
Figure 3 shows graph of the movement of the Sun during the year for the
period from July 2023 to July 2024 at the main landing site of the spacecraft.
The sun rises in the east, passes the upper culmination in the north about 20°
above the horizon and sets in the west.

ALTITUDTE

-60 55 -50 -45 -40 -35 -30
A ZIMUTH from North

Fig. 1. The apparent motion graph of Earth across the lunar sky in July 2023 in the
topocentric horizontal coordinate system for the main landing site. Black crosses indi-
cate the position of the Earth’s disk with an interval of one day. The red numbers in-
dicate the degree of illumination: 1 — “new Earth” on July 3; 2 — the first quarter on
July 10; 3 — “full Earth” on July 18; 4 — the last quarter on July 26. The arrow shows
the direction of movement. The coordinates are signed in degrees
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This graph shows that the movement of the Sun during the year is slightly
different with each lunar day. For clarity, Figure 5 shows graph of the lunar
days (in red) and lunar nights (in black) duration in hours for the period from
August 2023 to August 2024 for the main landing site. The columns on the
graph show the days and nights calculated for the moments of sunrise and
sunset for the Sun’s disk center. Curved lines show the duration of lunar days
and nights, taking into account the upper edge of the Sun’s disk at sunrise
and sunset. The time interval from the sunrise of the upper edge of the disk
to the sunrise of the Sun’s disk center is about one and half hours. It is im-
portant to note that the duration of the lunar day or lunar night will differ,
as can be seen from the graph, by three hours when taking into account the
sunrise and sunset of the upper edge of the Sun, than when calculating for
the center of the disk.
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Fig. 2. The apparent motion graph of Earth across the lunar sky during the year (Au-
gust 2023 — August 2024) at the main landing site
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Fig. 3. The apparent motion graph of Sun across the lunar sky during the year (August
2023 — August 2024) at the main landing site

Figure 4 shows the graph of the movement of the Sun and the Earth for the
period October — December 2021 for comparison with the paper [12]. In our
calculations, the positions of the Sun and the Earth were calculated for the
mathematical horizon (without taking into account the relief). As a result of
comparing these graphs, it can be concluded that, taking into account the re-
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lief, the duration of the lunar day at the main landing site decreases by about
30 Earth hours. In general, the comparison shows that our calculations are
consistent with the work of the authors of 2021.
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Fig. 4. The apparent motion graph of Sun and Earth across the lunar sky in the period
October — December 2021 for the main landing site

It is important to note that the brightest star in the lunar sky, Sirius, will be
constantly visible above the horizon at an altitude of approximately 17 to 58°
for the main and backup points. Together with the Earth, this star will serve
as an excellent navigator in the lunar sky not only during long cold nights, but
also during the daytime due to the absence of an atmosphere.
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Fig. 5. The duration of the lunar day and night in hours for the main landing site is
from August 2023 to August 2024. Red is day, black is night

It is interesting to note that during the annual period, three solar eclipses
will occur in the area of the main landing site. According to our calculations,
a total solar eclipse is expected on October 28, 2023. Partial solar eclipse is
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expected on March 25, 2024 with magnitude = 0.87 and once more partial
solar eclipse — on September 18, 2024 with magnitude = 0.12. Table 1 shows
the local circumstances of the total eclipse for the main landing point. For all
calculations, the universal time was used, taking into account the difference
between the ephemeris and the universal time of 71 s.

Table 1. Total Solar Eclipse 28 October 2023. P, V — position angles relatively lunar
pole and zenith in degrees

Universal
Contacts Time P \Y Az_N | Alt
1-st contact: Beginning 18" 26™ 38° 244 77 -40 16
partial phase
2-st contact: 19" 56™ 50° 27 | 220 | -4 16
Beginning total
phase
Middle eclipse 20" 23™47° 187 20 41 16
3-st contact: End 20" 50™ 41° 347 | 181 | -41 16
total phase
4-st contact: End 22" 21™ 00° 130 | 323 | -42 16
partial phase
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INTRODUCTION:

Lunar soil studies are planned aboard the Luna-27 heavy landing station,
planned for a mission under the Luna-Resource program. Scientific instru-
ments of the Luna-27 lander will perform a wide range of experiments,
including in situ analysis of an ice sample from below the lunar surface
to determine its nature and form of distribution. A spectrometer, called
DLS-L, was designed as an integral part of a versatile Gas Analytical Package
(GAP) for independent study of products that will be extracted from soil,
sampled at the Luna-27 landing site. The purpose of DLS-L is to measure
the yield dynamics and integral content of pyrolytically evolved soil compo-
nents H,0 and CO,, and in retrieving the corresponding isotopic ratios D/H,

180/170/160, 13C/12C.

EXPERIMENT ENVIRONMENT AND METHOD OF MEASUREMENT:
There are three main sources of volatiles on the Moon: degassing of the
lunar mantle, interaction of solar wind protons with surface rocks, and
shock degassing of falling meteorites and comets [1]. The composition
of the forming volatiles and their isotopologues will be unique in each
case. The DLS-L data will help for further understanding of physics and
chemistry of the Lunar regolith, as original data of near-polar soil direct
study.

The DLS-L instrument is based on tunable diode laser absorption spectros-
copy (TDLAS) technique in the mid-IR range [2-5]. Laboratory testing and
calibration of the DLS-L have been carried out for IR regions of:

* 2.64 um (for H,O isotopologues absorption lines),
* 2.68 um (H,0 and CO, basic molecules),
* 2.78 um (CO, isotopologues),

using pure H,O and CO, under low pressure of 5-15 mbar at 300 K in a
so-called “ statlc operatlon mode. Actual molecular content values and
isotopic ratios were retrieved while fitting of recorded optical transmis-
sion spectra and molecular absorption data with simulated spectral data.
DLS-L accuracy was verified by cross-calibrations while comparing with
mass-spectrometer data of same samples measurement, however, not for
the 0 content.

Existing layout of the DLS-L instrument is quite miniature, matching well with
ultimate compactness of the Gas Chromatograph instrument, a host unit for
DLS-L in GAP. Compactness of the DLS-L optics and of the analytical cell is
challenging for achieving of good accuracy and precision of measurements;
the cell is 19 cm long with 3 mm diameter clearance and lets the laser beam
go only one path through it, see Fig. 1.
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Fig. 1. DLS-L optics layout

Calculations confirm the sub-percentage potential of the DLS-L measure-
ments accuracy and precision. However, it was found for spectral contours
of HDO lines with weak absorption, that variations of accuracy and precision
have sometimes exceeded the expected value of 10 %o, see Table 1. Origin of
these variations’ magnitude was studied with special attention to laser light
scattering and its interference with the main laser beam in a highly miniatur-
ized optical layout, contributing to appearance of a strong so-called “fring-
ing” noise component in the output signal.

For the output signal processing, there were used mathematical methods,
which improve accuracy and precision by:

e better fitting experimental line contours with line shape models of not
only Voigt, but also of Galatry, Rautian, Hartman models;

¢ an option of revising HITRAN database molecular absorption parameters;

e better compensation of spectra baseline and of specific pseudo periodical
“fringing” noise components.

Table 1. Measurement results of the DLS-L spectrometer in the GC-L instrument, data
from the end of 2022.

Gas mixture / Isotope “Isotopic “Isotopic Difference
Reference data signature” signature” of “isotopic
source reference retrieved signature”
values, %o values by DLS-L mean
in GC-L, %o values, %o
CO,, testsample/ | 6,,0,"°C | —47,55:0,06 | —39,64+11,97 7,91
GEOKhI (co,)
18
6VSMOW (6] 20,17+0,27 14,28+16,37 -5,89
(co,)
18
H,0, test sample / 5vsrv|ow [0} -9,840,8 —11,24+5,25 -1,44
GEOKhI (H,0)
Perrier water / [6] -5,2340,05 -5,82+7,75 -0,59
(Delta, XM) . Owlso
Perrier water / [7] (H,0) —6,33+0,02 0,51
(Picarro L1102-i)
Perrier water / [6] -35,83+1,01 -43,37+23,88 -7,54
(Delta, XM) SysmowD
Perrier water / [7] (H,0) -39,8240,2 -3,55
(Picarro L1102-i)

Simple hardware improvements were preliminary tested for the aim of
damping scattered light and reducing associated output signal noise; result-
ing data series of spring’2023 are under calculation and analysis. The results,



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14'\"53'“"?6"55{%3

obtained with a similar spectrometer laboratory breadboard, confirm good
potential of the used technique. When designing DLS for the following mis-
sions, it should be possible to include in the DLS scheme an additional optical
cell with an optical path several meters long to radically improve the exact-
ness of isotopic ratio measurements.

Nearest team’s activity concentrates on searching and testing of both hard-
ware and mathematical methods for further reducing of noise, extending
of dynamic range and enhancing accuracy and precision of measurements.
Technology transfer by import substitution should be carried out.
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INTRODUCTION:

One of the objectives of Radio Beacon Instrument (RBI) on board of Luna-27
lander is navigation support of the lander. The navigation includes precise
position and relative velocity measurement. Scientific objectives also based
on the precise position and velocity measurements. Scientific objectives of
RBI have reported in [1].

RBI can operate in two modes: free running mode and coherent transponder
mode. In free running mode, RBI irradiates monochromatic signals in two fre-
quency bands: X-band — about 8400 MHz and Ka-band — about 32 000 MHz.
Frequency stability of the signals determines by the performance of local ref-
erence quartz oscillator. The Precision Low Phase Noise OCXO MV341 is plan
to use in RBI. The short-term frequency stability (Allan deviation) of the refer-
ence is <2:107 per 1 s; the long-term frequency stability is +1-107 per year.

RBI could use for navigation measurements of lander position and orbit pa-
rameters of Moon-Glob orbiter. Figure 1 shows navigation measurements of
Luna-26 (Moon-Glob Orbiter) and Luna-27 (Lander).

_ Luna-26 Orbiter ‘

Fig. 1. Navigation measurements for Luna-26 Orbiter and Luna-27 Lander

Russian VLBI Quasar-KWO network plan to use for lander position measure-
ment. The DELTA-DOR [2] technology can used to measure the Lander coordi-
nates. The target accuracy of Lander position measurements is 0.1 m.

RBI free running mode of operation allows precision measurements on Luna-
26 Orbiter parameters. PKD instrument on board of Luna-26 Orbiter can
record the Doppler frequency shift of Ka-band signal irradiated by RBI and
measure the relative velocity between Lander and Orbiter. Due to the very
high stability of the reference frequency sources both RBI and PKD the rela-
tive velocity can measured with high accuracy, better 1 mm/s. The retrieval
procedure can provide unprecedented accuracy for orbit parameters mea-
surements.

Coherent transponder mode of operation implies external reference source
for RBI. RBI receives reference signal at uplink frequency and irradiate the
signal back at downlink frequency without loss of coherency. The up/down
frequencies ratio is equal to 749/880. Uplink signal could pseudo noise mod-
ulated, which allows precise ranging [3]. It is possible to measure distance
between host instrument and RBI. Master instrument can deployed on both
any spacecraft and ground station. Measuring accuracy depends upon to-
tal phase noise of the both systems and propagation trace and is equal to
AR = MA$/2m, where A is total phase fluctuation. For regular systems, Ad
could estimate as <0.1m and AR as <0.05 m [4].
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Scientific experiment will be proceeded with Earth ground station like “Bear
Like” in Moscow region. In the case then H2 Maser will used as reference
source the unprecedented accuracy of distance and velocity measurements
could be achieved. Frequency stability (Alan variance) of “Bear Like” refer-
ence source shown below on Fig. 2.
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Fig. 2. Frequency stability (Alan variance) of “Bear Like” H2 Maser

Navigation measurements and scientific experiments with “Bear Like” ground
station can perform with accuracy 1 mm for ranging and 0.1 mm/s for veloci-
ty. The accuracy allows getting new fundamental scientific data.
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INTRODUCTION:

Natural testing sites are used to test space rovers in different countries in
conditions that imitate lunar or martian landscapes. The Laboratory of Geo-
chemistry of the Moon and planets of Vernadsky Institute proposes to con-
sider the Kamchatka Peninsula as a possible test site for lunar missions. Soil
analogues are currently used for Russian missions within covered hangars.
However, the creation of large-scale sites may be economically impracti-
cal as the volumes and difficulty of production of soil analogues increase.
The choice was made in favor of the Kamchatka Peninsula, because this re-
gion rich in the most unweathering volcanic material. Especially, samples of
ash from the Tolbachik volcano and the Khalaktyrsky beach have the chemi-
cal composition close to marine lunar regolith [1].

LUNAR SOIL’S PROPERTIES:

The lunar regolith of marine areas is a silty sand with an admixture of rubble
and boulders. The median particle size is about 0.07 mm [2], [3]. The natural
density of lunar regolith on the surface down to a depth of 15 cm, according
to data from the Luna-16 and Luna-20 missions, varies from 1.12 to 1.7 g/
cm® with an average value of about 1.5 g/cm®. The average density of rego-
lith on the surface, according to data from the Apollo missions, is 1.3 g/cm?,
but then increases sharply with depth according to a hyperbolic dependence.
Deeper than 60 cm, the density of the regolith soil i increases slightly, and at a
depth of about 3 m it approaches the value of 1.92 g/cm? [2, 4].

Scientists’ assessment [5, 6] of bore hole resilience against caving from Apol-
lo-16 and Apollo-17 missions showed that the specific cohesion at landing
sites is 1.1-1.8 kPa and the angle of internal friction is 46.5°. Lunokhod-2 in
Lemonnier crater near the eastern coast of the Sea of Clarity also measured
the following parameters: specific cohesion — 0.40 kPa, angle of internal fric-
tion —40° [2].

Experimental studies of the lunar soil delivered from the landing sites of the
manned Apollo expeditions showed a strong dependence of cohesion and
the angle of internal friction on the density of the soil and, accordlngly, on
the depth [6]. When the density changed from 1.115 to 1.87 g/cm°, the co-
hesion varied within 0.3-3.0 kPa and the angle of internal friction was 13-56°
[6, 3].

The total deformation modulus was evaluated on the imported samples.
Loose samples, which correspond to the upper layer of regolith to a depth
of 15 cm, are strongly deformed even under a small pressure and have a low
modulus of deformation, about 24 kPa. The compact samples, corresponding
to regolith from a depth of 30 cm and further, have a significantly higher de-
formation modulus, about 420 kPa. Poisson’s ratio in the studies was calcu-
lated through the coefficient of lateral expansion, it amounted to 0.2 f.u. [7].

METHODS:

The main physical and mechanical properties were determined by stan-
dardized methods. Loose density (p) was determined by the method of free
pouring into a container of a known volume, and density in a compact state
by layer-by-layer tamping. The strength characteristics, the angle of internal
friction (¢) and specific cohesion (c) were determined by a shear strength
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test. The normal stress was set depending on the density of the samples in
the range from 10 to 50 kPa for loose and from 50 to 200 kPa for compact
samples. The shear stress was defined as the maximum value at which the
sample failed. The destruction rate was 2 mm/min.

Deformation modulus (E) and Poisson’s ratio (v) were determined using triax-
ial compression test with a load application rate of 0.15 mm/min. The initial
all-round pressure was set to 0.1 MPa.

RESULTS:

There were 5 imported samples: Gorely (lower part of the slope), Gorely
(1390 m) (upper part of the slope), Khalaktyrsky beach, Mutnovsky, Tolba-
chik. The samples of Kamchatka ash were sandy soils with an admixture of
dust and a coarse-grained fraction in different proportions, which is close in
description to lunar rocks. However, tephra from the Tolbachik volcano was
too large-grained; it had previously been crushed. Ashes from the upper part
of the Gorely volcano and crushed ash of Tolbachik are closest in particle size
distribution to the lunar regolith [1]. The samples had a different range of
density and, therefore, strength characteristics, as shown in Table. 1.

Table 1. Comparison of properties of volcanic aches and lunar soil

Samples P, g/cm3 &, grad c, kPa E, MPa v, f.u.
Mutnovsky 1.34-1.65 43.7-50.8 | 3.1-18.1 14.6-23.4 0.12-0.19
Gorely 1.27-1.57 33.8-36.1 1.7-12.8 12.1-49.7 0.11-0.21
(1390 m)

Gorely (foot) 1.36-1.66 34.8-33.1 | 3.9-16.9 10.9-36.9 0.19-0.15
Tolbachik 1.18-1.54 10-34.5 11.9-23.6 4.2-21.5 0.15-0.09
(<0.1 mm)

Khalaktyrsky 1.68-1.87 29.9-40.3 | 4.2-14.6 31.9-52.7 0.23-0.31

beach
Lunar soil 1.12—1.92 46.5-25 0-1.8 (1':’»—420)-10_3 0.2

The density range of all samples does not completely correspond to the lunar
one; their properties are close to those of the near-surface layer of the lunar
regolith.

The mechanical properties of the ashes are different in some measure. All
samples have values of the angle of internal friction comparable to those of
the lunar soil, however, the specific cohesion of all samples is much higher
than the cohesion of regolith in compact state.

The ash deformation modulus is much higher than the characteristic values
of the lunar regolith. This difference may be related to the conditions of the
experiment; the ash samples were tested with a significantly larger sample
size than the lunar regolith and a larger range of loads. The values of the
mechanical properties of the ashes themselves correlate with past studies of
the properties of the ashes [8].

At this stage of research, the results show that the ashes from volcanoes can
be used to practice the landing of landers, which was previously implement-
ed for moon rovers. The upper part of Gorely volcano and Tolbachik volcano
are best suited for these purposes, in terms of physical and mechanical prop-
erties. However, the sample from the Tolbachik volcano is too large-grained.
Further studies of this volcano are required in order to find a suitable site
with finer-grained soil.
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INTRODUCTION:

This research study delves into the realm of dust particle dynamics with-
in a vacuum chamber under extremely low pressure conditions. By apply-
ing high voltage charging to diverse dust particles, including a lunar rego-
lith analogue, we explore the influence of electrical potential as a power
source on their behavior and kinematics. Furthermore, our investigation
encompasses the examination of direct particle-to-particle interactions
with connector and dielectric substrates. Notably, we assess the potential
for registering electromagnetic signals emanating from the levitation and
collision of these charged particles. Through an interdisciplinary approach
combining physics, materials science, and electrical engineering, our find-
ings aim to shed light on the complex interplay between high voltage, dust
particles, and their electromagnetic manifestations, paving the way for ad-
vancements in fields such as astrophysics, space exploration, and particle
dynamics research.

Fig. 1. Picture and scheme (top) of the experimental setup for investigating the
dust particles trajectories: 1 — CMOS cameras, 2 — laser, 3 — beam expander, 4 —
mirror, 5 — vacuum chamber, 6 — steel mesh, 7 — dust particles, 8 — conductive
substrate
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Fig. 2. Visualization of the levitation of Lunar Regolith Analogue particles
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INTRODUCTION:

Modern studies of the moon are aimed, among other things, at the study of the
Polar Regions. In these areas, ice may be present and, according to various esti-
mates, its content can reach 4 % by weight [1]. It greatly affects the mechanical
properties of soils [2] and can increase the strength properties by several times.
This fact should not be neglected during missions, the purpose of which is drilling
and sampling of soil, as well as its sounding. In this regard, the research is aimed
at studying the lunar soil analogue with different water contents at low tempera-
tures. The lunar soil analogue VI-75 [3], previously developed by the Laboratory
of Geochemistry of the Moon and Planets, was used as an analogue soil, which
imitates the physical and mechanical properties of the surface lunar soil.

RESEARCH METHODS:

The main strength properties in soil mechanics are the angle of internal fric-
tion (&) and specific cohesion (c). The first parameter characterizes the ratio
of normal (o) and tangential (t) forces required to destroy the sample, while
the second shows the resistance to tangential forces, without the influence
of normal forces. These characteristics were determined by a shear test. This
method is based on the Mohr-Coulomb theory: the destruction of materials
occurs at a certain ratio of normal and shear stresses.

The experiments were carried out at three values of the vertical load accord-
ing recommendations of Russian standards 12248.1-2020 [4], the minimum
stress was taken to be 50 kPa, since it is close to the natural pressure of
dense soils at a depth of 60 cm and further. Subsequent stages of loading are
chosen as doubled values of the previous stage. The Shear load was set kine-
matically at a velocity of 2 mm-s *. All experiments were done using testing
equipment the GEOTEK Company.

A sample of VI-75 was mixed evenly with the required amount of water, until the
same water content was reached inside the sample. Water content values were set
at 5and 10 % by weight. The resulting mixture was placed in cylindrical rings 35 mm
high and 71 mm in diameter, these are sg)ecial forms for preparing samples for shear
tests, and compacted to p = 1.75 g-cm ". The rings were pre-lubricated with petro-
leum jelly to make it easier to push the frozen samples into the test setup.

The prepared samples were placed in a box made of insulating material. Liquid nitro-
gen was poured into a separate container to quickly freeze the samples. They froze
to the lowest possible temperature from —110 to —120 °C within 2 hours (Fig. 1).

Fig. 1. Scheme of preparing samples for testing: 1 — hardboard box, 2 — heat insula-
tor, 3 — liquid nitrogen, 4 — samples in metal rings
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The initial stage of the research did not involve the use of freezers for a sin-
gle-plane cut could fit there with a large capacity, so that the whole device,
besides, it was not designed to work with such low temperatures, so the
experiments were carried out at a temperature of +13 °C. Such conditions
inevitably led to an increase in the temperature of the samples; therefore,
the rate of thawing of the samples was additionally measured. As a result
of a large number of experiments (about 20), 9 closest to each other were
selected, 3 results for each level of normal load.

RESULTS:

Measurement of the thawing rate showed a significant increase in tempera-
ture from =120 to —50 °C in 5 minutes, then the rate decreases and, when
approaching zero, the graph asymptotically approaches zero, which is quite
explainable by the beginning of the phase transition of water ice (Fig. 2).
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Fig. 2. Graph of thawing samples with 10 % water content and test results of 3 sam-
ples at a normal load of 0.1 MPa

Comparison of the results of the cut with the thawinghrate graph shows that
the peak value of the shear load is reached at the 5" minute of the exper-
iment, while the temperature of the samples is from —45 to —55 °C. Shear
stress also varies from 1.26 to 1.42 MPa. Samples with a large spread of shear
stress values and outside the statistical error were excluded from the total
sample. Thus, due to a large number of experiments, it can be assumed that
all the selected tests were on samples with a temperature from —45 to —55 °C
at the time of destruction.

Tests with a one-plane cut of samples with a 5 % water content showed that the
angle of internal friction is 66.8+0.9° and the specific cohesion is 163.9+28.4 kPa.
These characteristics increased to the values ¢ = 74.9+0.67° and c = 486.2+72.9
kPa with an increase in the total weight moisture to 10% (Fig. 3).
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Fig. 3. Test results for samples with a density of 1.75 g/cm? and various water contents
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CONCLUSION:

The experiments carried out with a shear test on the VI-75 frozen soil with
5% and 10% water contents at a temperature from —45 to —55 °C, as well as
its comparison of the results with a dry sample, the water content of which
is not more than 0.3 %, showed that the angle of internal friction increased
greatly at 5 % water content up to 66.8° and up to 74.9° at W = 10 %. Specific
cohesion increased even more and became 163.9 at W =5 %, and at 10 %
water content it is equal to 486.2 kPa. Thus, the presence of ice in the lunar
regolith can significantly increase its strength characteristics.

Further research will focus on ways to test samples at constant temperature,
as well as to determine other mechanical characteristics.
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INTRODUCTION:

As a result of micrometeorite bombardment, nano- and submicroscopic
spherules of metallic iron (npFe®) are formed in regolith grains of airless bod-
ies. The presence of nanophase iron (npFe®) significantly changes the spec-
trum of reflection from airless bodies - it subdued the characteristic absorp-
tion bands in the visible and near-IR ranges, shifts the intensity of reflected
light toward longer wavelengths and reduces the total albedo [1-3]. During
micrometeorite bombardment, it is formed as a result of condensation of
vapor arising from the shock evaporation of lunar rocks. Especially often,
nanophase iron can be observed in a thin amorphous film on the surface of
mineral particles [4-5].

EXPERIMENTAL METHODS, TECHNIQUE AND STUDY OF THE SAMPLES:
For the experiment a pulsed neodymium glass laser was used. The laser radi-
ation wavelength was 1.06 um, the pulse duration was 10-3s, and the pulse
energy was ~600-700 J. The energy flux density was ~106—-107 W-cm™“. The
temperature at the “impact” point was of the order of 4000-5000 K, which
corresponded to the evaporation temperature during high-speed impact
processes with collision velocities of the order of 10-15 km/s [6-7]. In the
experiment, we used several types of targets - tholeiite recrystallized basalt,
basalt glass, several types of olivines, several pyroxenes, and peridotite. Nu-
merous placers of iron nanospherules with different shapes and textures
were found in all targets. Spherules up to 5 um in size were analyzed by
the EDS method. To determine the chemical composition of submicron iron
spherules, we analyzed craters in targets made of ferruginous olivine and
basalt glass. When studying the composition of large spherules, the method
of sequential fourfold rotation of the sample and the direct determination
method of oxygen was used.

The analysis was performed on a TESCAN MIRA 3 scanning electron micro-
scope with an X-MAX 80 EDS analyzer (Vernadsky institute).

RESULTS:

In our experiments, very large spherules with sizes of a few microns up
to 5 were obtained: in the basalt glass 19 spherules, in the Fe-olivine - 36
spherules. Such spherules are amenable to analysis in a scanning electron
microscope (Figure 1). Although the determination of oxygen by the EDS
method occurs at a semi-quantitative level, and taking into account the ef-
fect of the oxidation of the metal phase in air and even in the chamber of a
scanning electron microscope. For example, up to 1.5 % oxygen is found in
the cobalt standard, that is, an oxide film is formed. We can indirectly show
that high abundances of elements in the reduced state are found (Table 1);
even taking into account the possible contamination from condensate mate-
rial that could be deposited from the vapor cloud above the crater.

Among the impurity elements in such micron spherules, Ni (<1 %), Si (up
to 5 %), P (up to 14 %), S (up to 0.2 %) and some other elements were
found (Table 1). The content of elements such as Al, Mg, Ca show a direct
correlation with the content of oxygen, while the content of P, Si, Ni does
not (Figure 2).
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Fig. 1. Large spherules of metallic iron in a crater of ferruginous olivine, scanning elec-

tron microscope

Table 1. Average content of chemical elements in submicrospherules in targets made
of ferruginous olivine and basalt glass

Element Fe-olivine Basalt glass
(6] 1,90 6,91
Na 0,00 0,71
Mg 1,95 1,32
Al 0,06 1,74
Si 1,44 9,23
S 0,01 0,00
P 0,00 3,86
Ca 0,03 1,03
Mn 0,04 0,45
Fe 90,39 70,76
Ni 0,27 0,19
Total 96,10 96,41
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Fig. 2. Contents of various elements in iron submicrospherules with respect to oxy-
gen, for a basalt glass target. Purple markers are responsible for the content of these
elements in the glass, which is the matrix for these nanospherules
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CONCLUSION:

Metallic iron spherules were obtained in a laser experiment. The largest ones
were measured by the EDS method on a scanning electron microscope. The
analyzes performed indirectly showed that in a short time of the experiment,
on the order of a millisecond, not only the thermal reduction of iron oxide,
but also silica, with subsequent dissolution of silicon in the iron melt, as well
as enrichment in siderophilic elements (P,S) of this melt, has time to occur.
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ANNOTATION:

A new physical interpretation of phenomenon of “true polar wander (TPW)”
is proposed, which explains the TPW phenomenon by bombardments of So-
lar System by galactic comets. This explanation assumes that Earth has an
autonomous convective lithospheric shell in which plates form and move.
Three questions are considered: 1) cosmogonical grounds for existence of
a convective shell on Earth; 2) the TPW phenomenon and its explanation
by falls of galactic comets; 3) theoretical model that takes into account the
Coriolis force influence on plates movement.

ORIGIN OF EARTH CONVECTIVE SHELL AND LITHOSPHERIC PLATE:

We closely connect the question of existence of an autonomous con-
vective lithospheric shell on Earth with the origin Moon problem. This
problem is solved by us from the standpoint of cosmogonical concept
“Cosmogony of Open Solar System” [1], which, unlike the cosmogony of
Kant-Laplace, takes into account powerful bombardments of Solar Sys-
tem by galactic comets.

According to COSS concept, our Solar system formed in two main stages. At
the first stage ~6.6 Ga ago, the Sun and planets arose, while satellites of plan-
ets, including Moon, as well as asteroid bodies belt formed at second stage
~4.6 Ga ago, caused by the planet Phaethon destruction. At this point in time,
Earth already had a solid Fe-Ni core, a fairly thick anorthosite crust, and a
system of mantle silicate shells similar to those existing today [2].

Calculations show [2] that as a result of fall on Earth of large Phaeton
fragments, our planet lost 245+10 km of the surface layer of rocks, which
consisted on ~1/3 of primary anorthosite crust and on ~2/3 of mantle
rocks. Most of this matter was lost forever, about 18 % was ejected into
near-Earth orbit and became part of the Moon, and about the same
amount fell back to Earth, melting it to a depth of ~100 km. After cooling,
these molten rocks differentiated into crust and mantle. However, due
to the loss of ~2/3 of primary crust, the remaining refractory crustal ma-
terial was only enough to cover ~1/3 of Earth’s surface with continents.
This lack of crustal matter today manifests itself in existence of oceanic
and continental hemispheres on our planet, as well as a system of con-
tinental (“old”) and oceanic (“young”) lithospheric plates moving along
the plastic layer of asthenosphere rocks.

The uppermost layer of rocks today is Earth’s lithospheric shell. As we can
see, this previously molten rocks layer has not yet cooled down and contin-
ues to be in a state of partial melting and convective mixing. An important
role in maintaining the lithospheric shell in this state is played by cyclic bom-
bardments of Earth by galactic comets [2]. Falls of comets split lithospheric
plates and cause their movement, and also lead to heating of the layer of
asthenosphere rocks [3], along which individual plates and the lithospheric
shell as a whole move.

THE “TRUE POLAR WANDER” PHENOMENON:

An analysis of lithospheric plates movement shows that disparate continen-
tal plates with period of 400 Myr [4] unite into supercontinents either in
southern or in northern Earth’s hemisphere. At the same time, over ~108-
10’ years, not only individual plates change their direction and speed, but
also Earth’s rotation pole. The latter phenomenon is called “True Polar Wan-
der (TPW)".
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It is believed that TPW phenomenon is inherent in all planets [5]. On our
planet, this phenomenon is explained by change in orientation of Earth’s
main axis of inertia, due to moving of density inhomogeneities in mantle [6].

It is known from mechanics that in a free state, all rotating bodies tend to take
position in which the axis of their largest (principal) moment of inertia is the
axis of their rotation and coincides in direction with the momentum vector of
body. If the latter condition is not met, then, during the transition to a stable
state, the body rotation axis can perform a complex reciprocating motion [7].

Although our Earth is not a “solid” body, such its model is currently used to
determine of TPW magnitude. The traditional approach to estimating TPW
effect is to compare [8] for specific plates the position of Earth’s magnetic
pole, established by magnetic methods, with movement of this plate in the
frame of reference corresponding to Earth’s mantle. The procedure is carried
out in several stages. At first, using magnetic methods, by measurements
on different plates find the average position of the magnetic pole, which is
identified with the axis of Earth’s rotation. Then, for all plates, the trajecto-
ry of movement of Earth’s rotation axis is constructed, which is considered
as the sum of movement of this plate relative to mantle (1) and rotation of
mantle itself around Earth’s axis (2) — TPW effect. The TPW value is found
by subtracting the movement of plate (1) from the sum of two movements.

It must be said that determining of TPW in this way is not quite correct. First,
the variation of Earth’s main axis of inertia over a time of ~10” years is phys-
ically problematic [6]. Secondly, the changes in angular momentum and ve-
locity of Earth’s rotation under influence of cyclic cometary bombardments
are not taken into account [2]. And thirdly, other important factors affecting
the movement of lithospheric plates, in particular, Earth’s axis precession,
and the Coriolis force influence on movement of plates, is ignored.

ALTERNATIVE APPROACH TO EXPLAINING TPE PHENOMENON:

In [9], the new approach to explaining TPW phenomenon is proposed, which
makes it possible to take these factors into account. It is shown that TPW
phenomenon should be explained by variations not of Earth’s rotation axis,
but only of its lithospheric shell. In this case, shell (or significant part of it)
rotates relative to mantle with higher angular velocity than Earth as a whole.

This approach is based on mechanism of supercontinental cyclicity, which
is explained by bombardments of Earth by galactic comets [10]. Taking into
account [11-12], supercontinents are formed in Earth’s subpolar zones at a
very high density of galactic comets falls and cease to exist in middle latitudes
under conditions of a much lower density of comet falls.

It is also taken into account that the ecliptic plane makes an angle ~62° with
Galaxy plane, in which Sun and galactic comets move. Therefore, after half
period of Sun’s revolution in Galaxy, galactic comets alternately bombard the
southern and northern hemisphere of planets in Solar System.

As a result, rotation axes of planets deviate from the perpendicular to ecliptic
plane by angle & equal to the difference of 90° and angle of 62°. In particular,
angle ¥ is equal to 23.44° for Earth, 25.19° for Mars, 26.73° for Saturn, and
28.32° for Neptune. The value of angle 9 explains by recent cometary bom-
bardment of Solar System, which took place in period from ~5.0 to 0.7 Ma [2].

Another conclusion [13] is that the period of supercontinental cyclicity of
400 Myr is due to precession of ecliptic plane with a period of 2000 Myr,
which is in resonance with Sun’s orbital motion in Galaxy. Therefore, reason
for supercontinental cyclicity is the processes in Galaxy and Solar System, and
not in deep Earth’s bowels.

INFLUENCE OF CORIOLIS FORCE ON MOVEMENT OF PLATES:

The Coriolis force is the force of inertia acting on objects moving in a frame of
reference rotating about an inertial frame of reference. Under the action of
this force in a rotating reference frame, objects receive acceleration:

a = 2[Vxw] = 2Vw-sin(¢), (1)
where V is velocity vector of object in the rotating reference frame; w is vec-
tor of angular rotation velocity of the rotating reference frame relative to
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inertial frame; ¢ is angle between vectors V and w. The Coriolis force is di-
rected perpendicular to plane of vectors V and w. In Northern hemisphere of
Earth, Coriolis force deflects objects to the right of their movement direction,
and in Southern hemisphere — to the left.

The question of Coriolis force effect on motion of lithospheric plates was first
raised by us in [14] when analyzing the results of [15]. Studying the heat
fluxes along nine geotraverses crossing Mid-Ocean Ridges (MORs) in Atlantic,
Indian, and Pacific Oceans at different latitudes, the authors of [15] found
that average heat fluxes on western and eastern flanks of geotraverses in
Northern and Southern hemispheres systematically differ.

The authors of [15] associated these differences with Coriolis force, which, in
their opinion, deflects ascending magma flows in the MOR zones in opposite
directions in Southern and Northern hemispheres.

Consideration of this issue showed [14] that Coriolis force acts not on mag-
ma, but on lithospheric plates. At the same time, all plates (oceanic and con-
tinental) form a single lithospheric shell on Earth, which, apparently, rotates
as a whole in asthenosphere with an angular velocity w_, which differs from
mantle rotation w_. In Phanerozoic, velocity of lithospheric shell rotation w
. m . . o
was higher than w_, and at the same time plates shifted to the north. There-
fore, lithosphere and mantle do not necessarily have a common rotation axis.

THEORETICAL MODEL

Let us express velocity of plates relative to mantle by sum of velocities
V=V + V", where V' is vector of velocity of plates in lithospheric shell, and V*
is vector of shell velocity relative to mantle. We will also consider the litho-
spheric shell as a rotating frame of reference, and mantle with Earth’s axis
fixed in it (as well as axis of geomagnetic dipole) as an inertial frame of ref-
erence [9].

Let the lithospheric shell and mantle rotate around the same axis with veloc-
ities w, > w . In this case, the plates in inertial frame of reference will move

west along the latitude with a velocity

V=R(w,-w )cos(}), (2)
and under Coriolis force influence they will acquire acceleration in longitude
a=2Rw, (w, —w,_ )cos(d), (3)

where R is Earth’s radius; ¢ is latitude of the place.

Formula (3) shows that the Coriolis force effect on plates movement caused
by difference in velocities w and w,_, is maximum at latitude ¢ = +45°, and at
equator (¢ = 0°) and at poles (¢ = £90°) this force stops acting. At the same
time, due to general movement of lithospheric shell to the north, plates ex-
perience greatest tensile and shift stresses at equator.

Testing of this simplest model showed [9] that it quite well reflects the specif-
ics of Pangaea supercontinent fragmentation and also explains the structure
of Mid-Atlantic Ridge and its transform faults.

CONCLUSIONS:
e The reason for orientation change of Earth rotation axis and other planets
is the processes in Galaxy and Solar System, and not in bowels of planets.

e The “true polar wandering” phenomenon should be attributed not to Earth
as a whole, but to the rotation pole of its lithospheric shell (or a significant

part of this shell), which can change position for time ~10°-10 years.

The author believes that the transition to a new interpretation of TPW phe-
nomenon and taking into account the Coriolis force effect on movement of
lithospheric plates will expand the range of problems being solved today in
the Earth sciences and planetology.
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INTRODUCTION:

Venera-D is a mission to study atmosphere, surface, and surrounding plas-
ma of Venus, in order to resolve the fundamental question of why our sister
planet Venus is so different from Earth, and what lessons we can learn from
the understanding of the evolution of Venus climate as applied to the Earth.
It can also help understand environments of the terrestrial planets of the
Solar System and Venus-like exoplanets as well as with the question of their
potential habitability. Venera-D includes an orbiter, a lander, and an aerial
platform (balloon) [1].

ORBITER:

The Orbiter on the polar orbit is focused on studying a) thermal structure of
the atmosphere, winds, thermal tides, and solar locked structures; the dy-
namics and the nature of superrotation, radiative balance, and the source
of the greenhouse effect; b) composition of the atmosphere; clouds, their
structure, composition, microphysics and chemistry; c) composition of the
lower atmosphere, and surface emissivity on the night side. A suite of plasma
instruments on the Orbiter is aimed to study the upper atmosphere, iono-
sphere, electrical activity, magnetosphere, the atmospheric escape rate, and
solar wind interaction.

LANDER:

The most important element of the Venera-D mission contains scientific pay-
load to study the elemental and mineralogical composition of the surface
and near-subsurface materials after drilling to a few cm depth and taking
samples. During descent it will study structure and chemical composition of
the atmosphere down to the surface, including the abundances and isotopic
ratios of trace and noble gases, direct chemical analysis of cloud aerosols,
and geomorphology of the landing site.

AERIAL PLATFORM:

A balloon with variable altitude of floating (within 53-57 km) is planned to
operate for up to three months. Such module can provide unique in situ
information on the meteorological parameters, composition of the atmo-
sphere and cloud structure.

SUMMARY:

The Venera-D project is planned to be launched in 2031. Venera-D has unique
capabilities such as surface sampling, long-term in situ cloud measurements,
and instrumentation that could work in synergy with the parallel missions
(Rocket Lab’s mission [2], DAVINCI [3], VERITAS [4], EnVision [5], possibly
Shukrayaan-1 and VOICE). A coordination of efforts with other missions (and
their scientific instruments) is crucial to answer the most important funda-
mental questions about our mysterious neighbor planet.
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INTRODUCTION:

AKATSUKI (aka Venus Climate Orbiter) was launched on 21 May 2010, and
was successfully inserted to the Venus’ orbit at the second attempt (VOI-R)
happened on 7 December 2015. Since then, AKATSUKI has been regularly
acquiring Venus’ data for nearly 8 earth years to date. This duration almost
compares that achieved by ESA’s Venus Express (from 2006 to 2014).

AKATSUKI is unique because it is the first “meteorological” satellite orbiting
around a planet other than the earth. To investigate the peculiar dynam-
ics of Venusian atmosphere (the super-rotation, in particular), AKATSUKI is
equipped with 5 cameras (UVI, IR1, IR2, LIR, and LAC) plus the ultra-stable
oscillator for radio science (RS) experiments. These instruments were so de-
signed to perform best when the spacecraft is in an equatorial plane orbit
of retrograde direction (the same as Venus rotates). AKATSUKI has actually
been in an elongated and retrograde orbit (~11 earth day period) near the
equatorial plane of Venus [1].

The onboard instruments, together with its preferred orbit, perform almost
as we anticipated, achieving remarkable discoveries such as the stationary
gravity-wave features in the cloud-top temperature [2], the equatorial jets in
the middle-to-low clouds [3], etc. Unfortunately, IR1 and IR2 stopped work-
ing due to the malfunction of their shared control electronics (IR-AE) in De-
cember 2016. All other instruments, as well as the spacecraft bus system, still
maintain good health condition.

AKATSUKI’s high-precision measurements of the wind fields at the cloud-top
level revealed that the super-rotation, at least near the equator to low lati-
tudes, is maintained by the thermal tides excited by the solar heating in the
day hemisphere [4]. Thermal imaging by LIR provides uniform coverage of

Planetary Qﬂi
surface

Thermal tide Slow vertical &
north-south circulation
(transports heat & angular
momentum to high latitudes)

‘Westward forcing
by thermal tide

Westward flow
(super-rotation)

Angular momentum transport
by waves from instabilities

>Planet-C project team

Fig. 1. The schematic of mechanisms how super-rotation of Venus’ atmosphere is
maintained (a press release illustration for [4])
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both day and night side of the cloud-top level. A new feature-tracking meth-
od applied to such data revealed the global circulation pattern for the first
time ever: while equator to poleward divergence is seen in the day, the equa-
torward convergence was observed [5]. The “true” meridional Hadley circu-
lation seems to be far weaker than was estimated before.

Long-term and consistent data acquisition is essential for studies of meteo-
rology and climatology. Now, AKATSUKI is entering the phase to provide valu-
able data to study secular variability and/or periodicity related (or not) to
the solar cycle or other external influences [6]. Although uncertainties in the
remaining fuel is the biggest concern, we AKATSUKI team will continue care-
ful operation and data acquisition as long time period as possible for better
understanding of the earth twin planet’s atmosphere.
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INTRODUCTION:

We present the long-term variations of both zonal and meridional compo-
nents of the cloud top winds. For the first time, we jointly analyze the wind
fields derived from the VMC/Venus Express and UVI/Akatsuki UV cameras
using the same digital cloud-tracking technique that resulted in the longest-
to-date and almost continuous temporal coverage of approximately 24 Ve-
nusian years (2006—2022). To focus the study on the long-term changes and
exclude the influence of spatial and local time variations, we limited the lat-
itude range to 20+2.5° S and local time to 11-13 h. More than 46,000 wind
vectors were derived from the VMC and UVI images using the digital cloud
tracking technique developed by LV. Khatuntsev et al. [1] and described by
M.V. Patsaeva et al. [2], enabling intercomparison of the results obtained by
both cameras.

The time series u(t) was analyzed for long-term periodicities. We used the
Lafler — Kinman method [3], which is widely applied in astronomy for de-
tection of periodicities. The method is also referred to as the epoch folding
method. For any trial period P’ a phase curve is created, where for every
measurement u, made at the time t, a phase ¢, is determined as the fractional
part of E=(t; —to)/P’. Thus, for a periodica‘ time series all measurements
performed at different moments are brought together within one cycle.

As a result, the observation date t; and initial Julian date t, = 2456314.26
(¢, =0) are related to the period P = 4576.21 and phase (fractional part of E)
as follows:

t; =2456314.26 +4576.21E.

The phase curves for the zonal and meridional components were calculated
for the period of 4576.21+180 days (12.5+0.5 years). The measurements
from the earlier missions fit the zonal wind phase curve for the 13- and
12-year period quite well. However, decreasing the trial period to 11 years
results in a higher dispersion and the mismatch with OCPP/Pioneer Venus
measurements becomes critically large. This is where we can see the strong
difference between 12-13 years and 11 years due to the much longer time
scale.

Thus, the long-term variations (Figure 1) of the mean zonal and the merid-
ional wind speed in the upper cloud show periodical behavior within the
period of 12.510.5 years. The zonal wind component is characterized by
an annual mean of -98.6+1.3 m/s and an amplitude of 10.0+1.6 m/s. The
mean meridional wind velocity is —2.3+0.2 m/s and has an amplitude of
3.4+0.3 m/s.

Plausible physical explanations of the periodicity include both internal pro-
cesses and external forcing. Both missions observed periodical changes in
the UV albedo correlated with the circulation variability. This could result in
acceleration or deceleration of the winds due to modulation of the deposi-
tion of the radiative energy in the clouds. The circulation can be also affected
by the solar cycle that has a period of approximately 11 years with a large
degree of deviation from the mean. The solar cycle correlated with the wind
observations can probably influence both the radiative balance and chemis-
try of the mesosphere.

See more details in our publication [4].
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Fig. 1. Long-term variations of the mean zonal (a) and meridional (b) wind speed
at 20£2.5° S at around noon (121 h LT) derived from VMC/ Venus Express (blue)
and UVI/ Akatsuki (red) images. Error bars correspond to 99.6 % confidence inter-
val (3ox). The zonal wind component is negative, indicating east-west retrograde
circulation. The negative sign of the meridional speed corresponds to north-south
motions.
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INTRODUCTION:

Venus has a massive atmosphere characterized by complex dynamic prop-
erties. Here we discuss the processes which affect the dynamics of Venus
mesosphere.

THERMAL TIDES:

The distribution of the O, emission on the night side of Venus characteriz-
es the atmospheric circulation at about 100 km altitude, the main mode of
which is SS-AS circulation [1]. The VIRTIS-M/VEx mapping of the 1.27 um O
band shows that the convergent area of the horizontal flow peaks at 22—2§
hours local time (LT) instead of midnight as one could expect from the SS-AS
circulation [2]. This shift is occurring in the opposite direction to the superro-
tation. Local time of the convergent area coincides with the maximum of the
temperature vs LT tidal curve at a given altitude [3].

HADLEY CIRCULATION:

An existence of a Hadley cell in the upper cloud layer became apparent af-
ter demonstration of the temperature fields in the mesosphere by Pioneer
Venus [4] and Venera-15 [5]: the temperature vs latitude curve rises from
the equator to the polar region above 65 km and decreases below this alti-
tude level. The midlatitude jet attributed to Hadley circulation was also ob-
served. Meridional wind speed data were obtained from VMC/VEx data [6,7].
Its direction indicates the motion of the horizontal flow towards the pole at
the upper boundary of clouds, and backward to the equator deeper in the
clouds, the so-called “direct Hadley cell”. Fragments of the direct Hadley cell
(analogous to that in the upper clouds) were also found on the night side of
Venus in the lower cloud layer from VIRTIS-M 1.74 um data [8].

SURFACE INFLUENCE:

The other factor, which affects the dynamics of the mesosphere is a surface
relief. At the “continental” highlands, such as Aphrodite Terra, orographic
waves generated by the near-surface atmospheric flow influence the atmo-
spheric flow in the equatorial latitudes of the southern hemisphere [9].

SOLAR CYCLES:

From the combined set of VMC/VEx and UVI/Akatsuki data the 12.3+0.5 yr.
periodicity of the mean velocity of horizontal wind was revealed [10]. Note that
this set of observations covers the 24th cycle of solar activity. As it was shown
previously [11], the UV albedo of Venus decreases from solar minimum to solar
maximum. From VMC data it was also found that the increase of the zonal wind
speed at low latitudes runs parallel with the increase of the solar activity [10].
However, the ambiguity remains because in both sets of data near solar max-
imum the Aphrodite Terra was also observed. During VMC observations the
altitude of upper boundary of the upper clouds increased by several kilometers
between minimum and maximum of the solar cycle.

References:

[1] Bougher S.W. and Borucki W.J. Venus O, visible and IR nightglow: Implications for
lower thermosphere dynamics and chemistry // Journal of Geophysical Research.
1994. V. 99. P. 3579.



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14M53'\6NR'21‘

[2] Shakun A.V., Zasova L.V, Gorinov D.A. et al. O, (a*A) Airglow at 1.27 um and
Upper Mesosphere Dynamics on the Night gide &f Venus // Solar System
Research. 2023. V. 57. 1. 3. P. 200-213.

[3] Zasova L.V., Ignatiev N., Khatuntsev I. et al. Structure of the Venus atmosphere
// Planetary and Space Science. 2007. V. 55. 1. 12. P. 1712-1728.

[4] Taylor FW., Beer R., Chahine M.T. et al. Structure and meteorology of the middle
atmosphere of Venus Infrared remote sensing from the Pioneer orbiter // Journal
of Geophysical Research. 1980. V. 85. P. 7963-8006.

[5] Zasova L.V., Khatountsev I.A., Moroz V.I. et al. Structure of the Venus middle
atmosphere: Venera 15 fourier spectrometry data revisited // Advances in Space
Research. 1999. V. 23.1. 9. P. 1559-1568.

[6] Khatuntsev V., Patsaeva M.V., Titov D.V. et al. Cloud level winds from the Venus
Express Monitoring Camera imaging // Icarus. 2013. V. 226. I. 1. P. 140-158.

[7]1 Khatuntsev I.V., Patsaeva M.V., Zasova L.V. et al. Winds From the Visible (513
nm) Images Obtained by the Venus Monitoring Camera Onboard Venus Express
// Journal of Geophysical Research. 2022. V. 127.1. 4. id. e07032.

[8] Gorinov D.A., Zasova L.V., Khatuntsev 1.V. et al. Winds in the Lower Cloud Level on
the Nightside of Venus from VIRTIS-M (Venus Express) 1.74 um Images // Atmo-
sphere. 2021. V. 12.1. 2. P. 186.

[9] BertauxJ.-L., Khatuntsev I.V., Hauchecorne A. et al. Influence of Venus topography
on the zonal wind and UV albedo at cloud top level: The role of stationary gravity
waves // Journal of Geophysical Research: Planets. 2016. V. 121. P. 1087-1101.

[10] Khatuntsev I.V., Patsaeva M.V., Titov D.V. et al. Twelve-Year Cycle in the Cloud
Top Winds Derived from VMC/Venus Express and UVI/Akatsuki Imaging // Atmo-
sphere. 2023. V. 13. 1. 12. P. 2023.

[11] Lee Y.J., Jessup K.-L., Perez-Hoyos, S. et al. Long-term Variations of Venus’s 365
nm Albedo Observed by Venus Express, Akatsuki, MESSENGER, and the Hubble
Space Telescope // The Astronomical Journal. 2019. V. 158. 1. 3. id. 126.



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14M53'\6NR',‘_)\E

RETRIEVAL OF UPPER HAZE AEROSOL
PROPERTIES AT VENUS FROM SPICAV-UV AND
—IR DATA

M. Lugininl, A. Fedoroval, D. Belyaevl, F. Montmessinz, 0. Korablevl,

J.-L. Bertaux®
Space Research Institute RAS, Moscow, Russia mikhail.luginin@phystech.edu
Laboratoire Atmospheres, Milieux, Observations Spatiales Université de
Versailles — Saint-Quentin-en-Yvelines (LATMOS UVSQ), Guyancourt,
France

KEYWORDS:
Infrared observations, atmosphere of Venus, solar occultation, upper haze

INTRODUCTION:

Venus is covered by a thick layer of clouds extending from 40 to 70 km with
tenuous upper haze layer lying above. Particles at the cloud top are spher-
ical and consist of sulfuric acid droplets [1]. Clouds are stratified into three
layers, the upper cloud region is populated by mode 1 (~0.2 um) and mode 2
(~1 um) particles. Before Venus Express, the upper haze was believed to
consist of only mode 1 [1].

Early independent study of three channels of SPICAV/SOIR instrument with
data set from a few selected orbits showed presence of bimodality in size
distribution [2]. Analysis of aerosol properties from single SPICAV-IR spec-
trometer for the whole data set obtained from May 2006 till November 2014
has proved it [3]. In this work, we report retrieval of upper haze aerosol prop-
erties from joint SPICAV-UV and —IR solar occultation observations for the
whole data set.

OBSERVATIONS:

We analyzed spectra from 101 simultaneous solar occultation observations
from SPICAV-UV and -IR instruments that were measured between March
2007 (orbit #339) and January 2013 (#2464). Aerosol properties are de-
termined using 6 wavelengths in 200-300 nm range from SPICAV-UV and
10 wavelengths in 650-1550 nm range for SPICAV-IR.

METHOD OF ANALYSIS:

The first step in retrieval procedure is calculation of aerosol extinction. In-
version method for SPICAV-UV is identical to the one used for SO, abun-
dance retrievals [4]. Aerosol extinction retrieval of SPICAV-IR data was de-
scribed in [3].

The second step is retrieval of particle size distribution by fitting spectral
dependence of experimental normalized aerosol extinctions to their corre-
sponding theoretical values. The aerosol extinction is modeled according to
Mie theory, adopting refractive indices for 75 % H,SO, sulfuric acid aqueous
solution. In our retrieval procedure unimodal and blmodal lognormal size dis-
tributions were considered independently.

The final step is to calculate aerosol number density as a ratio of experimen-
tal extinction coefficient to modeled extinction cross section.

RESULTS:

A joint analysis of the data from two spectrometers allowed us to charac-
terize the size distribution ~10 km higher in the atmosphere compared to
previous analysis and to detect bimodal distribution in ~50 % of observations
previously believed to be unimodal. At altitudes 81-92 km, bimodality is ob-
served in >50 % of cases. Mode 2 particles are detected up to 98 km and
mode 1 up to 100 km. Mean radius equals 0.16+0.02 um for mode 1 and
0.78+0.18 um for mode 2. Number density profiles for both modes of parti-
cles exponentially decrease with altitude, starting from 50 cm™ and 0.3cm™
at 82 km for mode 1 and mode 2, respectively, and reaching 3 cm™ at 98 km
for mode 1 and 0.03 cm™ at 94 km for mode 2. Resulting mean profiles of
effective radius and number density alongside the results from the [3] and
[5] are shown in Fig. 1.
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INTRODUCTION:

Venus clouds surrounding the planet with a thick layer at 46—70 km bounded
by upper (>70 km) and lower (<46 km) haze are the largest aerosol system of
all the terrestrial planets [1]. Cloud layer plays a great role in energy balance
and, thus, current climate on Venus. The main component of the aerosol par-
ticles is an aqueous solution of sulphuric acid (75-90 %) [2]. Aerosol forma-
tion primarily occurs in the upper cloud layer, where SO, and H, O transferred
from the deep atmosphere recombine [1]. Variations in the cloud system can
indicate changes in complex dynamics and coupling between the lower and
upper atmosphere. Short- and long-term changes in the clouds have been
noted previously [3-5].

In-situ experiments on board descent modules allowed us to identify four
modes in the size distribution of aerosol particles: mode 1, 2, 2" and 3 [2, 6].
Each is characterized by a modal radius: <0.4 um for mode 1, 1.05 and
1.25 um for modes 2 and 2’ respectively, 3—4 um for mode 3. The size dis-
tribution dispersions are 1.56, 1.29, 1.23, 1.28 [2]. Depending on modes of
the dominant aerosol particles, three cloud sub-layers can be specified [6].
The modes 1 and 2 constitute the upper cloud layer (50-70 km) and haze
(>70 km). Aerosol particles of modes 2’ and 3 prevail in the middle and low-
er clouds (46-50 km) and the lower haze. The biggest aerosol particles of
mode 3 determine the opacity and bulk of the Venus cloud layer [6].

SPICAV-IR/VENUS EXPRESS OBSERVATIONS:

Remote sensing of middle and lower cloud layers is obstructed by the aerosol
opacity. Measurements of the surface and deep atmosphere thermal radia-
tion, modulated by scattering in the clouds, are another way to study aero-
sol behaviour. However, a strong absorption by the dominant (96.5%) atmo-
spheric constituent, carbon dioxide (COZ), leaves only a few narrow spectral
intervals in the near infrared, i.e., «transparency windows», where a part of
the radiation can be observed remotely [2].

The IR channel of the SPICAV instrument on board the Venus Express space-
craft performed observations from the orbit around the planet in 2006-2014
with a high resolving power of ~1400 [7]. The spectral range covered five
transparency windows at 1.0, 1.10, 1.18, 1.28, 1.31 um [7] where ther-
mal emission originated from the hot surface and the first-scale height of
the atmosphere (0—20 km) [2]. The windows’ intensity is defined by cloud
optical properties, surface emissivity and H,O absorption at 0.9-1.0 and
1.10-1.20 um. The 1.28-um window is contaminated by an oxygen airglow
at 1.27 um produced at 95 km [2].

MODELLING THE VENUS NIGHT SIDE EMISSION:

The SPICAV IR data is analysed using an updated approach to define Venus
night-side emission spectra. Thermal radiance of the Venus surface and deep
atmosphere is simulated by a multiple scattering radiative transfer model.
The model is based on the SHDOMPP program implementing the spherical
harmonic discrete ordinate method for plane-parallel geometry [8]. It was
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adjusted for the Venus observations [7, 9]. The vertical profiles of the atmo-
spheric temperature, pressure and density are taken from the VIRA database
[7]. CO,, H,0 and HDO absorption parameters are taken from the «High-T»
database VTT and BT2 line lists [7]. Water vapour is assumed to have a con-
stant volume mixing ratio, and the HDO/H, O ratio is 127 times lower than the
terrestrial value [7]. The aerosol particles are restricted to be spherical and
the concentration of H,SO, in the solution is set to 75 %. Optical depth, sin-
gle scattering albedo and parameter of asymmetry are calculated according
to the Mie theory based on the vertical number density profiles of aerosol
modes by R. Haus et al. in 2016 [10]. Free parameters of the model are wa-
ter vapour mixing ratio, cloud opacity and surface emlsswlty The SPICAV IR
spectrum simulation also includes modelling of the O, (a’A)) airglow. The
airglow contribution is a spectrum computed line by line based on spectral
line parameters from the HITRAN database [11].

RESULT:

The work presents an updated model to reproduce Venus night-side emis-
sion spectra in the 1.0-1.3 um wavelength range. It includes a radiative trans-
fer model and a line-by-line computation of the O (alAg) airglow overlapping
the Venus thermal emission spectrum. This mcreases the accuracy of the
1.28-um transparency window intensity retrieval, and the 1.28-um transpar-
ency window is only modulated by changes in aerosol optical depth. Analysis
of the full SPICAV IR dataset shows high variability in the lower clouds ob-
served from 2006 to 2014.
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INTRODUCTION:

Venus reveals phenomenon of the glory near opposition. On the phase
function of the scattered light intensity p(a), this phenomenon appears in a
form of surge at the phase angles a < 10° (e.g., [1]). While its origin is bare-
ly understood yet, all existing explanations refer to particles whose radius
r significantly exceeds the wavelength of incident radiation A, r >> A (e.g.,
[2]), so the geometric-optics concept to hold true. On the other hand, the
currently existing models of the glory in the Venusian atmosphere all assume
that the aerosol radius spans the range up to less than several micrometers
(e-g., [3])- Nevertheless, the glory phenomenon provides important clues
for better understanding microphysics of the aerosol particles (e.g., [4]).- We
investigate impact of three parameters characterizing a differential pow-
er-law size distribution r" of the aerosol particles, its bottom limit ro upper
limit r__, and the index n, on appearance of the glory.

MODELING:

We model shape of an aerosol particle with a perfect sphere and compute its
light-scattering response using our own implementation of the Mie theory.
Light scattering by a sphere is governed by ratio of its radius r to wavelength A
that is often quantified in terms of the size parameter x = 2rr/A. Another im-
portant characteristic of a scatterer is the complex refractive index m, whose
real and imaginary parts quantify refraction and absorption of the incident
electromagnetic wave within constituent-material volume. We investigate
sulfuric-acid composition of the aerosol particles. The modelign was con-
ducted at A = 0.365 um, where its complex refractive index is m = 1.47 + 0i
(e.g., [3] and references therein). Radius of the sulfuric-acid particles r was
ranging from 0.01 pm up to 7.5 um, with the increment Ar = 0.01 pm.

RESULTS AND DISCUSSION:

We first investigate effect of the bottom limit in size distribution r_. , consid-
ering r_.. =0.01 um, 0.1 pm and 1 um; whereas, the upper limit was set to
rax = 2 #mM. The power index was varying from n = 1 to 4 with step of 0.1.
We found that the light-scattering responses obtained atr_. = 0.01 pm and
0.1 um appear to be virtually the same. Interestingly, the same effect also
was found for irregularly shaped particles [5]. Thus, r,_. does not affect the
light-scattering response when it is sufficiently small, r_. <0.1 um. However,
value of r,_. still has an impact on the effective radlus r. and the effective
variance v, two characteristics of a polydisperse system of particles intro-
duced in [6] and currently used in various atmospheric applications (e.g., [3,
4]). It clearly reveals ambiguity of characteristics r_ and v .

While r_. =1 um considerably changes amplitude of the glory compared to
what emerges atr_. = 0.01 um and 0.1 pm, it hardly affects its location on
the phase function. Furthermore, a significant change in the power index n,
from 1 to 4, only slightly shifts the glory along the phase function (£1°). As a
consequence, at given m, position of the glory is almost solely governed by
the upper limit of size dlstrlbutlon roa We find thatr_ =2 um yields the

best fit to position of the glory observed in Venus at A = 0 365 um.

Figure 1 demonstrates the phase function p(a) computed for the sulfuric-
acid spheres with radius ranging from r = 0.01 um up to 2.01 um. Three
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curves here present results obtained at different values of the power index
n=1.8,2,and 2.2. Itis worth noting that these size distributions quantitative-
ly reproduce the Pioneer-Venus findings in the Venusian atmosphere [7]. The
corresponding values of r_. and v_ are given in the legend and they indeed
match what was inferred in situ [7f. The curves in Fig. 1 do reproduce location
of the glory on the phase function of Venus (e.g., [1]). However, oscillations
on the phase functions shown in Figure 1 exceed what is observed in Venus.
Such a discrepancy is fully expected because our modeling does not take into
account multiple scattering among the aerosol particles yet. It is a subject for
further research.
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Fig. 1. Phase function p(a) of poly disperse particle systems of the sulfuric-acid sphere
simulated at A = 0.365 um using the Mie theory
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INTRODUCTION:

Large volcanoes (basal diameter exceeds ~100 km [1]) are important compo-
nents of the volcanic evolution of Venus [2-3]. They show a variety of shapes
that likely reflect a variety of processes responsible for the volcano formation
and evolution. Can the volcanoes be classified in distinct groups according
to their gross shape? Or do they form a sequence that is continuous and
gradational morphologically and topographically? The presence of gradual
changes would suggest that the processes/environments that controlled the
volcano formation changed systematically as a function of size and that the
entire population of the volcanoes represent a single class of features that
different from the other volcanic landforms. In contrast, the existence of dis-
tinct groups within the population of the volcanoes would suggest that spe-
cific combinations of processes/environments governed growth of the large
volcanoes.

DATA AND METHODS:

In our study, we used a revised catalogue of the large volcanoes [1], the SAR
F-MIDR images (75 m/px resolution), and available topographic data (the
Magellan gridded topography, ~5 km/px resolution) to collect various mor-
phological and topographical characteristics of the volcanoes. We used these
characteristics to test the morphological continuity of the volcano popula-
tion with the help of multidimensional methods such as principal component
(PCA) and discriminant function (DF) analyses.

RESULTS/DISCUSSION:

The independent input parameters for the multidimensional methods were
as follows: edifice diameter (D), background elevation (Be), mean elevation
of the summit area, and diameter of the summit caldera (caldera complex,
C). The last parameter is a diameter of a circle the area of which is equal to
the caldera area.

At the first step, we applied a PCA that does not require preliminary grouping
(Fig. 1a). The areal distribution of points in the Factorl/Factor2 plane sug-
gests the existence of two groups of volcanoes.

To test if these groups are stable clusters of features, we applied the DF
analysis using the groups defined by the PCA (Fig. 1b). The components of
both groups defined by the PCA were correctly classified by the DF proce-
dure. Thus, exactly the same results produced by two different and indepen-
dent methods of multidimensional analysis suggest that there are indeed
two different morphological and topographical groups of large volcanoes
(Fig. 2).The first group (G1) consists of volcanoes that have much larger bas-
al diameter (~500 km) and a very large summit area, about 140 km across.
These volcanoes are relatively low (~1.2 km high) and have a low aspect ra-
tio ((h/D)x1000 = ~2.6). The summit area of the G1-volcanoes typically has
a large caldera (caldera complex) the mean diameter of which is 4-5 times
larger than that of the G2-volcanoes. The G1 calderas appear as broad and
apparently shallow depressions surrounded by concentric zones of grooves
and, thus resemble coronae (Fig. 3a). The G2-volcanoes (see Fig. 2) are some-
what smaller, have much smaller summit area, and a significantly larger as-
pect ratio (~¥6—7). The summit calderas of these volcanoes are preferential-
ly of either trapdoor or piston-like types (do you have a reference for the
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different caldera types to put here?). The size-frequency distribution of the
G2-volcanoes shows a prominent break of slope at ~200 km, which suggests
that there are two subpopulation of features within Group 2 (see Fig. 2): the
larger (G2 large, Fig. 3b) and smaller (G2 small, Fig. 3c) volcanoes.
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Fig. 1. Results of the principal component (PCA) and discriminant function (DF) analy-
ses of parameters characterizing the gross shape of large volcanoes on Venus
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Fig. 2. Generalized shape of different morphological and topographical groups of
large volcanoes

Fig. 3. Typical examples of large volcanoes from the different morphological and topo-
graphical groups

CONCLUSIONS:

The multidimensional analyses of four independent and important parame-
ters that characterize the gross shape of the large volcanoes reveal that the
volcanoes form two distinct groups of features (see Fig. 1). These groups con-
tradict to the first formulated hypothesis about the existence of continuous
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morphological and topographical sequences of the volcanoes. In contrast,
the alternative hypothesis about the existence of discrete groups of large
volcanoes is supported by the analyses. Thus, it is likely that specific combi-
nations of internal magmatic processes and external environments have gov-
erned growth of the large volcanoes on Venus. Currently, we are assessing
the stratigraphic and areal distributions of the large volcanoes from different
groups. Because the G1 and G2 volcanoes appear to occur in broadly the
same regions, the conditions that caused formation of different groups of
volcanoes should occur rather at local scale and likely are related to charac-
teristics of the magmatic plumbing systems of each large volcano and poten-
tially the size, age and depth of the magma source region.
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INTRODUCTION:

Several missions to Venus have been recently selected for launch [1-6],
opening a new era for the exploration of the planet. One of the key questions
that the future missions need to address is whether Venus is presently vol-
canically active [7-15]. Studying areas of active volcanism and tectonism on
Venus is crucial to reveal clues about the geologic past of the planet, as well
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as provide information about the volatile content of its interior and the for-
mation of its dense atmosphere. The “Analogs for VENus’ GEologically Recent
Surfaces” (AVENGERS) initiative aims to build a comprehensive database of
terrestrial analog sites for the comparative study of recent and possibly on-
going volcanic activity on Venus. Besides its scientific relevance, the AVENG-
ERS initiative also acts as a bridge for international scientific collaboration,
including the leadership and/or team members from the currently selected
missions to Venus.

MAIN OBJECTIVES OF THE AVENGERS INITIATIVE:

COMPARATIVE STUDY THROUGH GEOLOGIC MAPPING AND
STRATIGRAPHIC RECONSTRUCTION AT REGIONAL LEVEL OF THE
SELECTED VOLCANIC STRUCTURES:

Using GIS tools, we are performing morpho-structural mapping and topo-
graphic analysis of the selected volcanic structures both on Earth and on Ve-
nus. For the geologic interpretation and mapping, we are using radar images
of both terrestrial and Venusian volcanoes.

DATING VENUSIAN VOLCANIC ACTIVITY USING ALTERATION OF
TERRESTRIAL ANALOG SITES:

Orbital spectroscopy of weathered versus fresh lava flows, specifically the
1-micron absorption band in nighttime emissivity, has been suggested as a
tool for age dating lava flows [refs]. Therefore, several lava flow samples of
different age, texture, and alteration state have been and will be retrieved
during the field trips on easily accessible volcanic structures, such as Mount
Etna or Kilauea. The retrieved samples from Mount Etna are currently being
analyzed with the infrared spectrometer of the laboratories at the Lunar and
Planetary Institute (TX, USA) (Eggers et al.).

RADIOMETRIC PROPERTIES AND INTERFEROMETRY (CHANGE
DETECTION) ANALYSIS ON ACTIVE VOLCANOES ON EARTH AND ON
VENUS:

The analysis of the radiometric properties (i.e., radar emissivity, dielectric
constant) can also inform about composition and relative age of volcanic sur-
face deposits [11-13]. For this reason, we will use variations in radar emis-
sivity on active volcanoes on Earth as a further parameter to identify areas of
possibly ongoing volcanism on Venus.

CRITERIA OF SELECTION OF THE AVENGERS INITIATIVE:

In the project, three main criteria of selection will be considered: a) Sites of
ongoing volcanic activity on Earth, b) Ease of access, and c) Applicability of
bulk composition.

ANALOG SITES ON EARTH FOR THE IDENTIFICATION AND STUDY OF
RECENT VOLCANO-TECTONIC ACTIVITY ON VENUS:

At the present state, we selected four active volcanoes on Earth that may
represent suitable “end-member” analogs for covering a good part of the
spectrum of possible types of active volcanism and volcanic products on Ve-
nus that may be identified with the new datasets from the future missions.

MOUNT ETNA: A SUITABLE ANALOGUE FOR ITS VARIETY OF VOLCANIC
PRODUCTS AND ITS EASE OF ACCESS:

Mount Etna (37°30’ to 37°55' N, 14°47' to 15°15’ E) located in Sicily, Italy is
the largest and most active volcano in Europe (i.e., [18—19]). It is a composite
volcano characterized by multiple phases of effusive and explosive volcanism
(i.e., [18—19]). For these reasons, Mount Etna offers the unique opportunity
to study at the same time a wider range of possible eruptive styles. Given its
ease of access, Mount Etna also represents a suitable landing site analog area
for the preparation of the drilling operations and in-situ elemental analyses
to be performed by future Venus’s landers.

KILAUEA: A SUITABLE TERRESTRIAL END-MEMBER FOR THE STUDY
HOTSPOT-LIKE VOLCANISM ON VENUS:

Kilauea (19° N, 155° W, Figure 1) located in Hawai’i, USA, is an active shield
volcano fed by a magma reservoir arriving up to 60 km depth. Kilauea is an
example of terrestrial hotspot volcanism, thus not related to the interaction
between the tectonic plates. The hotspot style of volcanism has been fre-
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Fig. 1. Kilauea region shown here in a) circular polarization Ratio (CPR) and b) NNED
images. These polarimetric products are generated from RISAT-1A C-band SAR data at
a resolution of 7 m/pixel. The CPR image is stretched to a colour scale and overlaid on
HV-pol data and the colour wheel in the decomposition image (b) highlights the co-
lours for each scattering regime (red: even bounce; blue: single (odd) bounce; green:
volume/diffuse scattering). Notice the December 1974 pahoehoe flows (indicated
with arrows in (a)) that have a CPR contrast with the background and are not readily
visible from other polarization images

quently used to describe volcanism on Venus, since this planet does not show
clear evidence of Earth-like plate tectonics. For this reason, active hotspot
volcanoes, such as Kilauea, can be used as a suitable terrestrial analog for
identifying active volcanism on Venus. Moreover, Kilauea is also easily ac-
cessible, so that it is possible to retrieve lava flow samples for laboratory
analyses.

EAST AFRICAN RIFT SYSTEM AS A SUITABLE ANALOG FOR VOLCANO-
RIFT SYSTEMS ON VENUS:

Another suitable area is represented by the East African Rift System (EARS)
(10° N, 40° E, Figure 7), an active rift zone located in East Africa with mul-
tiple volcanoes that could be potential analogues. The EARS is a divergent
plate boundary, where the African plate is being split into two parts. Given its
structural frame, the EARS can help us to better study the mechanism behind
the formation of the volcano-rift systems, which can be considered among
the most recently active areas on Venus.

MOUNT MERAPI: AN OPPORTUNITY FOR STUDYING PLUME-INDUCED
“CRUSTAL-RECYCLING” VOLCANISM ON VENUS:

Mount Merapi (7° S, 110° E) in Indonesia is also a terrestrial analog site that
we intend to investigate. It is the most active stratovolcano of Indonesia, and
it is the youngest of a group of volcanoes situated in southern Java. It is lo-
cated at the “subduction zone” where the Indo-Australian plate is subducting
under the Sunda plate. Despite Venus the lack of evidence of Earth-like plate
tectonics today, some spatially limited plume-induced crustal recycling ac-
tivity cannot be excluded on Venus [20]. For this reason, it is also important
to analyze an active subduction zone explosive volcano like Mount Merapi.
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VOLNA - Venus Occultation, Limb and Nadir Analysis - is a spectrometer pro-
posed for the orbital module of the Roskosmos “Venera-D” mission. The in-
strument will operate in the ultraviolet (UV) and visible wavelength range,
from 190 to 490 nm, with spectral resolution of 0.2 nm. The observation
modes include solar occultations, to analyse vertical structure of the upper
atmosphere, and nadir soundings, to study spectral albedo of Venus clouds
and to measure the column density of atmospheric species. The field of view
and optics of the instrument will allow for imaging of spatial distribution and
variations of the retrieved components.

In the present paper we discuss scientific potential of the VOLNA spectrom-
eter, that is up to date to study the composition, structure and dynamics of
Venus clouds and the upper atmosphere in the UV-visible wavelength range.
Here, we highlight the following aspects: 1) search for components as can-
didates into the “unknown” UV-absorber in the clouds from the measured
spectral albedo 2) the day-side mapping of SO,, SO and O, content (plus de-
tection of OCS and 0SSO) and their correlatlon with the “unknown” UV-ab-
sorber; 3) vertical profiling of SO,, SO and O, content at altitudes from 80 to
110 km from solar occultation measurements 4) characterization of molec-
ular limb glows from NO, CO, and O.,. 5) study of the atmospheric dynamics
from the UV i imaging. Sensitivity of tzhe proposed measurements is analysed
as well, comparing with previous analogous experiments.
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Observations of potential lightning flashes on Venus have been undertaken
for more than 40 years using optical and radio wave instruments, both on
spacecraft and by ground-based telescopes [1—3]. However, there is no de-
finitive answer about the existence of lightning on this planet yet. The main
reason for the uncertainty is the problem with distinguishing natural light-
ning patterns from transient noise caused by other sources in the measuring
equipment [4]. But the conditions for the lightning discharges exist. Despite
the density of the atmosphere and the difficulty of detecting an optical signal,
the possibility of such measurements must be used to study and understand
the complex of processes occurring on Venus. One of the promising chan-
nels of information about processes in the low atmosphere are the so-called
transient luminous events (TLEs) — the optical response of the upper atmo-
sphere to powerful electromagnetic discharges in clouds and below them [5].
These phenomena occur high up and are not shielded by dense cloud cover.

For this reason, the SONET telescope (System for Observation of Energetic
Transients) was proposed as part of the scientific equipment of the Venera-D
project. The detector is an imaging photometer (telescope) capable to per-
form spectral measurements in various emission lines of nitrogen, oxygen,
and carbon dioxide. The photodetector is a matrix of highly sensitive silicon
photomultipliers operating in the photon counting mode, and the optical sys-
tem is represented by a compact and thin Fresnel lens. The time resolution of
the instrument is 1 ps. The combination of measuring the space-time pattern
and the emission spectrum makes it possible not only to detect optical flash-
es, but also to distinguish their type. The report presents the scientific goals
and objectives, as well as the composition of the SONET equipment.
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INTRODUCTION:

The thick atmosphere of Venus presents a puzzling and complex dynamic
structure. While the cloud layer (approximately from 50 to 70 km altitude)
can be thoroughly studied using cloud images in UV, visible and IR [1], the
region from 80 to 120 km largely remains a mystery. It neither has no clouds
to allow motion tracking, nor it is possible to measure winds using in situ
probes due to engineering constraints. Yet this region is important for Venus
atmospheric dynamics because there occurs the transition from the global
retrograde zonal superrotation (RZS) mode below to the subsolar-antisolar
(SS-AS) cell circulation above [2].

However, this transition region can be studied using nightside airglows — NO
and O,, which peak at 110 and 97 km, and can be observed in UV and near-IR
(Flgures 1-3), respectively [3-4]. In thls work we focus on the infrared observa-

Orbit #818

Latitude, deg

Orbit #588

0.5

0.0

0 23 22 21 20

Local time, h

Fig. 1. Examples of O (alA ) airglow emission on Venus nlght5|de in local time —
latitude coordinates. Emissién intensity is calculated after removing the input of the
lower atmosphere and surface, cloud scattering and water vapor absorption: (a) orbit
599 (images 00-07): peak emission is at 1-2 h, most of the bright areas are located
on the morning side; (b) orbit 818 (images 00-10): two maxima on the evening side,
one of which is near the equator, the other one is in the middle latitudes; (c) orbit 518
(images 00-01): two maxima on both sides of the midnight meridian; the stronger
(but also more spatially compact) one is at 1 h, the weaker (but more extended) one is
at 22 h; (d) orbit 588 (images 00-06): several local maxima at 22.5, 0 and 3-4 h LT [4].
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tions of the O, (a’A ) emission at 1.27 pm (see Figure 1, Table 1). The atomic ox-
ygen forms on the éayside from the dissociation of CO, and then travels to the
nightside with the SS-AS circulation where it recombines in the downwelling
flow and emits around midnight [5]. However, the maximum of the emission is
not found directly at the antisolar point, but shifted towards 22 h of local time.
Therefore, other dynamic mechanisms such as thermal tides and stationary
gravity waves are suspected to play a role at these altitudes [6].

A significant problem with these results is the lack of experimental data, as only
Venus Express spacecraft studied this phenomenon as well as a few short ground-
based observations. Our presentation aims at addressing this issue and propos-
ing a new series of ground-based observations of the oxygen nightglow on Venus
using the AZT-24 telescope at the INAF Campo Imperatore Observatory.

THE INAF CAMPO IMPERATORE AZT-24 TELESCOPE:

THE SITE:

The INAF Campo Imperatore Observatory is located in the Gran Sasso moun-
tains in Abruzzo, Italy, at an altitude of 2150 m above the sea level. The at-
mospheric transparency, along with the climatic conditions — especially in
winter — have always made it a suitable site for observations in the near
infrared (1-2 micron) (i.e., [7]).

THE TELESCOPE:

The AZT-24 is a reflecting telescope, Ritchey-Chretien configuration, with an
aperture of 1.1 m. The mechanics is very good and a new motorization sys-
tem — in the commissioning phase - will allow great pointing and tracking
accuracy (<0.1 arcs), as well as an uncommon tracking speed (the mechanics
is designed to reach 3 deg/s).

THE FUTURE NEAR-INFRARED DETECTOR FOR THE AZT-24 TELESCOPE:
The camera will be based on a commercial InGaAs sensor, sensitive in the
entire band from 450 nm to 1.78 micron (Johnson photometric bands: V, R,
I, J, H_short), even if in this project we plan to use it only for infrared. The
Quantum Efficiency in the J and H bands is around 90 %.

It will be equipped with a forefront optics with a tip-tilt corrector, in order to
work in seeing-enhanced mode (it will likely be possible to reach a seeing of
1.5 arcs, from the starting >2.5 arcs). Under these conditions, the pixel scale
would be between 0.4 and 0.6 arcs/pixel. With the camera formats available
(between 640x480 to 960x1200), this will allow for Field-of-Views of the or-
der of 6x8 arcmin or even greater.

In addition to the broad-band filters (1, J, H_short) appropriate narrow-band
filters will be foreseeable, selected on the basis of the scientific programs
that will potentially have the greatest impact.

THE CAMPO IMPERATORE ADVENANT PROJECT AS A GROUND-BASED
SEGMENT FOR FUTURE MISSIONS TO VENUS:

Considering that we still have to wait for some years before obtaining
high-resolution data about the Nightside Airglows of Venus from orbital mea-
surements, the dataset and observation time to be provided from the future

Table 1. Mean O, (a’A ) emission intensities from Earth-based observations and from
previous VIRTIS-M measurements that were not accounting for surface influence

Author(s) Year(s) of Instrument Mean 02 Peak 02
observation emission emission
intensity (MR) | intensity (MR)
Crisp et al. 1991-1994 Canada- 1 6
(1996) France Hawaii
Telescope
Ohtsuki et al. 2002-2007 CSHELL 0.28 5
(2008)
Krasnopolsky 2009 CSHELL 0.52 1.2
(2010)
Piccioni et al. 200622009 VIRTIS-M 0.52+0.4 1.2
(2009)
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Near-Infrared detector of the AZT-24 telescope will be a unique opportunity
to anticipate and complement the wealth of data and studies from the re-
cently selected missions to Venus [8—13]. For this reason, we propose the
Campo Imperatore ADVENANT project as a ground-based segment for the
future missions to Venus.
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INTRODUCTION:

Constraining Venus’ interior structure is a crucial step to understand the
planet’s evolution and why it is so different from Earth. In this work we at-
tempt to do so based on the available measurements of its moment of inertia
[1] and tidal Love number k, [2]. We have made 45 PREM-based models of
Venus that differ in core S|ze and density profile. The viscoelasticity of the
mantle is accounted by using the Andrade rheology for a wide range of its
parameters and viscosity distributions. Unlike our previous works, the heavy
Venus’ atmosphere is how considered when computing k,.

VENUS’ MODELS:

Our models differ in density profile and core radius R_(from 2850 to 3550 km)
The crust thickness is set equal to 25 km and its den5|ty to 2900 kg/m?> [3].
As it was suggested in [4], the mantle equatlon of state p (P) is defined as
p,,(P) = Apy(P), where P is the pressure, p,(P) is the PREM'’s equatlon of state
and A is a coefficient near 1. Similarly, the?lqmd core equation of state p (P)is
given by the expression p (P) = Bp,(P), where B is also a coefficient near 1. We
compute models for three values of B: 1.00, 0.98 and 1.02, representing re-
spectfully an Earth-like core, a lighter core and a heavier core. For each model
(with specific values of R_and B) the value of the mantle parameter A is cho-
sen so that the mass condition is satisfied (Venus’ mass = 4.8669-10%* kg [5]).
Models with large (R_> 3300 km) and dense (B > 1) cores have considerably
light mantles (A < 0.98), while models with small (Rc < 3000) and light (B < 1)
cores have dense mantles (A > 1.02).

CORE STATE:

The pressure profile is computed for all models and the obtained values at
the center of Venus (P ) range from 260 to 320 GPa (see Fig. 1). They are low-
er than the pressure at Earth’s inner core boundary (ICB) and indicate that
Venus’ can’t have an inner solid core if its composition is similar to Earth’s.
This could help explain the absence of an internal magnetic field in Venus.

e e e S e e e e e,

280 -
.
s B=00598
z70 I 23 B=1.00
L = B=102
760 . 1 === Earlh's ICB
2800 3000 3100 3200 3300 3100 3500

Core radius (km}

Fig. 1. Pressure at the center of Venus P_in GPa for all models
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MOMENT OF INERTIA:

The computed values of Venus’ moment of inertia / (see Fig. 2) lie in the
range from 0.318 to 0.347, which is in accordance with the measured value
[1] 0.337+0.024. However, the low precision of the measurement does not
allow us to precisely constrain the interior structure of Venus. For the pur-
pose of doing so, we need more constraints, such as the tidal Love numbers.

v~ B=0.98
B=1.00
+ B=1.02
--- Margot et al. 2021
0.35

Moment of inertia

2900 3000 3100 3200 2200 300 3500
Core radius {km)

Fig. 2. Moment of inertia values of all 45 models. Dashed lines represent the mea-
sured value 0.337+0.024 [1]

VISCOELASTICITY:

In order to account for the viscoelasticity when computing the tidal Love
numbers, we use the Andrade rheology as suggested in [6] for a wide range
of values of its parameters a and T. Venus’ solar tide period is 58.4 days.

Since Venus’ viscosity profile is not known we consider two models with
low and hlgh V|sc05|ty values r] = 10*-10%? Pa-s, Num = 10%-10?! Pa-s,
Ny = 10'#-10%! Pa-s and Nim 18 —10%! Pa-s, where (EJ — stands for crust;
UM for upper mantle, TZ for transmon zone and LM for lower mantle.

TIDAL LOVE NUMBERS:

The tidal Love number k, of all 45 models have been computed for both vis-
cosity profiles and for several combinations of the Andrade parameters a and
(. We now consider Venus’ heavy atmosphere when computing k, and, simi-
larly to what is stated in [7], the tidal Love number value is reduced by about
3%, significantly changing the conclusions about Venus’ interior structure.
The obtained values are shown in Fig. 3.

{ + B-1.00,Z-1 o-0.184, n-high T
0361 . 5-1.00,2=1, a=0.333, n=high e
© B=1.00, =1, 0=0.184, n=low
0.341 . 8=1.00,2=1,0=0.333, n=low |
--- 2¢ Konopliv and Yoder 1996, - |
0.32 T AL o
[ ez [
= . J i
&o2e l .
0.26 — T
n.24 t T | l -+
0.22 T i 1
0.70

2900 3000 3100 3200 32300 3100 3500
Core radius (km}
Fig. 3. k, values of our Venus’ models. Bars represent the variation of k, due to
the uncertalnty in viscosity, a, { and B. Dashed lines represent the measured value
0.295+0.066 [2]

ESTIMATING THE BEST MODELS:

The comparison between the computed and the measured [1-2] values of
moment of inertia and k, allows us to estimate the probability of each model
(Fig. 4). By averaging th|s probability though / and k, for a certain value of R_
we can get the best estimates of Venus’ core radlusiFlg 5).
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Fig. 4. Probability distribution of all models. Colorful solid lines represent the proba-
bility levels of 90, 70, 50, 30 and 10 %, while dashed lines represent the central values
k,=0.295and /= 0.337
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Fig. 5. Probability distribution of Venus’ core radius’ values. By fitting the highest val-
ues to a Gaussian, we get the estimate RC =3285+£168 km

CONCLUSIONS:

The analysis of the modeled pressure distributions indicates that Venus’ core
is probably entirely liquid, while the moment of inertia and k, values point to
a core radius in the range from 3100 to 3450 km.

Acknowledgements:
The study was performed based on funding of Russian Scientific Foundation
no. 23-22-00074, https://rscf.ru/project/23-22-00074.

References:

[1] Margot J.-L., Campbell D.B., Giorgini J.D. et al. Spin state and moment of inertia
of Venus // Nature Astronomy. 2021. V. 5. P. 676—683. DOI: 10.1038/s41550-021-
01339-7.

[2] Konopliv A.S., Yoder C.F. Venusian k, tidal Love number from Magellan and PVO
tracking data // Geophysical Research Letters. 1996. V. 23. Iss 14. P. 1857-1860.
https://doi.org/10.1029/96GL01589.

[3] Jiménez-Diaz A., Ruiz J., Kirby J.F. et al. Lithospheric structure of Venus from grav-
ity and topography // Icarus. 2015. V. 260. P. 215-231. https://doi.org/10.1016/].
icarus.2015.07.020.

[4] Gudkova TV., Zharkov V.N. Models of the internal structure of the Earth-like
Venus // Solar System Research. 2020. V. 54. Iss. 1. P. 20-27. DOI: 10.1134/
S0038094620010049.

[5] Steinberger B., Werner S.C., Torsvik T.H. Deep versus shallow origin of gravity
anomalies, topography and volcanism on Earth, Venus and Mars // Icarus. 2010.
V. 207. Iss. 2. P. 564-577. https://doi.org/10.1016/j.icarus.2009.12.025.

[6] Efroimsky M. Tidal dissipation compared to seismic dissipation: In small bodies,
Earths, and super-Earths // The Astrophysical J. 2012. V. 746. No. 2. Art. No. 150.
DOI 10.1088/0004-637X/746/2/150.

[71 Dumoulin C., et al. Tidal constraints on the interior of Venus // J. Geo-
physical Research: Planets. 2017. V. 122. Iss. 6. P. 1338-1352. https://doi.
org/10.1002/2016JE005249.



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023

SESSION 3. VENUS (VN)
POSTER SESSION



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14'\"53'\’%"35{%1{

INFLUENCE OF THE UNDERLYING SURFACE
ON THE ZONAL AND MERIDIONAL SPEED
AT THE CLOUD TOP LEVEL NEAR NOON
FROM VMC/VENUS EXPRESS AND UVI/
AKATSUKI IMAGES

M.V. Patsaeval, (RYA Khatuntsevl, D.V. Titovz, N.I. Ignatievl, L.V. Zasoval,
D.A. Gorinovl, AV. Turin®

! Space Research Institute RAS, Moscow, Russia, marina@irn.iki.rssi.ru
2 Leiden Observatory, Leiden University, Leiden, The Netherlands

KEYWORDS:
Venus, mesosphere, dynamics, topography

INTRODUCTION:

UV (365 nm) images obtained by Venus Monitoring Camera (VMC/Venus Ex-
press) from 2006 to 2013 and by Ultraviolet Imager (UVI/Akatsuki) from De-
cember 2015 to August 2021 were used to study the mesosphere dynamics.
Wind vectors were derived by the digital tracking technique [1-2]. We have
studied changes in the longitudinal dependence of the zonal and meridional
speed at the cloud top (7012 km) in equatorial latitudes for limited time in-
tervals of Venus Express and Akatsuki missions. Since the maximum deceler-
ation associated with the surface influence is observed at noon [3], studies
were carried out for 11-13 local time interval for both missions. Due to the
fact that the vectors in the equatorial region obtained from the VMC images
have phase angles from 60 to 90°, the vectors obtained from the UVI images
were also limited to this range.

RESULTS:

The VMC registered in 2006—2013 the increase of the mean zonal wind speed
from 85 to 115 m/s in equatorial latitudes [1]. At 20° S from 2006 to 2020 a
periodicity in zonal wind with a period of 12.5+0.5 Earth years was discovered
[4]. The amplitude of the approximating sinusoid for the zonal component
was 10.0+£1.6 m/s relative to the average —98.6+1.3 m/s. The same period
was found from 2006 to 2021 at 10°S, corresponding to the maximum height
of Aphrodite Terra. The zonal component has an amplitude 10.621.0 m/s
relative to —98.9+0.7 m/s. The amplitude of the meridional component is
—3.4+0.4 m/s relative to —0.8+0.3 m/s.

The dependence of the horizontal flow speed on longitude for two regions
is shown in Fig. 1. First region (10+5° S, 60—120° E) corresponds to Ovda Re-
gio, maximum height of Aphrodite Terra, second — to the lowlands (10+5° S,
330-30° E). The maximum height difference between the considered longi-
tudes is about 4.5 km. Above the Ovda region, the amplitude of the sinusoid
for the zonal component increased to 16.7+2.4 m/s at an average velocity
of —101.2+1.9 m/s, relative to the indicators of the average sinusoid, for the
meridional component — up to 5.3+1.4 m/s with an average of 1.6+1.1 m/s.
Above the lowland, on the contrary, a decrease in amplitude is observed: for
the zonal component to 9.7+4.5 m/s with an average of —99.5+3.2 m/s, for
the meridional component to 1.6+0.7 m/s with an average of —1.0+0.7 m/s.
Thus, high-altitude regions of the surface have a greater impact on the dy-
namics of the atmosphere at the cloud top.

It was shown in [5] that the decrease in the zonal speed correlates with the
Ovda region. We observe acceleration above the Ovda region approximately
from 2009 to 2017, deceleration — before 2009 and after 2017. The longi-
tudinal variations of the zonal speed extend from the equator to the middle
latitudes. The meridional speed shows longitude variations associated with
topography, regardless of whether the horizontal flow is decelerating or ac-
celerating above the Ovda region. Based on the behavior of the meridional
component, we can cautiously assume that the influence of topography on
the dynamics of the atmosphere will remain in any case.
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Fig. 1. Long-term variations in the zonal (a) and meridional (b) components of the
mean horizontal flow with a period of 12.5 years at a latitude of 10£5° S near after-
noon (12+1 h) above the highland (black color) — Ovda region, 60-120°E and low-
land (red color) — Navka Planitia and Tinatin Planitia, 330-30°E. The dots indicate the
mean speed over the Venusian year for a sample of measurements with a phase angle
60-90°. The error bars correspond to the 99.6 % confidence interval (30 ). Dotted
lines indicate sinusoids with a period of 12.5+0.5 years

CONCLUSION:
Change in the longitude behavior of the zonal speed was observed from 2009
to 2017. The reasons for this phenomenon require further study.

References:

[1] Khatuntsev V., Patsaeva M.V., Titov D.V. et al. Cloud level winds from the Venus
Express Monitoring Camera imaging // Icarus. 2013. V. 226. Iss. 1. P. 140-158.
https://doi.org/10.1016/j.icarus.2013.05.018.

[2] Patsaeva M.V., Khatuntsev I.V., Patsaev D.V. et al. The relationship between
mesoscale circulation and cloud morphology at the upper cloud level of Venus
from VMC/Venus Express // Planetary and Space Science. 2015. V. 113-114.
P. 100-108. https://doi.org/10.1016/j.pss.2015.01.013.

[3] Patsaeva M.V., Khatuntsev I.V., Zasova L.V. et al. Solar Related Variations of the
Cloud Top Circulation Above Aphrodite Terra From VMC/Venus Express Wind
Fields // J. Geophysical Research: Planets. 2019. V. 124. Iss. 7. P. 1864—-1879.
https://doi.org/10.1029/2018JE005620.

[4] Khatuntsev V., Patsaeva M.V., Titov D.V. et al. Twelve-Year Cycle in the Cloud
Top Winds Derived from VMC/Venus Express and UVI/Akatsuki Imaging
// Atmosphere. 2022. V. 13. Iss. 13. Art. No. 2023. https://doi.org/10.3390/
atmos13122023.

[5] Bertaux J.-L., Khatuntsev L.V., Hauchecorne A. et al. Influence of Venus topogra-
phy on the zonal wind and UV albedo at cloud top level: The role of stationary
gravity waves // J. Geophysical Research: Planets. 2016. V. 121. Iss. 6. P. 1087—
1101. https://doi.org/10.1002/2015JE004958.



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14'\"53'\’%"35{?%

STUDY OF AEROSOL PROPERTIES
IN THE VENUS’ UPPER HAZE FROM SOIR DATA

A. Nepopl'z, M. Lugininz, A. Fedorova’, F. Montmessin®, 0. Korablev?,

J.-L. Bertaux
Moscow Institute of Physics and Technology (National Research University),
Dolgoprudny, Moscow Region, Russia, nepop.ar@phystech.edu
Space Research Institute RAS, Moscow, Russia

3 Laboratoire Atmospheres, Milieux, Observations Spatiales (LATMOS)
Université de Versailles — Saint-Quentin-en-Yvelines (UVSQ), Guyancourt,
France

KEYWORDS:
Venus, aerosols, upper haze, solar occultation, SOIR

INTRODUCTION:

The Venus upper haze is mainly formed by sulphuric acid particles. Limbic ob-
servations by Venera-9, Venera-10 and Pioneer-Venus orbiters have revealed
submicron particles at upper haze altitudes. Bimodal particle size distribution
in Venus upper haze was discovered from a few solar occultation observa-
tions by SPICAV/SOIR spectrometer onboard Venus Express [1]. [2] analyzed
temporal and spatial variations of aerosol extinction at 3 pm from ~200 solar
occultations covering period from September 2006 to September 2010 and
found aerosol variablity on a time scale of several days. [3] studied >200 so-
lar occultations performed by SPICAV-IR channel in the spectral range of 0.7
to 1.7 um during the full mission length 2006—2014. They detected bimodal
distribution at 75-85 km and retrieved vertical profiles of effective radius
and number density of aerosol particles. In this work, we use SOIR data to
retrieve microphysical properties of the upper haze aerosols.

SOIR (Solar Occultation in the IR) is a part of SPICAV/SOIR tool (SPICAV —
Spectroscopy for Investigation of Characteristics of the Atmosphere of Ve-
nus) onboard Venus Express. SOIR is a small and lightweight high-resolution
IR spectrometer. It operates in the 2.32 to 4.25 um wavelength range. SOIR
made over 700 observations in solar occultation geometry. In order to re-
trieve the microphysical properties of the aerosol, measurements must be
carried out in a sufficiently wide wavelength range with a high vertical reso-
lution. A total of 111 observations were selected that satisfy these criteria.

SOIR observation dataset includes multiple transmittance spectra. Solar
radiation that has passed through the atmosphere is considered to obey
Beer-Bouguer-Lambert law. So, the spectral optical depth can be expressed
I(A,2)

lo)

Rayleigh scattering and atmospheric refraction do not affect SOIR spectra sig-
nificantly. So, the vertical profiles of aerosol extinction can be obtained by
implementing nothing but onion peeling algorithm. Unimodal and bimodal
log-normal distribution functions were used for modeling extinction of aero-
sol population. The Fortran program from [4] was used to calculate the ex-
tinction cross section of aerosol population in accordance with Mie theory.
The refractive index values were taken from [5] for mass concentration of
75 % and a temperature of 215 K. Another script had been implemented to
retrieve particle size distribution parameters and number density. It solves
the optimization problem for the x* objective function via SLSQP algorithm.

Implementation of bimodal distribution does not significantly improve qual-
ity of the fitting for most measurements. However, it was shown that im-
plementation of the second mode allows much more accurate experimental
data approximation for some measurements (Fig. 1). The retrieved values of
the effective radius vary from ~3 to ~0.1 um. The radius of one of the modes
for bimodal distribution model is often close to unimodal radius.

in terms of the transmittance as t(A,L)=—In . Also, it was shown that
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Fig. 1. Normalized extinction coefficient spectrum for unimodal (black), bimodal
(blue) models and experiment (red). Observation 2007.08.20. Altitude 78.68 km.
Implementation of the second mode allows much more accurate experimental data
approximation for this measurement
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In the atmosphere of Venus, aerosol particles are contained not only in the
cloud layer (50-70 km above surface), but also in the so-called upper haze
layer in the mesosphere (70—100 km above surface). Similarly to the clouds,
these particles are, in fact, droplets of sulfuric acid aqueous solution (75—-80 %
H,SO,). Recent Venus Express (VEx) studies showed that the particles are of
submlcron (~0.2 um) and micron (~1 um) sizes and can form separate dense
layers at altitudes from 70 to 90 km [1-2]. The mechanism of formation of
such layers is not completely studied; it depends on the photochemical inter-
action of water vapor (H,0) and sulfur dioxide (SO,), the HDO/H,O isotope
ratio, and also on the condltlons of water condensatlon in the mesosphere

In this work, we present the results of processing the transmission spectra of
H,0, HDO, and co, obtained in the SOIR/VEx (Solar Occultation in the Infra-
Red) experimentin the solar occultation mode, and the HDO/HZO ratio in the
mesosphere of Venus, which is important for understanding the evolution of
the planet. This work is a continuation of the data analysis published in 2008
[3], and covers observations for the entire duration of the SOIR experiment,
from 2006 to 2014. SOIR is an acousto-optic echelle spectrometer and a part
of the Venus Express mission. It carried out measurements in the spectral
range of 2.3—4.3 um with a spectral resolution of about 25000, which made
it possible to detect thin absorption lines of such molecules as Co,, H,0,
HDO, SO.. The range of available altitudes when operating in solar occulta-
tion mocfe starts at above 65 km (directly above the clouds), which makes
SOIR ideally suited for the studies of the upper haze layer [3]. At this stage,
the altitude profiles of CO,, H,0, HDO and temperature were obtained in this
altitude range. In the future it is planned to use the results of this work to
study the mechanisms of formation of dense aerosol layers above the clouds,
which will help improving the existing chemical and microphysical models of
the atmosphere of Venus and implementing of future experiments on the
planet.
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INTRODUCTION:

To continue studies of the atmosphere of Venus [1-3], an experiment IS-
CRA-V (Investigation of Sulphurous Components of Rarefied Atmosphere of
Venus) have been proposed for retrieving of vertical profiles for sulphurous
and for several minor gas components of the atmosphere at the descent tra-
jectory of the Venera-D lander.

EXPERIMENT ENVIRONMENT AND METHOD OF MEASUREMENT:

ISCRA-V instrument, being a part of the Venera-D mission lander payload
[4-7], is a tunable infrared laser absorption spectrometer. The goal of the
ISCRA-V experiment is a study of the Venusian atmosphere (cloud layer, mid-
dle, low, and near-surface atmosphere). The issues of investigation are mea-
suring vertical profiles of selected atmosphere gases concentrations at the
abundant CO, background, such as SO,, OCS, CO, H,0, HCl, as well as isotopic

ratios 3*5/23s/3%s, D/H, 80/*'0/*°0, 3’C1/>>Cl. An active phase of the ISCRA-V
experiment will start up when a protective shield of the lander be dropped
off at an altitude of nearly 70 km and will be continued during lander’s de-
cent until touching down the surface of Venus, and afterwards aboard the
lander at the surface of Venus.

Multipass Herriott scheme optical cell together with its laser, photodetector
and vacuum interfaces is the core of the ISCRA-V instrument. Probing laser
beams will pass many times through the optical cell analytical volume, filled
in by a portion of the surrounding atmosphere, rarefied down to the pressure
of 20—-30 mbar. High-resolution spectra of optical transmission will show true
absorption line contours for molecules of interest and make it possible to
evaluate molecular concentrations and isotopic ratios.
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rors design
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The instrument is supposed to use four lasers with the following wavelengths:
* 7416 or 7280 nm for measurements of SO,, CO,, H,0,

* 4823 nm for measurements of OCS, CO, co,,

e 3397 nm for measurements of HCl,

e 2630 or 2657 nm for measurements of H,0, CO,.

For the first two spectral regions an optical path complete length of 10 m
is quite sufficient, while for the last two spectral regions the optical path of
about 25 m is required. For this reason, it is necessary to develop a modified
Herriott type multipass optical cell with two different optical path configu-
rations.

Current results of the multipass cell modeling, calculation of key character-
istics for some variants are reported, see Figure 1. The inner group of the
laser beam reflection points at the mirror’s surface, a “pattern”, corresponds
to the shorter optical path, which takes just a part of the outer pattern’s full
optical path. That is, the given dual pattern scheme is a concentric one.

Analysis of stability of the multipass configuration is been carried out:

¢ possible deformations of the configuration due to thermal changes, me-
chanical impact, as well as due to manufacturing inaccuracy are taken into
account;

e scattered laser beams light cross-interference effect has been considered
and minimized;

e criteria for the optimal choice of an optical scheme are formulated and
optical breadboard is developed for experimental checking out the calcu-
lation correctness.

Examples of simulated molecular absorption spectra are shown in the report
for the current state of the project development.
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A study of the trajectories of a spacecraft to Venus followed by the passage
of asteroids was conducted. To do this, an analysis was made of a prospec-
tive flight scheme to Venus that included a gravity assist maneuver to make
a landing at any desired point on the surface of Venus. In the frame of this
scheme, it is shown that its implementation can be greatly expanded by im-
pulse-free flyby of an asteroid by the spacecraft on its route to landing on the
Venus surface. A total of 53 mission scenarios to Venus in the framework of
the abovementioned scheme accompanied by an asteroid flyby have been
found within the 2029-2050 launch date interval. For these scenarios, 35 as-
teroids were found out of 117 selected. The main criteria for selection was
the object’s average diameter, which was supposed to be greater than 1 km.
It is shown that a free-impulse asteroid encounter is possible only in the grav-
ity assist scenario and almost impossible in the direct flight i.e. Earth-Venus
case. Among the 53 scenarios, the most notable were the ones with the fly-
by of the M-class asteroids 3554 Amun; 3753 Cruithne, which are in a 1:1
orbital resonance with the Earth, and 5731 Zeus, which is one of the largest
objects among the selected ones. It is shown that in the framework of the
developed schemes it is possible to perform the free-impulse encounter with
comet 2P/Encke for launch in 2032 and 2044. The link between attainable
landing points and the possibility of a free impulse passage of an asteroid by
a spacecraft moving in a resonant orbit was established.
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INTRODUCTION:

Despite the long period of exploration of Venus by spacecrafts, its plasma en-
vironment is the object of great scientific interest. Venus, unlike Mars, don’t
have a large amount of scientific information that causes the interaction of
the solar wind with the planet’s atmosphere, and at the moment there are
no satellites near the planet capable to produce measurements of space
plasma parameters. The presence of a modern complex of plasma instru-
ments on board of the perspective Venera-D spacecraft will make it possible
to obtain new scientific information and perform detail study of the process-
es occurring during the interaction of the solar wind with Venus. This report
considers the list of scientific goals that will allow to solve with the complex
of plasma instruments on board the Venera-D spacecraft, and also describes
the structure and principle of operation of three plasma instruments: an ion
energy-mass analyzer, an electronic energy analyzer and a detector of ener-
getic neutral atoms.

SCIENTIFIC GOALS OF FUTURE MISSION:

Plasma and magnetic field measurements carried out onboard the Venera-9
and Venera-10 spacecraft in the 1970s made it possible to obtain initial data
of the processes of interaction between the solar wind and the formation of
an induced magnetosphere. Also, a significant contribution to the study of
the interaction of the solar wind with the atmosphere of Venus was made by
the results of measurements within the space mission Pioneer-Venus Orbiter
[1]. The obtained experimental data made it possible to develop a model
of the induced magnetosphere of Venus [2—-3]. The processes of interaction
between the solar wind and Venus were also studied in the framework of
the space missions Pioneer Venus Orbiter (1978), the mission Venus Express
(1978) [4-5].

Now the most relevant scientific data are the results of the operation of the
plasma complex of the Venus Express spacecraft launched in 2005. During
this mission, unique measurements were made in the polar regions and in
terminator orbits, and obtained data of the plasma parameters in the tail of
Venus [5]. However, despite the fruitful work of this spacecraft, the study of
the plasma environment of Venus remains actual.

Since Venus has no own magnetic field, the solar wind interacts directly with
the planet’s atmosphere. As a result, the upper atmosphere of Venus has a
cometary nature of interaction with the solar wind. Because of this nature
of the interaction, the particle stream behind Venus is laden with planetary
ions trapped in the solar wind stream as a result of ionization by the Sun’s
ultraviolet radiation. This capture of planetary ions leads to the development
of an induced magnetosphere and a shock wave. Losses of heavy ions caused
by the impact of the solar wind make a significant contribution to the loss of
the Venusian atmosphere.

One of the important scientific goals of the Venera-D space mission is to
study the mechanisms that affect the loss of the atmosphere of Venus and
the processes leading to this phenomenon. An important goal is also to esti-
mate the rate of erosion of the Venusian atmosphere under various environ-
mental conditions — depending on solar activity, coronal ejections, under
the influence of waves in the plasma.
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Also, the following positions can be attributed to the urgent tasks of studying
the plasma environment of Venus: determination of the mass composition
of the planetary ion flux, tracking its changes under various conditions and
in various regions of the Venusian magnetosphere; measurement of the dis-
tribution function over the velocities of outgoing ions in order to study the
mechanisms of loss and acceleration of particles; investigation of fine struc-
tures at the boundaries of the magnetosphere using high-frequency mea-
surements of plasma and magnetic field parameters; study of the processes
of mass loading on the atmosphere of Venus, determination of the loss rate
and the influence of strong solar wind disturbances; evaluation of critical fac-
tors affecting atmospheric erosion in order to assess the evolution of the
atmosphere over time; study of acceleration processes in current sheets.

INSTRUMENTS FOR PLASMA MEASUREMENTS:

ION ENERGY-MASS ANALYZER ARIES-D

Measuring the velocity distribution function of ions is one of the main tasks
that makes it possible to study the processes of interaction between the so-
lar wind and the atmosphere of Venus and to study the processes occur-
ring in the induced magnetosphere of the planet. For this, a wide-angle ion
energy-mass analyzer is being developed, which provides registration of the
energy and mass spectrum of ions in the energy range from 10 to 10,000 eV
with a high time resolution. During the Venera-D mission, the ARIES-L ion en-
ergy-mass spectrometer will measure the mass composition of the planetary
ion flux, track its changes under various conditions and in various regions of
the Venusian magnetosphere.

ELECTRON ENERGY-ANALYZER ELSPEC

The electron analyzer is an important component of the plasma complex that
makes it possible to solve problems related with measuring of the solar wind
parameters near Venus, to study the processes associated with the interac-
tion of the solar wind and interplanetary plasma with the induced magneto-
sphere, and to carry out measurements in the tail of Venus. The instrument is
designed to measure the distribution function of the electrons in solar wind
and in the magnetosphere and ionosphere of Venus. Such measurements will
make it possible to study the processes of particle interaction with the Ve-
nusian magnetosphere, determine the mechanisms of particle acceleration,
and study fine structures at the boundaries of the magnetosphere.

ENERGETIC NEUTRAL PARTICLES DETECTOR NPD

The Neutral Particles Detector will make it possible to obtain information of
the mass composition and spatial distribution of neutral particles in different
regions of the spacecraft orbit, which will make it possible to study the re-
connection processes occurring in the magnetosphere and tail of Venus, to
study the interaction of neutral atoms and charged particles with the induced
magnetosphere of Venus, to study the processes of interaction of magneto-
spheric and low-energy ionospheric ions with neutral atoms.
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INTRODUCTION:

Hinson and Jenkins [1] suggested that radiative damping is the principal
process to dissipate internal atmospheric waves having vertical wave-
lengths shorter than 4 km, and this approach was used for an analysis of
the Magellan RO temperature data. They showed that the observed wave
structures were consistent with pure IGWs that are attenuated by radia-
tive damping during the vertical ascent. It was found that the amplitude
and vertical wavelength of temperature variations at altitude of ~65 km are
about 4 K and 2.5 km, respectively. A model for radiative damping, devel-
oped by Hinson and Jenkins [1], implies that the wave intrinsic frequency is
of ~2.107* rad/s, and the corresponding ratio between horizontal and ver-
tical wavelengths is of ~100. A similar approach was also used by authors
of the work [2] for an analysis of the Venus Express RO temperature data.
It should be noted that D.P. Hinson and J.M. Jenkins [1] supposed the wave
amplitude is not sufficient to cause convective instability, an alternative
damping mechanism. Similarly, they believed (possibly erroneously in our
opinion) that wind shear instability is not likely to be the cause of the ob-
served attenuation, since the wave amplitude appears to be insufficient to
trigger this effect.

We have developed an alternative independent method of identifying the
discrete wave events and reconstructing the IGW parameters from an analy-
sis of the individual vertical temperature, density, or buoyancy (Brunt — Vais-
ala) frequency squared profile in a planetary atmosphere. Our method does
not require any additional information not contained in the profile and can
be adopted to analyze vertical profiles obtained by various techniques. The
threshold discrimination criterion was formulated and justified for identify-
ing wave events; its fulfillment assumes that the analyzed temperature or
density variations to be manifestations of internal waves [3—8]. This method
relies on the analysis of the relative wave amplitude, determined from the
vertical profile of temperature or density, as well as on the concept of the lin-
ear IGW theory, which suggests that the wave amplitude is limited by thresh-
old values due to wind dynamic (shear) instability in the atmosphere of plan-
et. It is expected that when the internal wave amplitude reaches the wind
shear instability threshold as the wave propagates upward, the wave energy
dissipation occurs so that the IGW amplitude stays at the atmospheric insta-
bility threshold (wave amplitude saturation). An application of the method to
the analysis of RO temperature data enabled us for the first time to identify
wave events in the Earth’s and Martian atmospheres and to determine the
key characteristics of detected waves, including IGW intrinsic frequency, ver-
tical fluxes of wave energy and momentum [3-6]. Numerical simulation data
and an analysis of the independent radar and radiosonde measurements in
Earth’s atmosphere demonstrate high efficiency of our method and high reli-
ability of scientific results it yields [9].
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We used parameters of the temperature variations from Magellan RO pro-
files, remaining after high-pass filtering for wavelengths <4 km [1], as the
input RO data for our reanalysis of IGWs in the Venus’s atmosphere. The an-
alyzed temperature data were obtained from the Magellan spacecraft mea-
surements on 5—6 October 1991 during three successive orbits (orbit num-
bers 3212-3214). The results obtained by two independent methods are
presented, compared, and discussed in this work.
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INTRODUCTION:

Coronae on Venus are large, up to 2500 km, ring-shaped landforms with an
annulus consisting of densely spaced grooves and ridges [1-3]. Their topog-
raphy, volcanism, and nonrandom spatial distribution [3—4] indicate that co-
ronae are surface manifestations of mantle diapirs. The late stages of the dia-
pirs evolution are likely related to volcanic activity at coronae, manifested by
lobate flows that form lobate plains [5]. Lobate plains are common inside the
annulus and when extend outward they form lava aprons at some coronae.
Young volcanic activity at coronae can be important indicator of late mantle
convection on Venus.

The goals of this study were: (1) to find how often coronae represent the
sources of lobate plains and (2) to estimate areas of lobate plains sourced
by coronae.

METHODS:

In our study, we used the published catalogs of coronae [3, 6] and the global
geological map of Venus showing fields of lobate plains [5]. For each coro-
na, we noted the presence/absence of lobate plains and features indicating
that this corona either is the source of lobate plains or is flooded by them.
In this way, we defined a subpopulation of the coronae - sources of lobate
plains. Determining if specific fields of lava plains that are genetically related
to a specific corona is difficult, as these plains can be formed by flows from
different sources. Therefore, we were able to find coronae that are unambig-
uous sources of lobate plains. For these coronae, the area of the corona itself
within its annulus and the total area of the surrounding lobate plains were
determined using the Mollweide equal area projection.

SIZE-FREQUENCY AND SPATIAL DISTRIBUTION OF CORONAE

We identified 90 coronae — sources of lobate plains, which is ~¥17 % of the
total population. By size (~100-650 km), they overlap the major part of all
coronae of Venus, with the exception of the smallest coronae and corona-like
features. The subpopulation with pure cases of coronae — sources of lobate
plainincludes 41 coronae whose size-frequency distribution (SFD) is bimodal.
Such a bimodality is a consequence of the nonrandom nature of the selection
of coronae and, obviously, has no physical meaning.

About half of all coronae — sources of lobate plains (40 out of 90 or ~44 %)
are located within the Beta-Atla-Themis (BAT) in the region. The coronae —
sources of lobate plains, both in the BAT region and beyond, belong to topo-
graphic classes D (~44 % of the population of coronae-sources), W (~28 %),
and U (~28 %). Class D, dome-shaped coronae, probably reflect the progres-
sive stage of evolution of the parental diapir [7]. Coronae of W- and U-classes
are characterized by the presence of a complex (W) or simple (U) central de-
pression, which probably forms at the late stages of a diapir evolution when
its thermal anomaly waned.

AREAS OF LOBATE PLAINS AT THE CORONA-SOURCES

We calculated the areas of lobate plains associated with particular coronae
to estimate their volcanic productivity. For calculations, we used a subpopu-
lation of pure cases of corona-sources of lobate plains.

To assess the possible productivity variations, we used the dimensionless
parameter P, which is a S /S ratio, where S, — the area of lobate plains
associated with the corona and S_is the area of the corona itself (within the
annulus). In order to characterize the possible changes of P, we considered
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four models: (1) the area of the lava apron increases proportionally to the in-
crease in the corona diameter; (2) the area of the apron increases randomly
as the diameter of the corona increases; (3) the area of the apron increases
progressively as the diameter of the corona increases; (4) the area of the
apron decreases as corona diameter increases. In all cases, the model corona
was a circle of a given diameter, and the lava apron was a ring around the co-
rona. The inner diameter of the ring was equal to the diameter of the corona,
and the outer diameter increased as the diameter of the corona increased,
depending on the model considered (Fig. 1). In all models, the area of lobate
plains surrounding the corona increased as the corona diameter increased
(see Fig. 1a). This result is trivial and is a consequence of the model setup.
The expected increase in the apron can either be strictly functional (mod-
els 1, 2, and 4) or exhibit some degree of dispersion from the overall trend
(model 2).
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Fig. 1. Models of possible relationships between the corona areas and areas of lobate
plains sourced by coronae

Important and diagnostic changes are observed when we compare the chang-
es of the P value with the corona diameter (see Fig. 1b). There are three types
of dependence between P and D. (1) As the corona diameter increases, the
value of the ratio P decreases. This type of dependence corresponds to mod-
els 1 and 4. The correlation between the values of the parameters P and D is
negative (correlation coefficients for models 1 and 4: r =-0.67 and r = -0.64,
respectively, although the relationship between the parameters is not lin-
ear). (2) The values of the P ratio change chaotically as the corona diameter
increases (see Fig. 1b). This case corresponds to model 2. There is no cor-
relation between the values of the parameters P and D in this case (r = 0.05).
(3) The values of the P ratio increase with the growth of the corona diameter
(see Fig. 1b). This case corresponds to model 3. In this case, the correlation
between the parameters P and D is positive (r = 0.75, although the relation-
ships between these parameters are not linear).
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CONCLUSION:

1) Only 17 % of the entire population of coronae of Venus are sources of
lobate plains that characterize the Atlian period of the geologic history of
Venus. Such a small fraction of coronae that were volcanically active re-
cently may suggest that either the rate of formation of mantle diapirs de-
creased with time, or the thickening lithosphere more effectively filtered
out rising diapirs, or these factors together influenced the mode of mantle
convection.

2) The area of lobate plains that can be unambiguously associated with a
particular corona and the area of the corona itself are negatively correlat-
ed (see Fig. 1c). Such relationships allow the existence of only two models
of the final stages of the evolution of diapirs. (a) All parent diapirs of the
corona-sources of the lobate plains were located at approximately at the
same depth, corresponding either to the zone of neutral buoyancy or to
the base of the rheological barrier of the lithosphere. (b) The depth at
which the rise of the diapirs stopped was greater for the larger diapirs.
Since there are no obvious physical reasons for this model, we assume
that during the Atlian period either there was a single zone of neutral
buoyancy, or the base of the lithosphere was located approximately at the
same level.
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INTRODUCTION:

Until now, the choice of a model of the internal structure of Venus was car-
ried out as a result of solving a direct problem based on data on the gravi-
tational field (mass, moment of inertia, Love tidal numbers k,) and assumed
geochemical data. The solution of the inverse problem has become relevant
in order to combine model parameters with the observed values. Methods
for solving nonlinear inverse problems [1-5] have been increasingly used to
refine the internal structure of planets and satellites. One of the goals of this
work is to implement a numerical algorithm with probability distributions
that will solve the problem of combining observed data with data obtained
from the model.

METHOD:

At the first stage, a numerical algorithm is implemented to determine the
distributions of the parameters of the internal structure of the planet from
a set of observational data. Using the Bayesian approach to statistics, the
inverse problem is formulated, which is solved using the Monte Carlo meth-
od with Markov chains (MCMC). The probabilistic approach to solving the
inverse problem significantly simplifies the task of combining model parame-
ters that satisfy observational data and a priori data. The Bayesian approach
to statistics allows us to take into account the correspondence between the
initial information about the model and the observation data. A feature of
the algorithm is the complete independence of each Markov chain from the
others. With this feature it is easy to use parallel computer calculations to
significantly reduce the calculation time.

TESTING MCMC METHOD:

In order to test the implemented numerical algorithm the classical model
example of the inversion of gravitational field data is presented. We will use
the classical model problem of inversion of gravity data from [3]. Suppose
there is a vertical boundary up to a depth of 100 km To the left of it, the
medium is homogeneous and density p. = 2570 kg/m?>, to the right, the me-
dium is divided into horizontal layers with density p(z) dependlng on depth.
The boundary of each layer is parallel to the surface, and below 100 km
the medium is homogeneous and has a constant density of 2570 kg/m>.
The inverse problem is to select the medium density distribution function
in such a way that the measurement results coincide with the available ob-
servational data. According to the Bayesian approach, we must determine
a priori information about the system. A priori information is that the distri-
bution of layer thicknesses to the right of the vertical boundary obeys the
exponential distribution law with mean value of 4 km. Then it is necessary
to create a model that satisfies all a priori assumptions, the parameters of
which will be calculated in the process of solving the inverse problem, let’s
call this model “real” (Fig. 1).

The solution algorithm is as follows: first, a random model is created that satis-
fies all known a priori information, then a sampling algorithm based on random
walks is used, which selects models to construct probabilistic characteristics. In
order to coordinate with the observational data, the sampling algorithm of a
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priori probabilistic quantities is modified into the sampling algorithm of a pos-
teriori probabilistic quantities by calculating the likelihood function value for
the model from the current step and for the model from expected next step.
If the value of likelihood function is greater at the next step, then the step is
taken always, else the step is taken with probability equal to the ratio of likeli-
hood function values of the next step to current (the probability of a successful
step is calculated according to the Metropolis rule). 10 Markov chains with a
length of 500 000 elements were created and analyzed, 5 for constructing a
priori probabilistic characteristics and 5 for constructing a posteriori ones. Ap-
proximately half of the first elements of each Markov chain were discarded
due to low values of the likelihood function, then an analysis was carried out
for autocorrelation of models, since neighboring models are dependent. As a
result, there were about 2500 independent models that participated in the
construction of probabilistic characteristics.

Figure 1 shows that in the “real” model at depths of 12, 28, and 46 km, the
density function has local extrema. As a result of numerical experiments, it
turned out that at a depth of 12 km, values of the a posteriori density func-
tion are more common than the average value of 2571, and for a depth of
28 km — less, which corresponds to local extrema of the true density func-
tion. However, no such phenomenon is observed for a depth of 46 km (Fig. 2).

p, kg/m

depth z, km

Fig. 1. Averaged density function of the “real” model depending on the depth

““““ o Depth 12 km f— Depth 28 km gy Oepth a6 km

Fig. 2. Histograms of frequencies of values of a priori (orange) and a posteriori (blue)
density function for depths of 12, 28 and 46 km

APPLICATION:

At the second stage of the work, the implemented numerical algorithm is
planned to be used to find the distribution of parameters in the interiors of
Venus according to known observational data.

For Venus, we use geodetic data; these data include mass, mean radius,
mean moment of inertia and second degree tidal Love number k2 [6]. Unlike
calculating mass and mean moment of inertia, the calculation of tidal Love
number k2 from model parameters is a non-linear process. Markov Chain
Monte Carlo algorithm is a way to determine the posterior probability distri-
bution and the optimal values of the internal structure parameters of Venus
with the geodetic data.
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INTRODUCTION:

Venus has a global rift system stretching for thousands of kilometers. More-
over, there is now evidence of modern volcanism on Venus [1-2]. Intraplate
earthquakes, moonquakes, and marsquakes show that seismic activity can
be associated not only with plate tectonic events, volcanism can act as a trig-
ger, and there is no doubt that Venus is a seismically active planet. For up-
coming seismic experiments on Venus [3-5] it is important to know in which
areas the stresses are large enough to cause quakes.

DATA:

The expansion of the gravity field data in terms of Legendre polynomials is
known up to the 180th degree and order (SHGJ180u model) [6], topography
data up to the 360th degree and order (SHTJV360u model) [7]. These mod-
els, presented as series of fully normalized coefficients, can be found on the
Planetary Data System website &http://pds-geosciences.wustl.edu). Here we
use the coefficients up to the 70 h degree and order, since the correlation be-
tween the gravity and topography data decreases for higher harmonics. The
topography and gravitational field of Venus are determined with respect to
the reference surface, for which the surface of effectively equilibrium Venus
is chosen [8]. The topography map is shown in Fig. 1.
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Fig. 1. Topographic map of Venus (in meters). Zero value corresponds to the average

radius of the planet. The 60° meridian was chosen as the center of the projection. For
clarity, areas with a height of more than 7000 m are marked in white

INTERIOR STRUCTURE MODELS:

Modeling of non-hydrostatic extensional-compression stresses and shear
stresses was performed for test models of the internal structure of Venus
V_16 and V_5 from [9], which satisfy all currently available observational
data for Venus. The average crustal thickness of the models is 30 (V_16) and
70 (V_5) km, the average crustal density is 2800 kg/m>.

METHOD:

A planet is modeled as an elastic, self-gravitational spherical body. It is as-
sumed, that deformations and stresses which obey Hooke’s law are caused
by the pressure of relief on the surface of the planet and anomalous density,
distributed by a certain way in the crust. Numerical simulation is based on
a static approach [10-11]. The method for solving the problem of modeling
non-hydrostatic stresses by the static method was described in detail in the
Appendix of the work [12].
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RESULTS:

Estimates of the stress state of the interior of Venus are carried out for two
types of idealized models of inhomogeneous elasticity, which allow us to es-
timate the order of magnitude of stresses in the planet: 1) an elastic model,
2) a model with an elastic lithosphere of variable thickness (100-500 km)
located on weakened layer, which has partially lost its elastic properties. The
presence of a weakened layer under the lithosphere is modeled by a tenfold
decrease in the value of the shear modulus p in the layer under the litho-
sphere, which is considered to extend to the core.

In general, the level of non-hydrostatic stresses on Venus is not too high
(Fig. 2). This result is consistent with the values obtained in [10-11], where
the calculations were carried out using the data of the gravitational field and
topography up to the 18t degree (accuracy of the gravitational field at that
time). As expected, on the surface of the planet and in the crust, the greatest
shear stresses appear in the region of Maxwell Montes on Ishtar Terra. Under
the Maxwell Montes, shear stresses in the crust reach 80 MPa, compression
values reach values of 125-150 MPa, depending on the model: 125 MPa for
an elastic model, and 150 MPa for a model with a lithosphere of 100 km.
Extensional stresses around this area are about 20 MPa.

The greatest extensional stresses occur in areas under such structures as At-
alanta Planitia, Guinevere Planitia, Snegurochka Planitia, Lavinia Planitia, the
Sedna Planitia, the Aino Planitia. The stress level in the lithosphere depends
on the choice of the inhomogeneous elasticity model. Compression-exten-
sional and shear stresses for a model with a lithosphere of 300 km (see Fig. 2)
are higher than for an elastic model. The thinner the thickness of the litho-
sphere, the higher the stresses in it. In the area of the Aino Planitia, exten-
sional stresses are 23 MPa for models with a lithosphere of 100 km, and 20
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Fig. 2. Extensional-compression stresses (left) and shear stresses (right) (in MPa) in
the crust at depths of 5 and 25 km and in the mantle at depths of 50 and 400 km for
a model with a lithosphere of 300 km for model V_16 from [9]
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MPa for a lithosphere thickness of 500 km. There is no significant difference
in the values of stresses obtained for models with a crustal thickness of 30
and 70 km.

The previously accepted criterion for selecting zones with high shear stresses
and the significant extensional stresses as the most probable areas of mar-
squake sources has justified expectations [13]. Here this technique is applied
to Venus. The presented calculations can be of interest for choosing the loca-
tion of the seismometer and interpreting seismic data in connection with the
planned seismic experiments on Venus.
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It is shown that motions of the Sun, Mercury, Venus and Earth are in-
volved in close resonances with the participation of the Fibonacci numbers
2, 3,5, 8 and 13, — a consequence of the peculiar role of the Hale’s cycle
P, = 22.14(8) years [1] and the Sun’s spinning with a period of P¢ = 27.027(4)
days (synodic) for our planetary system [2]:

(1-3/m)P, = P2/2P, = 3*PJ2 = P,

where P_is the Earth’s orbital perlod and P, — the mean solar day. The re-
markable diophantine relations are observeg also for Venusian rotation with
the sidereal period P, = 243.023 days:

P, =3P =2P /3= 35PD ~ 3P, = 243.015 days,
with P, = 0.111 days, a period of “mysterious” pulsations of the Sun [3].

A hypothe5|s is advanced that (a) the Hale’s cycle, the solar rotation period P
and those of the Earth’s motions (orbital and axial), united by the t number
and the above Fibonacci numbers, present in fact fundamental timescales
of the World, and (b) cosmic timescales P, P, P, and P, characterize in fact
the striving of objects, structures and processes of theOUnlverse to recur in
time and space. True nature of the solar P, pulsations and all above relations
(precise to 0.2 %), proving singularity of the solar system, is however far from
clear.
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ANNOTATION:

Previously, the author investigated the influence of a number of cosmic
factors (the Sun, Moon, and cosmic rays) on the number and distribution
of earthquake groups characterized by different energies (magnitude from
M =3to M 26 in 2080-2000 [1]). At same time, for group with M > 6.5-7.0
(0—2000) the predominant role of cyclic changes in solar activity (SA) was
revealed. Previously, it was believed that the greater the solar activity, the
more earthquakes can occur [2—3]. When comparing the results of statis-
tical analysis of the spatial and temporal distribution of a group of strong
earthquakes (NM = 7) with a cyclical change in solar activity-the author ob-
tained an unexpected result — anticorrelation of the maximum number of
strong earthquakes in the minimum of CA solar activity [4]. To explain this
phenomenon, the energy source was found — galactic cosmic rays [5-7]. It
is obvious that energy particles are required to participate in the initiation of
such strong earthquakes. In this study earthquake used (http://www.wdcb.
ru/sep/index.html).

INTRODUCTION:

In spatiotemporal studies of the occurrence of earthquakes [1, P. 25; 2], it
was concluded that both 1) endogenous (within the land distribution of phys-
ical fields) and 2) exogenous (cosmic) influence on global seismicity. Endog-
enous sources also include mechanical movements both inside and on the
Earth’s surface (lithospheric plates, uneven rotation of the Earth), and the
geospheres themselves relative to each other. Exogenous sources include
cosmic sources of gravitational, magnetic, radiation fields, etc. The Sun and
Moon, which are closest to the Earth, have always been considered as such
traditional sources of influence [1]. When studying the influence of a num-
ber of possible cosmic factors (the Sun, the Moon) on the number of earth-
quakes, the main role of cyclical changes in Solar activity (SA) was revealed
[7]. Traditionally, it was believed that the greater the solar activity, the more
earthquakes can occur. When comparing the results of statistical analysis of
the time distribution of a groupN strong earthquakes with cyclical changes
in solar activity — the author obtained an unexpected result-anticorrelation
of the maximum number of strong earthquakes and the minimum of solar
activity CA (W) [1-2].

To explain it, it was necessary to find an unknown source of energy for this
phenomenon.

However, when comparing the distribution of the time series of the quanti-
ties N strong earthquakes (magnitude M >7.0) from 1973 to 2005 with cyclic
changes in solar activity (SA), as the distribution of numerical values W (Wulf
numbers), contrary to the traditional view, the fact of anticorrelation of the
maxima of the quantities of strong earthquakes (of was established 1).

The conclusion that seemed natural: the more solar activity (SA), the more
earthquakes and volcanic eruptions should occur on Earth, was questioned.
The author suggested that there may be some factors that have not yet been
named and are not taken into account, for example, cosmic rays (CR, GCL ).
The author of this paper would like to test this probable effect of an increase
in CR on the global seismicity of the Earth by studying the factors influencing
the preparation and occurrence of strong earthquakes. It is known that the
GCR intensity is related tomagnetic field of the solar wind, which significantly
weakens it.
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Preliminary analysis showed the complexity of the problem. Obviously, it is
necessary to solve it in parts, starting with the behavior of the Sun itself, due
to the cyclical nature of both the mid-latitude solar activity (moderate inten-
sity component), and the strength and polarity of the high-latitude magnet-
ic fields of the Sun (MPS) (magnetic component), etc. Special attention was
paid to the ratio of these components [6].

Scientists have been conducting experiments to regularly monitor cosmic
rays in the Earth’s atmosphere since 1957 [6]. The indisputable value of stud-
ies of long-term variations in the intensity of galactic cosmic rays in the helio-
sphere and their connection with the solar wind lies in the length of the time
series (covering four CA cycles).
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INTRODUCTION:

The discovery of Sedna-type bodies has led to controversial discussions about
the structure of the outer Solar system. To find out the origin of these distant
trans-Neptunian objects moving in orbits with semimajor axes a > 150 au and
perihelion distances g > 40 au, we study the dynamical evolution of a system
consisting of the giant planets and a massive planetesimal disk for the age of
the Solar system [1]. We carry out the full N-body symplectic integrations.
Our results show that the collective gravity of the giant planets and massive
planetesimals produces distant trans-Neptunian objects in a wide range of
the initial disk mass. Secular resonances between planetesimals play a major
role in increasing their perihelion distances. Distant trans-Neptunian objects
are a natural consequence of models that include the migrating giant planets
and a self-gravitating planetesimal disk.
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INTRODUCTION:

In the main asteroid belt, a large number of pairs of asteroids with close or-
bits that have a common origin have been found (see, e.g. [1-2]). The forma-
tion of such pairs or groups of small bodies in close orbits can be the result
of collisions, high rotation speeds, disintegration of binary systems, and other
processes (see, e.g. [3-5]). Secular resonances and mean-motion resonances
can also lead to the motion of objects in similar orbits (see, e.g. [6]). The exis-
tence of collisional families of small bodies beyond the orbit of Neptune was
proposed in [7]. The first family identified in the outer Solar System was asso-
ciated with the dwarf planet (136108) Haumea [8]. In [9], a systematic search
for statistically significant pairs and groups of dynamically correlated objects
with semi-major axes of orbits greater than 25 au was carried out. Two pairs of
trans-Neptunian objects (TNOs) were confirmed and six candidate pairs were
found. The increase in the number of open TNOs has led to the discovery of
new pairs. In [10], 26 pairs of TNOs were found in close orbits. 21 pairs of TNOs,
in which one of the objects is binary, were found in [11]. All pairs found in [10]
and [11] belong to the dynamically cold population of the Kuiper belt.

Standard methods for determining the age of pairs of small bodies in close
orbits include: 1) analysis of the minimum distances between the orbits of
objects (see, e.g. [12]), 2) analysis of simultaneous approaches of lines of
nodes and lines of apsides of orbits of objects (see, e.g. [13]) and 3) low rel-
ative-velocity close encounters of objects [14]. In this paper, we study the
accuracy of determining the age of model pairs by the first two methods.
To estimate the distance between the orbits, one of the Kholshevnikov met-
rics was chosen [15]. When performing probabilistic modeling of the pair’s
dynamic evolution, we took into account the uncertainty of orbits, which is
typical for trans-Neptunian objects.

To create model pairs, we used the criterion for the disintegration of an ul-
tra-wide TNO binary system. Ultra-wide binary systems can disintegrate at
times comparable to the age of the Solar System [16]. These bodies can be
sources of pairs of trans-Neptunian objects in close orbits.

We considered several model pairs of TNOs that refer to the dynamically cold
population of the Kuiper Belt. The age of the model pair was set by modeling
the dynamic evolution of the pair. Age estimation methods were applied to
pairs aged 1 and 10 Myr, and the dynamic evolution of pairs was studied at
1.5 and 15 Myr, respectively.

Numerical simulation of the dynamic evolution of the pair components was
performed using the Rebound package [17]. A modified 15" order Everhart
method with an adaptive step was used [18]. Disturbances from four giant
planets and Pluto were taken into account.

The results showed that the accuracy of the age estimate significantly de-
pends on the accuracy of determining the orbits of the pair. The orbit deter-
mination accuracy chosen by us is relatively high, but the age determination
error is 10-30 % of the age value itself.
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INTRODUCTION:

During the previous decade, more than 30 objects with some signs of activity
were found in Main asteroid belt (MAB) (e.g., [1] and references therein).
Nearly a half of them are bodies of ~1-km or less in size, so called main-belt
comets (MBCs), which had signs of a stronger (comet-like) activity [2]. We
consider results of new spectrophotometric observations of eight main-belt
primitive asteroids, in the depths of which water ice can survive, passed near
perihelion distances in the present period of solar activity rise. Some of them
displayed different signs of sublimation activity judging by the changes of
their reflectance spectra (RS). Analysis of the RS are based on our previous
observational data and results, as well as on their numerical simulations [3—
5]. Possible reasons of formation of a thin or thick dusty exosphere around
the asteroids are discussed.

SUMMARY OF OUR PREVIOUS RESULTS:

Here we briefly remind our former important results. Figure 1 shows nor-
malized RS of four main-belt active asteroids (AAs) of primitive types (145,
704, 779, and 1474) in September 2012. Results of our numeric simulation
(using the light-scattering and radiative-transfer theories) are presented in
Figure 2 as model RS of a conditional primitive asteroid enveloped by a thin
dusty exosphere (DE) with optical thickness of 0.5. The latter is assumed to
contain aggregate particles of submicron constituents with different compo-
sition (water ice, tholins, and olivine).

One can see a good agreement of observational and model reflectance spec-
tra of AAs surrounded by a thin DE in the period of a high solar activity in
2012, which made the DE more pronounced due to frequent solar flashes in
the UV-range and related coronal mass ejections (CME) [4].
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Fig. 1. The RS of four main-belt primitive asteroids, 145 Adeona, 704 Interamnia,
779 Nina, and 1474 Beira, obtained in September 2012, are shown together with their
typical ones in standard (calm) conditions from the SMASSII database. We supposed
that the detected features may be signs of a thin dust exosphere induced by sublima-
tion of H,0 ice around the asteroids at a high subsolar temperature near perihelium
and in the period of high solar activity (e.g., [3—4]).
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Fig. 2. Model RS of a conditional primitive asteroid (having a mean surface spectral
characteristics with geometric albedo of 0.07 at 0.56 um and a typical phase angle
of 20°) enveloped by a thin DE (at optical thickness of 0.5) composed of aggregate
particles with submicron constituents (their sizes are given in the right upper or bot-
tom corners of the pictures) and different composition (water ice, tholins, and oliv-
ine) [4-5]

OBSERVATIONS OF NEW ASTEROIDS:

Spectrophotometric observations of 8 main-belt asteroids, 46 Hestia, 111 Ate,
117 Lomia, 164 Eva, 324 Bamberga, 372 Palma, 654 Zelinda, and 1021 Flam-
mario, were performed in December 2022 using the 2-m telescope of Terskol
Observatory under operation of Institute of Astronomy of Russian Academy
of Science (IA RAS). The observatory is situated at high altitude of 3150-m
above sea level, making favorable conditions for observations at shorter
wavelengths. The telescope is equipped with a prism CCD-spectrometer (WI
CCD 1240x1150 pixel) working in the range 0.35-0.97 um, with R = 100 re-
solving power. DECH spectral package was used to reduce CCD data by means
of standard procedures (such as flat-field correction and bias and dark sub-
traction) and to extract asteroid spectra. RS of the asteroids displayed chang-
es related possibly to sublimation activity of ice and the presence of a thin
DE, which will be shown and discussed in the presentation.

ON A PROBABLE MECHANISM OF A THIN DE OF AAS

According to our observational and model results [3-5], a thin DE to have
~0.5 optical thickness (call it as DEQ.5). Such DE partially transmits sunlight
reflected from the surface of asteroid to the observer and adds its own max-
ima of light scattering (typically in the range between ~0.4 and ~0.65 um),
wavelength positions of which are characteristic of dust particles’ sizes from
submicron to micron (~0.01+1.0 um). Besides, there is a possibility in the
case to study not only sizes and structure of the dust particles but also their
composition through the refractive index [4-5]. The problem with a thin DE
of AAs is to find a mechanism, which could maintain it sufficiently close to
the asteroid surface for a relatively long time (from several months to several
years, taking into account duration of our observations of some AAs [3-4]).
Even in calm conditions, the total effect of the pressure of sunlight and es-
pecially radiation pressure (based on exchange of charges between particles
and electrons and protons of solar wind) to the smallest particles of DE in a
weak gravitation field of AAs (weaker by several orders of magnitude than
that of the Earth’s) should quickly remove them from the vicinity of AAs. But
just the latter factors probably ensure a longer existence of DE on AAs. As
is known from lunar space exploration (e.g., [6-9]), an electrostatic field of
photoemission nature can detach dust particles of mentioned sizes from the
surface and cause them to levitate. At the same time, a photoelectron and
charged dust sheath with a thickness from 2-3 tens of centimeters to several
meters and a strength of electrostatic field of the order of several volts per
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meter is formed above the surface of the asteroid near the subsolar point
[8-9]. As follows from analytical and 2D numeric modeling (e.g., [8-10]), the
thickness of such dust-filled plasma sheath on the illuminated side of an air-
less body increases to one kilometer at the dawn and dusk regions, where
the greatest potential difference (up to ~300 V/m) of the electrostatic field
is achieved, it accelerates the movement of the smallest charged dust parti-
cles so that they leave the gravitational field of the body. As it is known, the
presence and movement of fine dust over the lunar surface was first discov-
ered with the TV-cameras on Surveyor 5, 6, and 7 (1967-1968), at the very
beginning of intense lunar exploration in XX century [6—7]. Although it was
supposed to, there were previously no direct (observational) confirmations
of a thin dusty exosphere presence on asteroids. We assume that electro-
static field and solar radiation pressure on the sunlit side of an AA (which is
just observed by spectrophotometric method) can lead to the formation of a
thin and relatively stable DEO.5 with a height of ~10-10° m (as follows from
[8-10] and references therein) consisting of small particles of mentioned siz-
es (~0.01-1.0 um) in the form of a close to the surface plasma-dust layer, pro-
viding that the rate of injection of dust particles into this layer at sublimation
of H,0 ice on AAs exceeds the rate of their ejection by the electrostatic field
near the terminator.

Although at a qualitative level, as follows from radiative-transfer theory,
separate maxima of light scattering in RS of AAs characteristic of different
compounds will be “diluted” by multiple scattering of light at higher optical
thickness, so to be of interest of RS modeling of a conditional primitive aster-
oid enveloped by an intermediate DE (with optical thickness of ~1.5 or DE1.5)
and a thick DE (or DE3.0) composed of aggregate particles with submicron
constituents to have ideas about the tendency and rate of DE optical thick-
ness influence to RS of AAs.
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INTRODUCTION:

The study of mean motion resonances in the dynamics of asteroids and ma-
jor planets is of great theoretical and applied importance from the point
of view of solving the asteroid hazard problem. During such research often
there is a need to analyze a large number of time series of resonant argu-
ments, since to complete the picture, it is necessary to consider not only
the main argument, but the entire multiplet. In order to facilitate this task,
we have developed an algorithm and a program for machine analysis and
automatic classification of the behavior of the resonant arguments. The de-
veloped automation was implemented in the IDA software [1] and applied to
the study of the dynamics of resonant objects with perihelion distances not
exceeding 0.15 AU.

STUDY TECHNIQUE:

Mean motion resonances appear when orbital periods of asteroid and planet
are commensurable. The resonant (critical) argument is considered as a char-
acteristic of the resonant motion [2-3]

B=kN +hA+ ko +kw+kQ +kQ, (1)

where A is the mean longitude, w is the perihelion longitude, Q is the longi-
tude of the ascending node. The apostrophe refers to the asteroid, and the
unprimed values denote to the planet. kl, k2, k3, k4, k5, k_ are integers.

The commensurability of orbital periods is determined from the expression
=0, meaning that the first time derivative of the critical argument is equal
to zero. The first time derivative is called the resonant band and is usuaIIy
denoted as a [4]. In the case of asteroid motion, the secular frequenues @,
®, Q', O are small compared to the orbital frequenues L', A, sothe res-
onance band takes the form

o= kA = k). (2)

Orbital frequencies (mean motions) can be explicitly expressed through the
semi-major axes of the asteroid and the planet. This means that the reso-
nance condition (2) with unique k, v k,, but different k;, k,, k., k, will corre-
spond to one and the same values ofthe semi-major axes uch a structure is
called a resonant multiplet.

The following two condition should be performed during multiplet construct-
ing:

ky+k, +ky+k,+k +k,=0, (3)
ks+k,=0,2,4,..(4)

By the nature of the behavior of the argument B, the stability of the resonance
or its absence is estimated. The resonance is stable, if B librates, that is it oscil-
lates around a certain center with an amplitude less 360°. Circulation (or res-
onance absence) is such behavior when  change from 0 to 360°, not having a
certain center. The change from libration to circulation and vice versa points to
a mixed type of behavior, in which the resonance is defined as unstable.

The multlplet size depends on the resonance order |k, — k2| and its analysis
requires the classification of a significant number of time series, especially in
the case of studying a lot of objects. Therefore, we considered it reasonable
to use an automation algorithm, the idea of which is described in [5] and is
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as follows. The values of the argument are divided into subintervals ranging
from 0 to 360°, and the hit of each value in the formed cells is fixed. We
introduced a number of modifications into this algorithm, in particular, split-
ting the time interval to determine the mixed types of behavior of resonance
arguments.

Using the IDA software, a multiplet of resonant arguments is formed by enu-
meration of the coefficients k,, k,, k., k.. For each such set, using numerical
integration, the orbital evolutlon ofsobjects is constructed at a given time
interval. The obtained files of the evolution of resonant arguments are au-
tomatically analyzed by the resonant behavior classification program. As a
result of the machine analysis, the nature of the argument behavior is deter-
mined (circulation, libration, or mixed behavior) and graphs of the arguments
depending on time are plotted.

RESEARCH RESULTS:

A preliminary search for mean motion resonances in the motion of asteroids
with small perihelion distances using a modified IDA software showed that
33 of them move in the vicinity of resonances with one or several planets
simultaneously. The Lobbie integrator was used to numerically integrate the
asteroid motion equations. A previous resonant motions study of asteroids
with small perihelion distances is described in [6].

For some researched asteroids, resonant multiplets were constructed and
analyzed, and, as a result, the behavior of each argument and the type of res-
onant interaction were determined. The machine analysis of the arguments
behavior in course of time showed that for all asteroids within the one multi-
plet, the resonant arguments are of the same type. The only difference is that
for cases of libration, the center of argument oscillation shifts when varying
the coefficients ks, ky, ke, ke

Figure 1 shows an example of the behavior of some arguments from the 7/2
resonance multiplet of asteroid 431760 2008 HE with Jupiter. For this res-
onance, the multiplet includes 28 possible variants of the resonance argu-
ment. Fig. 1 shows the behavior of four of them. The resonant argument
2N — 7\ + 5w’ is called the main argument and is determined by the ratio
of the coefficients [k, — Its behavior for this case demonstrates the
change of C|rcu|at|on to Izbratlon and vice versa (mixed type). Fig. 1 shows
that the type of resonant behavior does not change when changing the val-
ues of the coefficients, but the center of libration of the arguments shifts.
This behavior is typical for the entire multiplet.

2N =7\ + 5w’ —TA+4w' +w
360 360
S IANANAAN e VVV
[coN [coN
120 120
0+ \ J O
0 1 0()0 2000 3000 4000 1000 2000 3000 4000
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-7\ + 3w’ + 20 2N = 7A+ 20" + w + 20
360 360
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0 0
0 1000 2000 3000 4000 0 1000 2000 3000 4000
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Fig. 1. Behavior of arguments of resonant multiplet corresponding to the 7/2 reso-
nance of asteroid 431760 2008 HE with Jupiter

The analysis of resonant multiplets showed that in most cases it is sufficient
to consider the behavior of the main critical argument to identify the fea-
tures of the resonant interaction of the studied asteroids with planets. The
developed algorithm and program for automating the process of classifying
the resonant arguments behavior significantly reduced the time costs and
the probability of random errors when processing received data.
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INTRODUCTION:

Asteroid (99942) Apophis is considered one of the most dangerous objects in
terms of potential Earth collision (see e.g. [1-2]). By means of numerical simula-
tions of the rotational dynamics of Apophis, perturbations in rotational motion of
small asteroids during their close encounters with Earth have been studied [3-7].
RESULTS:

It has been established that the close encounter of Apophis with Earth in 2029
may result significant changes in the rotational speed of the asteroid and in the
orientation of its rotational axis. The dependences of the change in the period
of rotation of the asteroid on both the parameters of the orbit and its rotation-
al state before approaching the Earth are studied in detail. Examples of the
obtained dependences of the change in the rotation period of Apophis P with
time in the vicinity of the approach point are shown in Figure 1.

Py=306h, 0,300, e=399 ,=300,¢=399, d=5.97R,
36.0 o o

s p 36.0

— d=56
340 =68

\.
b .- A i 340
32,0 --- dms7 N\

=
A 280

1150 1120 90 -60 30 00 30 60 90 120 150 150 -120 9.0 -60 -3.0 00 30 60 9.0 120 150
th th

Fig. 1. The change of the rotational period of the asteroid P during its close encounter
with Earth, plotted for different values of the pericentric distance d (left) and initial
period values P (right). Solid red line corresponds to the value of P for which AP = 0.
Dotted red line corresponds to the value of P, for Apophis [8]. The foment t = 0 cor-
responds to the point of the closest approach to Earth; R, is the radius of the Earth
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Fig. 2. The dependenaes of the value AP (in hours) of the change in the rotational
period of the asteroid due to its close encounter with Earth on the initial values of
the rotational period P and the angle ¢, between the rotational axis and the orbital
plane for different vaIues of the perlcentrlc distance d. A/C and B/C are ratios of the
main central moments of inertia of Apophis [7].
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The figure shows: the eccentricity e, the pericentric distance d = a(e — 1)),
the rotation period P, and the inclination of the rotation axis to the orbital
plane ¢, of the asteroid until the moment of approach to the Earth. Figure 2
for different values of d shows examples of dependences of the change in
the value of the rotation period of the asteroid AP = P, where P, i |s
the rotation period of Apophis after approaching the E’érth on P, and @,

is shown that perturbations in the rotational motion of the aster0|d durlng
its close encounter with Earth affect noticeably its further orbital dynamics

through the change of the value of the Yarkovsky effect (see also [2—7]).
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INTRODUCTION:

While initially unpolarized sunlight gets scattered from comets, it acquires
a partial linear polarization. Because cometary dust particles are random-
ly oriented in space, their linear-polarization plane appears oriented in only
one of two discrete positions. It either coincides with the scattering plane
or appears to be perpendicular to that plane. The former case is referred to
as the phenomenon of the negative polarization and it manifests itself near
backscattering (phase angles a < 30°); whereas, the latter one is known as
the positive polarization that reaches its maximum amplitude at side scat-
tering (a ~ 80° — 100°). These two phenomena are widely observed in com-
ets (see, e.g. [1-3] and references therein). As such they provide important
clues for understanding the microphysics of cometary dust. However, an in-
terpretation of observations is dependent on the morphology of the model
dust particles used. A reliable interpretation is possible only with a realistic
model of cometary dust shape, such as the agglomerated debris particles
shown at the top of Fig. 1. These particles were examined versus laboratory
optical measurements of cosmic-dust analogs and they have been proven to
be capable of accurate retrievals of microphysics (e.g., [3] and therein). This
capability significantly enhances the confidence in the scientific return from
observations.

BRIEF SUMMARY OF RESULTS OF POLARIMETRY OF COMET:

All comets reveal the phenomenon of negative polarization at small phase
angles a <30° In the aperture-averaged mode, the negative polarization
could be as strong as P_, = —3%; whereas, the imaging polarimetry demon-
strates that in the vicinity of the nucleus, the negative polarization could be
twice stronger, P in= —6%.

Unlike the negative polarization, the positive polarization shows a dramatic dis-
persion in comets, with the amplitude of the positive-polarization branch span-
ning the range from P = 5% [4] up to 35%, or even larger P__ inthe case of a
disintegrating comet [5]. Comets were classified into three types based on their
amplitude of the positive polarization: low-P__ comets, high-P__ comets, and
the Hale-Bopp-type comets [1, 2]. While P,__ was considered to be a persistent
feature of the given comet, recent observations suggest this is not necessarily
the case [6]. P ax similar to other light-scattering characteristics of a comet,
could be subject to very quick and dramatic variations. An important feature
of comets with different P__ is that their maximum of polarization occurs at
different phase angles. In the low-P__ comets, it is observed at o~ 80° and
in the high-P__ cometsa,__ ~95°-100°[1,2].

BRIEF SUMMARY OF THE MODELING RESULTS:

Agglomerated debris particles demonstrate that the negative polarization in
comets unambiguously constrains the imaginary part of refractive index in
their dust to be Im(m) < 0.02 [3]. On the other hand, the location of the
positive-polarization maximum a,__ > 90° observed in the high-P__ comets
necessarily suggests Im(m) > 0.3 [3]. These two features lead to the conclu-
sion that a coma consists of at least two types of particles [2]. One of them
should have a weak material absorption, that is consistent with Mg-rich sili-
cates; whereas, another type necessarily has large Im(m), resembling carbo-



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14MS3'%BR'2f

naceous materials. It is important to stress that both components have been
indeed found in situ in comets (see discussion in [2, 3]). However, a mixture
of these two components easily reproduces the polarimetric observations of
the vast majority of comets; see examples in Fig. 1. Therefore, the dispersion
of P__. in comets reveals different ratios of silicate and carbonaceous parti-

cles in their coma. This ratio presumably may characterize the age of comets.
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Fig. 1. Ten examples of the agglomerated debris particles (top) and phase functions
of the degree of linear polarization measured in several comets in the blue-green part
of the spectrum (symbols) with their best fits (lines). The chemical composition of the
coma is given in % (vol.) in the legend.
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INTRODUCTION:

As the first and the largest imaging survey telescope in China, WFST will starts
its commissioning by the end of 2023. It is equipped with a 2.5-meter diam-
eter primary mirror, an active optics system, and a mosaic CCD camera with
0.73 gigapixels on the primary focal plane for high-quality image capture over
a 6.5-square-degree field of view. Its wide FOV of 6.5 square degree, a depth
of rband 22.5 mag at 30 seconds exposure as well as high resolution imaging
with 0.33”/pix, enables highly efficient Near Earth Objects (NEOs) hunting.
Based on the Granvik’s model, WFST will discover thousands of near Earth
asteroids every night.

The left panel of Figure 1 shows the ray-tracing simulation of the optical de-
sign of WFST, and the right panel is the simulated WFST observation image.

Fig. 1. PHOSIM simulated optical desgin of WFST (/eft); The simulated 90s exposure
time of a CCD from the WFST FOV edge (right)
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INTRODUCTION:

Comet activity has been detected at vast range of heliocentric distances up to
35 AU [1]. At the activity stage, a comet increases unexpectedly its brightness
by raising the number of reflecting dust particles in the halo area. The activity of
long-period comets at distances above 3 AU, where sublimation of water ice is
negligible, can be triggered by amorphous-ice-transition, sublimation of volatile
gases and recombination of free radicals [2]. Due to the high efficiency of the last
mechanism at very low temperatures, the recombination of radicals could cause
detected distant cometary activity and even activity in the Oort cloud.

The main source of long-period comets — Oort cIoud — includes many com-
etary nuclei at heliocentric distances of 10°~10° AU. At such distances, solar
radiation is strongly suppressed, and cometary nuclei reside in the hiberna-
tion stage with an equilibrium surface temperature of about 10 K. However,
comets in the Oort cloud experience episodic heating events by passing O
and B stars or supernovae [3]. In addition, galactic cosmic rays constantly
bombard cometary nuclei in the Oort cloud. The long-term irradiation at low
temperatures contributes to the accumulation of free radicals in cometary
ice. By raising the temperature of irradiated ice or when the critical concen-
tration of radicals is obtained, the fast recombination of radicals occurs with
a significant energy release [2]. This effect can trigger distant cometary out-
bursts with the emission of gas and dust.

It is believed that only gravitational mechanisms, as the influence of a passing
star, the tidal effect of the galactic disk and the encounter with molecular clouds,
affects the stability of cometary orbits in the Oort cloud [4]. However, due to low
orbital velocities in the Oort cloud, the expected distant cometary activity can
result in significant changes in a comet’s orbit. Herein we present a non-gravita-
tional mechanism for changing the orbit of a comet in the Oort cloud.

MODEL:

A jet of gas and dust from a comet surface produce a non-gravitational ac-
celeration. The resulting shift of the cometary orbit towards lower perihelion
distances causes comets to fall under the gravitational influences of the gi-
ant planets or enter the inner part of the Solar system. We use the classical
approach to calculate changes in the parameters of comet’s orbit from [4].

To estimate the value of non-gravitational acceleration created by dust and
gas flux from the comet surface, we created the model of comet outburst in
the Oort cloud [5]. According to our model, the recombination of radicals
increases the temperature of a surrounding matter. Upon reaching a critical
temperature of amorphous-to-crystalline ice transition, CO gas is released
from amorphous ice. Released gas gives rise to high pressure zones beneath
the surface. These zones are highly unstable and can be suddenly break
up with concomitant dust and gas ejection through cracks. The amplitude
of the recoil acceleration is determined by the penetration depth of amor-
phous-to-crystalline transition front and the area of subsurface cavities in
comets. The latter parameter is unknown and can be obtained only from ob-
servations of short-period comets (i.e., 67P/Churyumov-Gerasimenko).

RESULTS:

From the model, the mass of eJected material during the outburst is estimat-
ed to be in the range of 10%-10'° kg. From Fig. 1, comets with radius <1 km
could be ejected from the Oort cloud by one outburst more efficiently than
by gravitational mechanisms.
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Fig. 1. Comets fluxes from the Oort cloud to the inner part of the Solar system due
to gravitational and non-gravitational (cometary outburst) mechanisms. The ratio of
fluxes for three masses of ejected material is presented as a function of a comet radi-
us and an exponent in the distribution of comets in the current Oort cloud. The white
dotted curves from left to right show the flux ratio 102, 100, 1072

CONCLUSION:

Comets in the Oort cloud can experience outbursts with a total ejected
mass similar to the observed cometary outburst in the inner Solar system.
Although it is impossible to detect activity of comets at Oort cloud distances,
we can evaluate the impact of gas and dust jet on the stability of the comet’s
orbit. The total effect of cometary outbursts during the evolution of the Oort
cloud could lead to a decrease in the number of long-period small-radius
comets. In addition, cometary activity in the Oort cloud and other distant
regions beyond the Kuiper belt can be a source of large amounts of dust and
ice particles.
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INTRODUCTION:

The direct observations of the lunar horizon glow that made more than
50 years ago by the Surveyor-7 automatic spacecraft [1] and Apollo-17 astro-
nauts [2] are one of the most mysterious observations related to Moon and
are still under debate. [3-5] and other authors stated that the electric poten-
tial of the lunar surface in the terminator region and in the lunar nightside
can highly vary and reach as low as minus 4000 V. [6] estimated the possible
electric field on the Moon up to 3000 V/cm. Levitation mechanism explana-
tion is based on the idea that the electrically charged surface and electrically
charged dust grains repel each other. A very similar phenomenon is proposed
for most of the celestial atmosphereless bodies. Solar UV irradiation suggest-
ed as one of the main drivers of the particle activity. Due to much lower
gravity force, the increasing of the dust dynamics on the asteroids [7, 8] and
Martian satellites Phobos and Deimos [9, 10] is predicted. [11] estimated the
electric field on asteroids in the range of 500-1500 V/cm. Alongside the theo-
retical works, there is an experimental simulation approach [12, 13] that can
help to solve the dust dynamics mystery.

In this work, we describe the experimental simulation approach to the air-
less dust particles dynamics. We simulated the several varieties of the elec-
trostatic-field and UV-irradiation (147 nm lightwave) cross-influence on the
particle activity.
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INTRODUCTION:

Space dust [1] has a lot of possible sources in the Solar system. Few of them are
meteoroids interaction with an atmosphere of an astronomical body [2] and
meteoroid impacts [3]. In the both cases, at least at some point of evolution of
the process, there exists a plasma dust-cloud. This cloud is a complex medium
containing neutral gases (atomic and molecular), plasma, melt and dust parti-
cles. The tyglcal range of plasma temperature is 3000-10000 K and the plasma
density 10"*~10'7 and depends on many factors (e.g. chemical and geological
composition of meteoroid, surface and atmosphere; distance from the mete-
oroid). For understanding of evolution of space dust, plasma-dust cloud and for
study of its interaction with various materials it is necessary to develop experi-
mental methods for modelling of such a medium. One of the possible methods
could be implemented with microwave discharge in powder mixtures of metals
(or semiconductors) and dielectrics [4]. This method allows fast (tens of micro-
seconds) heating of powder mixtures with melting, evaporation and ejection
of the initial substance into the reaction volume. Thus, a plasma-dust cloud
with gas temperatures ~5000 K and plasma densities ~10** cm™ is formed. In
this work we present the results of the recent experiments on modelling of
the plasma-dust cloud with microwave discharge in powder mixtures relevant
to space dust: substance of Tsarev meteorite (L5 ordinary chondrite found in
1968 in Volgograd district, USSR); regolith simulant LMS-1D (lunar mare dust
simulant produced by Exolith Lab, USA); ilmenite (mineral occurring both on
the Earth and on the Moon).

EXPERIMENTAL SETUP:

The experiments were carried out at the MIG-3 gyrotron complex [5] in the
GPI RAS (Moscow). Microwave radiation of the 75 GHz 400 kW gyrotron was
used for the experiment. Duration of the microwave pulse was up to 8 ms.
The microwave radiation was introduced into the plasma chemical reactor
[6,7] vertically from the bottom input window (diameter is 120 mm). A pow-
der sample (mass is 1-2 g) in the form of a thin layer (~¥1 mm) is located on the
quartz disk (diameter is 80 mm) within the reactor. The radius of the gaussian
microwave beam is about 50 mm at the location of a sample. A quartz tube
(diameter is 70 mm, length is 100 mm) is vertically placed on the quartz disk
inside the reactor along its axis to limit expansion of the plasma-cloud and
contamination of the reactor metallic walls. To monitor physical processes
during the experiments the following diagnostics are used: microwave de-
tectors (reflected and transmitted radiation); optical spectrometers (plasma
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radiation, solid body thermal radiation); high-speed cameras (fine dynamics
of dust-cloud evolution). Post-analysis includes: scanning electron microsco-
py with energy dispersive X-rays analysis — to study change in the morphol-
ogy of the particles and to determine elemental composition; transmission
electron microscopy — to find nano sized materials synthesized in the exper-
iments; X-ray diffraction analysis — to determine and quantify phase com-
position; dynamic light scattering — to determine particle size distribution
before and after the experiment.

EXPERIMENTAL RESULTS:

Three types of samples (Fig. 1a—c) were used in the experiments: 1) substance
of the Tsarev meteorite was milled 2 times at 600 rpm for 10 min each time
with a planetary ball mill Fritsch Pulverisette 7; 2) regolith simulant LMS-1D
mixtures with 10 % (mass) Fe fine powder or with 10 % of Mg powder PA-4;
3) commercially available ilmenite mineral (with 3 % rutile fraction and 0.4 %
zircon fraction) was grinded manually in an agate mortar for 10 min.

The samples 1 and 3 were in the air atmosphere and the sample 2 was in the
argon atmosphere during the experiments. For all three types of samples the
microwave discharge was exited with following formation of a plasma-dust
cloud (Fig. 2) that lasted (at least as a vapor-dust cloud) substantially longer
(up to 100 ms) then the microwave pulse (<8 ms). As microwave breakdown
in powder mixtures depends on electromagnetic wave intensity, metal pow-
der concentration, metal particle size (optimal size is about skin depth §8) it
was expected to achieve it in the sample 2 (LMS-1D mixture with 10 % Mg
powder). For the samples 1 (Tsarev meteorite) and 3 (ilmenite), which do not
contain a particular metal powder, the breakdown was much less expected,
as it is considered for the discharge to start at the contacts of metal and
dielectric particles. It seems that for the sample 1 the abundant mineral in-
clusions of metals (Fe, Mg, Al, Ni or their alloys) were enough to start the
discharge, and for the sample 3 FeTiO, with semiconducting properties could
do the same. It should be noted that microwave discharge plays a crucial
role in the experiment. Without it the conventional microwave heating ap-
proach (even considering thermal instability growth for dielectrics) do not
yield enough temperatures for evaporation of most of the substances for the
used in the experiments electromagnetic wave intensities (<20 kW/cm?) and
pulse durations (<8 ms).

N,

Fig. 1. The samples before (a—c) and after (d—f) the experiments: a, d — Tsarev mete-
orite; b e — LMS-1D regolith simulant with 10 % Mg; ¢ f — ilmenite
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a b c
Fig.2. Video frames (exposition ~1 us) from the high-speed camera Phantom VEO
710L obtained ~20 ms after the microwave pulse: a — Tsarev meteorite; b — LMS-1D
regolith simulant with 10 % Mg; ¢ — ilmenite.

CONCLUSIONS:

For the first time a plasma-dust cloud was successfully obtained with micro-
wave discharge in powder mixtures from the space dust relevant samples:
Tsarev meteorite, LMS-1D regolith simulant, ilmenite. Microwave absorp-
tion, optical emission spectra and plasma-dust cloud dynamics was obtained
during the experiments. After the experiments the samples were transferred
to post-analysis. Such a result allows further more complicated studies (e.g.
abiogenic synthesis of precursors of complex organic molecules from inor-
ganic molecules in a plasma-dust medium, imitation experiments on space
dust deposition on various construction materials).
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In this report we present the results of experiments on depositing charged
particles, which imitate the levitating dust on the Moon, on surface of solar
panels. The simulation experiment is based on the similarity between the
processes that develop in the laboratory experiments with regolith and the
processes that occur on the Moon during its bombardment by micro-meteor-
oids. In the experiments we use the artificial lunar regolith LMS-1D. The LMS-
1D Lunar Mare Dust Simulant has been developed by Exolith Lab for dust mit-
igation experiments and other applications where very fine dust is needed. In
these experiments, 10 % pure magnesium was added, as was described in [1]
for the generation of ensembles of levitating particles. Under the action of
the gyrotron radiation on the regolith, nonlinear physical-chemical processes
develop (breakdown, chain plasma chemical reactions, and particle scatter-
ing by the Coulomb mechanism), which lead to the appearance of a levitating
cloud of particles.

The experimental plasma chemical complex on which these experiments
were made is presented on the Figure 1 and described in the work [2].

Microwave
radiation

Fig. 1. Plasma chemical complex: 1 — plasma chemical reactor with regolith and solar
panels inside, 2 — compressed argon, 3 — gas input valve, 4 — manometer, 5 — gas
output valve, 6 — high speed camera

Diagnostics used in the experiment include:

¢ balanced microwave measurements that allow one to evaluate incident,
transmitted and reflected radiation what makes it possible to estimate re-
action efficiency;

e spectrometric measurements from which it is possible to determine the
temperature of various areas in the reactor;

¢ high-speed video measurements allow one to observe the dynamics of
plasma-dust cloud during the experiment.
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Previously, the deposition of regolith particles on metal plates was studied
[3-44]. The solar panels were placed above the regolith in the reactor (gyro-
tron power up to 400 kW, radiation frequency of 75 GHz, microwave pulse up
to 8 ms) filled with atmospheric pressure argon. View of placed solar panel is
presented on Figure 2.

Fig. 2. The view of solar batteries in reactor Fig. 3. View of particle cloud in plasma
chemical reactor

Levitating particles are observed for hundreds of milliseconds. Figure 3 shows
the solar panels against the background of a cloud of particles. The effect of
the levitating cloud on the surface of solar panels is studied. Figure 4 shows
particles deposited on the solar panel.

Fig. 4. Regolith particles deposited on the surface of the solar panel

Experimental results are presented on deposition of charged particles that
imitate the levitating dust (dusty plasma) on the Moon on solar panels ob-
tained with scanning electron microscopy and presented on Figure 5

Fig. 5. Micrographs of particles deposited on the surface of the solar panel

The levitating dust obtained under laboratory conditions (ensembles of charged
regolith particles) can be used in imitation experiments on creating samples of
solar panels with modified surface for further development of methods of its
cleaning (under conditions of Lunar missions) for space technology.
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INTRODUCTION:

Mercury belongs to celestial bodies that have no atmosphere: gas pressure
at its surface is 5-10" times lower than the pressure of the Earth’s atmo-
sphere. However, similar to the Moon, there is a rarefied gaseous envelope
around Mercury that represents an exosphere and can contain dust particles
[1]. The gravity of Mercury is relatively strong, twice stronger than that of
the Moon. Therefore, similar trends in dust-particle dynamics can be expect-
ed above the surfaces of Mercury and the Moon. In contrast to the Moon
where magnetic fields are present locally in the areas of magnetic anomalies
or when the Moon crosses the Earth’s magnetotail, i.e., the fields are in fact
the Earth’s magnetic fields observed at the Moon’s orbit [2], Mercury has its
own magnetosphere [3]. The Mercury’s orbit is characterized by the largest
orbital eccentricity among all planets of the solar system: its distance from
the Sun at perihelion is about two thirds of that at aphelion. So far, Mercu-
ry was studied during two space missions: Mariner-10 (https://solarsystem.
nasa.gov/missions/mariner-10/in-depth/) in 1970s and Messenger [4] in
2008-2015. The spacecraft of the European BepiColombo mission (https://
www.cosmos.esa.int/web/bepicolombo/home) that is supposed to reach
the planet in 2025 was launched in 2018. In addition, launching a Russian
Mercury-P space probe that is supposed to land on the surface of the planet
in 2030s is under discussion.

Wave processes in dusty plasma near the surface of Mercury can be detected
by scientific equipment of planning missions and then are of interest [4-7].
The near-surface layers of Mercury’s exosphere have a number of common
features with those of the exosphere of the Moon, e.g., there are dust par-
ticles above the illuminated side of both cosmic bodies that become posi-
tively charged due to the photoelectric effect. Mercury has its own magne-
tosphere that protects the surface from particles of the solar wind. However,
the solar wind can reach the surface of the planet near the magnetic poles.
Therefore, dust particles of the same size get different charges depending
on their localization above the Mercury’s surface. A drift wave turbulence
can appear in dusty plasma in the magnetic field near the Mercury’s surface
in the presence of gradient of electron concentration. The solar wind that
streams at speeds of about 400 km/s relative to plasma near the surface of
the planet can induce longitudinal electrostatic oscillations with frequencies
determined by the electron plasma frequency. Nonlinear waves are consid-
ered — dust-acoustic solitons and nonlinear periodic waves. The profiles of
the potential of high-amplitude solitons and nonlinear periodic waves are
obtained, the dependences of the soliton amplitude on the height above the
planet’s surface and the soliton velocity are obtained. We analyze wave pro-
cesses taking into account the difference in parameters at aphelion and peri-
helion of the Mercury’s orbit, along with the fact whether the dust particles
are located near the magnetic poles or far from them.

DRIFT WAVES AND LONGITUDINAL ELECTROSTATIC OSCILLATIONS:

Wave processes that can occur in the plasma-dust system near the Mercu-
ry’s surface can be caused by both the presence of the magnetic field and
the relative motion of the solar-wind plasma and the near-surface plasma
of Mercury. It turns out that a number of possibilities of wave generation in
the near-surface plasma that exist in the dusty plasma near the surface of
the Moon do not exist on Mercury. Indeed, the hydrodynamic and kinetic



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14MS3'%BR'}\E

instabilities that are caused by the motion of the Moon relative to the Earth’s
magnetosphere and lead to generation of the ion-acoustic and dust-acoustic
waves were analyzed in the case of the Moon. The possibility of excitation of
the lower hybrid waves in lunar dusty plasma is also related to the relative
motion of the dusty plasma and the Earth’s magnetosphere. No such pro-
cesses occur in the case of Mercury since the dusty plasma does not move
relative to the planet’s magnetosphere. The drift waves can also be generat-
ed on the Moon. Taking into account that Mercury has its own magnetic field
with a magnitude of about 107 G, it can be expected that the drift turbu-
lence develops in the regions where the magnetic field is directed parallel to
the surface and perpendicular to the gradient of the electron concentration
directed vertically. In is obtained that the instability development time is sub-
stantially smaller than the length of the solar day on Mercury.

The energy distributions of photoelectrons above the Mercury’s surface rep-
resents a superposition of the distribution function of electrons knocked out
by photons with energies close to the work function that have the tempera-
ture of about 0.1 eV and the distribution function of photoelectrons asso-
ciated with the Lyman-alpha line of hydrogen in the spectrum of the solar
radiation that have the temperature of about 1 eV [5]. Generation of oscilla-
tions in the frequency range of the Langmuir and electromagnetic waves is
thus possible in the regions where the solar wind penetrates the exosphere
of Mercury, i.e., near the magnetic poles, as a rule. Electromagnetic waves
can be generated as a result of relative motion of the near-surface plasma
and the solar wind in the regions of magnetic poles where the solar wind
can reach the surface of the planet. In the process, the wave frequencies are
determined by the concentration of the photoelectrons corresponding to the
first peak in the distribution function with energies of about 0.1 eV [6]. The
dust-acoustic waves can also exist in the dusty exosphere of Mercury. The dif-
ference in plasma parameters at aphelion and perihelion does not impose
restrictions on the possibility of generation of oscillations.

NONLINEAR DUST-ACOUSTIC WAVES:

In the dusty exosphere of Mercury, one can expect the development of wave
disturbances with a dispersion equation corresponding to the equation for
dust-acoustic waves [6]. In the vicinity of the terminator, similarly to the situ-
ation on the Moon, one can expect the development of an instability leading
to the excitation of dust-acoustic waves of large amplitude. Here we consider
nonlinear waves in the form of solitons and periodic structures. The role of
solar wind ions in the consideration of wave processes, in particular dusty
sound, is insignificant, so the consideration can be reduced to equations de-
scribing the dynamics of dust particles and electrons. Dust-acoustic nonlinear
waves, including solitons, are described by a system of equations consist-
ing of the Poisson equation for the potential and equations specifying the
densities of the plasma components. The search for a solution is carried out
using the method of Sagdeev potentials. The dependences of the amplitude
of solitons on the height above the planet’s surface and propagation velocity
are obtained. Potential profiles for solitons and nonlinear periodic waves are
constructed. The characteristic amplitudes of solitons and nonlinear periodic
waves can reach values of the order of 10°-1072 esu.
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INTRODUCTION:

The main features that distinguish the dusty plasma from ordinary (not con-
taining charged dust particles) plasma is the possibility of self-organization,
leading to the formation of macroscopic structures such as a dusty plasma
crystal, dusty plasma clouds, droplets, etc., and, in addition, the occurrence
of anomalous dissipation [1] leading to new physical phenomena, effects and
mechanisms [2-5]. Under natural conditions, the formation of dusty plasma
crystals is, as a rule, impossible, and the main attention should be paid to
anomalous dissipation associated with dust particle charging. This kind of
anomalous dissipation is responsible for the formation of a new kind of shock
waves, which are important in the physics of comets, the Earth’s atmosphere
during active experiments, in the description of the primary Earth, etc. [6].
The effects associated with dust particle charging are important in describing
the modulational instability in the dusty plasma [3] and in the consideration
of weakly damped solitons [7]. It is well known that in the dusty plasma, elec-
trons and ions are absorbed on the surface of a dust particle, so, naturally,
the energy of the dust component is exchanged with the plasma. However,
in all the cases listed above, when statements are made about anomalous
dissipation associated with dust particle charging, there are manifestations
of this effect that characterize the behavior of the dusty plasma. A similar
situation arises in the context of describing the dynamics of dust particles in
dusty plasmas above surfaces of the celestial bodies like the Moon, Mercury,
Phobos, Deimos, and comets [8—14], when anomalous dissipation associated
with dust particle charging can lead to damping of oscillations when a dust
particle moves over the corresponding surface. Here, we discuss the manifes-
tations of anomalous dissipation in dusty plasmas of our Solar system.
DUST PARTICLE CHARGING FREQUENCY:

We consider the situation when the surface of a celestial body like the Moon,
Mercury, Phobos, Deimos, and a comet is illuminated by the solar radiation.
In this case, anomalous dissipation in the dusty plasma is characterized by
the so-called dust particle charging frequency Vg which is determined from
the relationship [10-11]

d5q, _ O(1e(da)+1,(04) ~ 1pn (dg) + 1o s @)
de 0q,

dqy =—v40a,,
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where q , is the equilibrium charge of a dust particle, 8g,, is the dust particle
charge variation, / (q ) and /(q ) are microscopic currents of electrons and
ions of the solar wmcfon a dust particle, lph(q ) is the photoelectron current
from a dust particle due to the interaction of its surface with solar radiation,
E’ph(qd) is the current of photoelectrons surrounding a dust particle to it,
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length of photoelectrons near the surface of the celestial body, T, , is the
temperature of photoelectrons, v, . is the thermal speed of solar wind elec-
trons, A, is the Debye length of soﬁar wind electrons. The above expression
for v_has been derived under the conditions of the illuminated part of the
Moon.

Calculations [10-14] show that the charged dust particle motion above the
surface of a celestial body like the Moon, Mercury, Phobos, Deimos, and a
comet is oscillatory, the 2/v_value determining the damping of the dust par-
ticle oscillations, i.e., damping of dust particle oscillations is caused by anom-
alous dissipation in dusty plasmas due to charging of dust particles.

THE MOON:

The distinguishing characteristic of the dust-particle-motion trajectory in
dusty plasma above the lunar surface consists [8, 10] in the presence of oscil-
lations which are damped due to variation of charges of dust particles, which
is consistent with the concept of anomalous dissipation in dusty plasma. The
processes causing changes in charge of the dusty particles are too fast rela-
tive to the duration of the lunar day. Therefore, the oscillations have enough
time to decay for most (~83 %) of the dust particles above the lunar surface
illuminated by the Sun, and these dust particles can be considered as “lev-
itating”. Only very small particles do not make a transition to the levitation
regime during the lunar day, and the effects related to dusty plasma system
being nonstationary should be taken into account when studying these par-
ticles.

MERCURY AND MARTIAN SATELLITES:

The character of dusty plasmas at other celestial bodies that have no atmo-
sphere, e.g., Mercury or Martian satellites Phobos and Deimos, has a number
of characteristics that are similar to those of the dusty plasma at the Moon.
However, there are some substantial peculiarities. In particular,

the solar wind is important for formation of dusty plasma on Mercury due to
its magnetosphere but only near the magnetic poles [12]. In other Mercury’s
regions, the solar wind does not have a significant impact on properties of
dusty plasma, in contrast to the situation on the Moon. Correspondingly, the
value of the dust particle charging frequency is modified (in comparison with
that given above). Parameters of dusty plasma above Mercury are different
at aphelion and perihelion of its orbit.

Theoretical studies [13—14] revealed that, in contrast to the Moon or Mercu-
ry, formation of the dusty plasma system in the near-surface layer above the
illuminated part of the Martian satellite surface is nonstationary over almost
entire daytime period. Processes of variation of charges of the dust particles
that result in damping of their oscillations above the surface of the Martian
satellite turn out to be too slow relative to duration of the daytime on the
satellite. To obtain exact data on parameters of the dusty plasma system near
Martian satellites, it is necessary to get more complete information on the
properties of their soil, e.g., the work function, the quantum yield, etc. The
authors express hope that this information will be obtained in the course of
future space missions.

COMETS:

Dusty plasma processes can substantially impact formation of a bow shock
as a result of interaction of the comet coma with the solar wind. They can
also reveal themselves in the situations when the comet is far from the Sun.

1. The bow shock wave can sometimes be interpreted as a variety of the
ion-acoustic shock wave [6]. The presence of charged dust leads to anoth-
er important type of interaction, namely, interaction of protons of the solar
wind with dust particles in the comet coma. For a typical comet nucleus with
a radius of ~1 km and relatively dense coma (number density of dust particles
exceeding 10° cm™3), anomalous dissipation caused by charging of dust parti-
cles plays an important role in shock wave formation. Apparently, the nature
of such a shock wave is similar to that of the ion-acoustic shock waves [4-5].

2. For a comet exhibiting parameters of the nucleus close to those of the
nucleus of the Halley’s comet, the dusty plasma in the vicinity of the nucle-
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us forms due to electrostatic interactions, i.e., analogous to dusty plasma
formation near other bodies without atmosphere (e.g., Martian satellites
[13-14]), provided that the distance from the comet to the Sun is at least
~3 AU. Dust particle trajectories are influenced by anomalous dissipation in
dusty plasmas due to charging of dust particles. On the contrary, if the comet
is closer to the Sun, the dynamics of dust particles is determined by the gas
flow from the comet nucleus.
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The presence of dry ice dusty plasma clouds at altitudes of about 100 km is
an important feature of the Martian atmosphere. Such clouds were seem-
ingly detected by the SPICAM infrared spectrometer (Mars Express) as well
as photographed by the Mars Science Laboratory Curiosity mission in March
2021. The rover Mars Science Laboratory Curiosity took photographs at sun-
set when dust particles of the clouds were illuminated by the Sun against the
dark sky background.

We describe a possible mechanism of dusty plasma clouds formation in the
Martian atmosphere [1-5]. We use theoretical base from [6-9] as well as
experimental data from [10]. We consider carefully dust particle deceleration
because of condensation of supersaturated carbon dioxide vapor. This effect
is usually ignored in case of the Earth’s dusty plasma system but is important
for the atmosphere of Mars. We calculate an altitude dust particle distribu-
tion of Martian dusty plasma clouds using our model.
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Fig. 1. An altitude dust particle distribution of Martian dusty plasma clouds. Initially
dust particles were located at altitudes of 110-120 km (/eft).The instability character-
istic development time as well as sedimentation time for different dust particle sizes.
The atmosphere parameters correspond to the altitude of 90 km (right)

We also show that an important factor for dusty plasma cloud formation on
Mars is the Rayleigh — Taylor instability. The upper half-space of a dusty plas-
ma cloud is full of gas and dust mixture while dust number density of the
lower half-space is negligible. In such case the Rayleigh — Taylor instability is
naturally developed in the gas-and-dust system in the gravitational field. The
instability growth rate reaches a maximum value y for a certain |k|-value
determining the characteristic instability development time. We show that
in case of significant value of dust particle number density this time is more
than sedimentation time only for small dust grains. This effect leads to the
fact that dusty plasma clouds can exist only with sufficiently small sizes of
their constituent dust particles, as well as to the thickness limit of the clouds.
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INTRODUCTION:

The impact of large (tens of meters and greater) cosmic objects into the at-
mosphere is typically considered within one of two scenarios, i.e. airburst or
crater-forming. Chelyabinsk/Tunguska and Chicxulub are bright examples of
these limiting cases. However, there is a wide range of impact parameters
when a projectile loses a considerable part of its mass and energy passing
through the atmosphere, but the remaining part hits the surface producing
crater. Impacts in this impactor size range may be called transitional ones.

The fraction of the kinetic energy released by the impactor into the atmo-
sphere has a decisive influence on the hazardous impact consequences espe-
cially for airbursts and transitional scenarios. The energy deposition profile
may be used as initial conditions for airblast shock wave hydrocode modeling
[1-2] as well as for estimates of thermal and others effects [3].

To replicate the rate of energy deposition inferred from light curves appears
to be possible with the help of semi-empirical models in which the meteor-
oid undergoes catastrophic fragmentation leading to a rapid and dramatic in-
crease in drag and deceleration [4-5]. Another possibility includes modeling
of cosmic object interaction with the atmosphere in the frame of different
hydrodynamic models, which permits one to determine the energy release.

ENERGY PARTITION:

Semi-empirical models typically assume that the vaporized substance of the me-
teoroid instantly decelerates and transfers its energy to the air. Numerical hydro-
dynamical modeling [9] demonstrated that for Tunguska scale impactors the jet
consisting of vapors and shock heated air continues to move along the trajectory
at high speed even after the complete evaporation of the meteoroid. At first the
energy of the meteoroid is converted into the energy of the vapor jet (mainly ki-
netic), and then the vapor energy is transferred to the air. Most of the energy is
released in the air after the meteoroid has completely evaporated and at altitudes
lower than the height of complete evaporation. This effect can complicate the ap-
plication of semi-empirical models for determination of energy deposition curves
needed to estimate hazardous effects. This presentation will discuss the features
of impactor energy deposition in the atmosphere, and possibilities of semi-empir-
ical models to estimate the energy deposition. And hazardous effects for transi-
tional (between airbursts and crater forming) cases of impacts.
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INTRODUCTION AND CONSIDERED MODEL:

| studied the evolution of the orbits of bodies ejected from the Earth or the
Moon. The studies included calculations of the probabilities and velocities of
collisions of the bodies with the Earth, the Moon, and the terrestrial planets.
Such ejection could often take place during the Earth’s accumulation and late
heavy bombardment. In each calculation variant, the motion of 250 bodies
ejected from the Earth or the Moon was studied for the fixed values of an
ejection angle iej (measured from the surface plane), a velocity v, of ejec-

tion, and a time step t_ of integration. The velocity of rotation of the Earth’s
surface (0.46 km/s) was not taken into account. The gravitational influence
of the Sun and all eight planets was taken into account. Bodies that collided
with planets or the Sun or reached 2000 AU from the Sun were excluded
from integration. The symplectic code from the SWIFT integration package
[1] was used for integration of the motion equations. The considered time
step t, equaled to 1, 2, 5, or 10 days, and the results of calculations with
different t. were compared and gave similar results. The probabilities p, of

collisions of bodies with the Earth were about the same for calculations with
different t_. The motion of bodies ejected from the Earth or the Moon under
the gravitational influence of all planets was studied during the dynamic life-
time T, , of all bodies, which was often about 200-500 million years in the
calculation variants. In [2—3] the motion of bodies ejected from the Earth at
collisions of bodies-impactors with the Earth was studied during time interval
equal to 30 Kyr, and considered initial velocities were perpendicular to the
surface of the Earth.

The ejection of bodies from six opposite points of the Earth’s surface, as well
as from the far point of the Moon, was considered for a number of values of
velocities and angles of ejection of bodies. In the vf and vc series, the motion
of the bodies started at most and least distant points of the Earth’s surface
from the Sun (located on the line from the Sun to the Earth), respectively. In
the vw and vb series, the bodies started from the forward point on the Earth’s
surface in the direction of the Earth’s motion and from the back point on
the opposite side of the Earth, respectively. In the vu and vd series, the bod-
ies started from points on the Earth’s surface with the maximum and mini-
mum values of z (with the z axis perpendicular to the plane of the Moon’s
orbit), respectively. In different variants, the values of the ejection angle iej
were 15°, 30, 45, 60, 89, or 90°. The ejection velocity v, was mainly equal
to 11.22,11.5, 12, 14, or 16.4 km/s, but other values in the range from 11.22
to 11.5 km/s were also considered. For ejection from the Moon located at
h equal to 3rg, 5ry, 7rg, or 60r, from the center of the Earth of radius res the

calculations were also carried out for the velocity v, __equal to 2.5 or 5 km/s.

60r, is the semi-major axis of the present orbit of the Moon. For the Moon,
the parabolic velocity is 2.38 km/s. Note that mass m, of ejected material is

smaller at greater velocity v, _of ejection. According to [4], mg, is proportion-

-1.65
alto Voo .

PROBABILITIES AND VELOCITIES OF COLLISIONS OF BODIES EJECTED
FROM THE EARTH WITH THE EARTH AND THE MOON:
The probabilities p_ and p,, of collisions of bodies with the Earth and the

Moon were generally lower at higher velocities v, . At ejection velocities in



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14MS3'%BR'}\E

the range of 11.5-14 km/s, the values of p. and p,, depended less on the
ejection point on the Earth’s surface. At ejection velocities v, < 11.3 km/s,
i.e., slightly greater than the parabolic velocity, most of the ejected bodies
fell back to the Earth. Over the entire considered time interval, with Ve equal

to 11.5, 12, and 14 km/s, the values of p; were approximately 0.3, 0.2, and
0.15-0.2, respectively. The mean velocities v_ . of collisions of ejected bod-
ies with the Earth were greater at greater velocities of ejection. The values of
v_ . were about 13, 14-15, 14-16, 14-20, 14-25 km/s at Voo equal to 11.3,

colE
11.5, 12, 14, and 16.4 km/s.

The Moon was not included in the integration of motion equations of bodies.
Based on the arrays of orbital elements of migrated bodies, similar to [5-8],
| calculated the probabilities of collisions of bodies with the Moon and the
Earth and the ratio kq,, of probabilities of collisions of bodies with the Earth
to those with the Moon. The probability p,, of a collision of a body with the
Moon was calculated as pE/kEM, where p_ was calculated at integration of

motion equations. The probability p,, of a body ejected from the Earth col-

liding with the Moon was about 15—-35 times less than that with the Earth at
V. 211.5 km/s. Basically, this probability p,, was in the region of 0.01-0.016

atv, <11.4 km/s and 0.005-0.01 at V,, 212 km/s. The collision velocities of

bodies with the Moon were higher at high ejection velocities and were main-
ly in the ranges of 7-8, 10-12, 10-16, and 11-20 km/s at v,__equal to 11.3,

12, 14, and 16.4 km/s. At v, about 12-14 km/s, the probabilities of collisions

of bodies with Venus and the Sun usually did not differ by more than a fac-
tor of 2 from p,, the probabilities of collisions of bodies with Mercury were

about 0.05-0.08, and those with Mars typically did not exceed 0.01. The
probabilities could be different at different iej, v, and the point of ejection.

In the considered calculations of the motion of bodies ejected from the
Earth, most of the bodies left the Earth’s Hill sphere and moved along helio-
centric orbits. Bodies ejected from the Earth could participate in the forma-
tion of the outer layers of the Moon. In order to contain its current fraction
of iron, the Moon must have accumulated most of its mass from the Earth’s
mantle [9-10]. From the obtained estimates of the probabilities of collisions
of bodies ejected from the Earth with the Moon moving in its present orbit,
we can conclude that in order for the Moon to acquire most of its mass due
to the bodies ejected from the Earth during its repeated bombardment, the
total mass of bodies ejected from the Earth during its accumulation should
be comparable with the mass of the Earth. Therefore, the bodies ejected
from the Earth and falling on the Moon’s embryo were probably not enough
for the Moon to grow to its present mass from a small embryo moved in its
current orbit. This result testifies in favor of the formation of a large lunar
embryo near the Earth. In a collision with a body, due to the smaller mass,
the Moon would lose a larger fraction of its mass than the Earth. Calculations
have shown that the fraction of bodies that fell onto the Earth and the Moon
does not depend much on whether these bodies would have been ejected
from the Earth or the Moon.

PROBABILITIES OF COLLISIONS OF BODIES EJECTED FROM THE MOON
WITH THE EARTH:
At ejection of bodies from the Moon moved in its present orbit (at h = 60r,),

a considered time interval T = 10 Myr and 30°< ie/. < 60°, p, was about
0.2-0.25 atv, =25 km/s, 0.13-0.14 at Veoe =5 km/s, and 0.06—0.07 at
12<v, <16.4km/s. At h =60r_ and at the end of evolution (T=T,_ ), p, was
about 0.3-0.32 atv, =2.5 km/s, 0.2-0.22 at V, =5 km/s, and 0.1-0.14 at
12 <v, <16.4 km/s. That is, at velocities v,__slightly greater than the para-
bolic velocity, the values of p_ are approximately the same for ejection from

the Earth and the Moon, but for different ejection velocities. At h = 60r,,
these values of p. show the fraction of bodies that could collide with the
Earth after their ejection from the Moon, moving along its present orbit. This
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fraction is approximately the same as for bodies ejected from the Earth, if
we take into account the lower minimum velocities of bodies ejected from
the Moon. Bodies ejected from the Moon embryo located close to the Earth
fall back onto the Earth and the Moon if their initial velocity was less that
the corresponding parabolic velocity. At v, = 2.5 km/s and h equal to 3r,

or 5r;, the dynamical lifetime of ejected bodies did not exceed 5 days. At

Voo =5 km/s and h = 5r, the value of p_ was between 0.29 and 0.33 at con-

sidered i, from 30 to 89°. The maximum dynamical lifetime equaled to a few
hundreds of Myrs.

CONCLUSIONS:

At ejection velocities about 12—-14 km/s, the fraction of bodies ejected from
the Earth that fall back onto the Earth was about 0.15-0.2, mean velocities of
collisions with the Earth and the Moon were about 14-20 and 10-16 km/s,
respectively. The fraction is greater for smaller ejection velocity. The proba-
bility of collisions of such bodies with the Moon moved in its present orbit
was about 0.01. A large Moon embryo should be formed close to the Earth in
order to accumulate material rich in iron.
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INTRODUCTION:

The classification of the final motions of the three-body problem by J. Chazy
had a symmetry in the past and in the future [1].

Numerical examples that appeared later by a number of authors asserted the
possibility of exchange and capture in the asymmetric case. Finally, V.M. Alek-
seev proved by qualitative methods that there is an open set of initial con-
ditions of positive measure leading to the exchange for systems with both
positive and negative total energy: hyperbolic-elliptic motions have different
bodies receding to infinity in the past and in the future.

The non-zero exchange probability in the general case should be discussed
separately in specific real situations [2].

PROBLEM SETTING:
There are two applied aspects of final motions in the three-body problem:

1) formation of non-spherical (irregularly shaped) satellites in planetary sys-
tems (such as the martian satellites Phobos and Deimos);

2) evolution of space debris.

For justification of the possibility of exchange (interception) in the model
of the hyperbolic-elliptic/parabolic-elliptic three-body problem we need to
study the following:

3. Mobility (the possibility of arbitrary movements of the system of three
bodies).

4. The ratio of speeds when approaching.
5. Computer analysis at medium distances.

6. Sufficient conditions for the stability of the satellite orbit after intercep-
tion.

THE RESULTS OF NUMERICAL SIMULATION FOR THE EARTH-MOON
SYSTEM:

For the second of two applied aspects: 2) possible evolution of debris in the
vicinity of the planet under the influence of two types of perturbations from
another body, which either flies by (asteroid) or rotates (satellite):

a) the fragment remains near the planet,

b) the fragment goes into the zone of influence of the body,

c) the fragment flies to infinity,

d) the fragment is alternately located near the body and the planet.

Using the properties of the Hill regions, a numerical analysis of space debris
evolution has been carried out.

If the Hill regions are closed, then a spontaneous ejection of debris from
the Earth-Moon system is impossible. If orbital radii of near-Earth debris are
less than 88 500 km, and if orbital radii of near-Moon debris smaller than
3850 km, then the Hill regions are closed; if corresponding radii are grater,
then the Hill regions are open.

For orbital radii of near-Earth debris less than 238,000 km (0.62 Earth-Moon
distances), and for circumlunar debris smaller than 46 200 km, there is no ef-
fect of debris escape. Starting from the indicated values, the system decays.
As the radius of the orbits increases, the proportion of debris emitted from
the system during 70 years increases.
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INTRODUCTION:

Formation of meteoroid streams usually are associated with comet activity
and comet nuclei disruption. Meteoroids are ejected by gas outflow during
comet’s perihelion passage. Another mechanism is collisions. It works both
for comets and asteroids.

During last decade a new type of objects, “active asteroids”, draws a lot of at-
tention. Those are asteroids for which coma or tail has been observed at least
once [1]. Another type of activity is sublimation-dust activity. Asteroids of
this type have no visible coma or tail, but existence of dusty exosphere can be
derived from spectral observations [2]. Such activity can be induced by col-
lisions or sublimation process (which can be started with collisional event).
Collisions of asteroids were not observed directly, however consequences of
recent collisions were observed several times [3]. Estimates show that such
collisions should be rather frequent. At any time some large (D > 100 km)
asteroids can be “active” [4].

In this work we study the process of formation and evolution of meteoroid
stream arising during the collision of Near-Earth asteroid (NEA) with impac-
tors which are essentially Main-belt asteroids (MBAs). Being originated in
MBA region NEAs intersect the region during their orbital motion. Collisions
are most frequent here due to higher number density of objects in MBA.

MODEL:

FORMATION OF METEOROID SWARM:

We consider the collision of a NEA with a projectile near the aphelion of
the NEA orbit. Obviously a projectile is considered to be smaller then the
target NEA. Particles of different sizes are formed during collision. We focus
on meteoroid size (diameter) in range of 0.1-100 mm. To study dynamics of
particles, one need to know geometry of ejection, size and velocity distribu-
tion. According to laboratory experiments [5], particle size distribution can
be written in form dN = Crr_s'dr, where dN — is number of particles in size in-
terval [r, r+dr], C_is normalizing constant, S, lying in range 2.5-4 with average
value about 3.3. In these experiments projectile speed varied in wide range
(0.9-11 km/s) which corresponds to range of random velocities of MBAs [4].
Velocity distribution in experiments can be approximated with following ex-
pression: v(r) = C (r/(1 cm))_z/3 where C is constant in range 1-22 (m/s) [5].
Angular distribution of expelled particles can be approximated as uniform
in semi-sphere. These initial conditions are similar to those that have been
derived in the DART experiment [6].

EVOLUTION OF METEOROID STREAM:

We consider the model asteroid (NEA) at following orbit: perihelion dis-
tance g = 0.9 AU, aphelion distance Q = 3 AU, inclination i = 10°. These
are close to mean orbital parameters of NEAs with aphelion in the MBA
region. The orbit intersects MBA region and approaches Earth orbit which
is important to model observable meteor stream parameters. Particles of
four radii were considered: 0.05, 0.5, 5.0 and 50 mm. Initial velocities (if we
assume C = 10) are 342, 74, 16, and 3.5 m/s respectively. Initial velocities
were distributed isotropic in the semi-sphere co-directed with the aster-
oid velocity vector. Further motion of particles was integrated using the
REBOUND code [7]. Gravitational perturbations from Solar system planets
and radiative forces (radiation pressure and Poiting-Robertson drag) were
taken into account.
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RESULTS AND CONCLUSIONS:

After ejection meteoroid swarm elongates, stretches along the orbit of the par-
ent body. Lighter particles move relatively faster and form looped quasi-ring
structure first. The time of quasi-ring formation depends on particle size.
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Fig. 1. Meteoroid stream projection on the ecliptic plane in time t = 1.37 yr and
t = 85.8 yr. Black asterisk and dots is the Sun, planets and parent body, black lines
represents orbits of planets and parent body. Particles of different radius r are shown
by colors

As can be seen from the figure small particles are more affected by radiation
forces and their orbits are more perturbed and located farthest from parent
body orbit than orbits of larger particles. Structure of stream is not regular,
there are sections without meteoroids at all (see Fig. 1, right). This is caused
by close encounters with planets. Such irregularities are difficult to predict
for real streams since exact collision time and place are not known.

Ejection of meteoroids and dust during the collision takes place once, op-
posed meteoroid streams originating from comets, where meteoroid swarm
forms every time when comet gets close to the Sun. It specifies the difference
in lifetime and observable characteristics of meteoroid streams with differ-
ent origin mechanisms.
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POLARIMETRY OF NEAs AT THE CRIMEAN
ASTROPHYSICAL OBSERVATORY AND THE PEAK
TERSKOL OBSERVATORY IN 2019-2023
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INTRODUCTION:

The study of near-Earth asteroids (NEAs) holds significant importance for sev-
eral reasons. NEAs provide valuable insights into the phase dependences of
brightness and polarization of airless objects in the solar system, particular-
ly at large phase angles. This complements the data obtained for main belt
asteroids (MBAs). In particular, this allows obtaining the most complete, for
ground-based observations, phase dependence of the polarization, including
characteristics of the polarization maximum. This, in turn, allows for the de-
termination of surface albedo and, as a result, properties of the regolith par-
ticle. Additionally, some NEAs may serve as nuclei of extinct comets. More-
over, studying the physical properties of small kilometer-sized NEAs aids in
comparing surface properties among asteroids with different origins and
degrees of regolith maturity. Given the increased efforts to address aster-
oid-comet hazards, comprehensive studies of NEAs have gained importance
and practical relevance.

OBSERVATIONS AND RESULTS:

To measure the polarization of the ASSBs the 2.6-m (f/16) Shajn telescope
of the Crimean Astrophysical Observatory and the 2-m (f/8) telescope of the
Peak Terskol Observatory were used. The telescopes are equipped with the
same design dual channel photoelectric polarimeters “POLSHAKH”. The red
channels were used for observations of the program objects in the R/ bands.
The blue channels provide observations in the UBV bands. In 2019-2023,
we carried out polarimetric measurements of 8 NEAs, which approached the
Earth during the periods allocated for polarimetric observations and which
were available in brightness. They are 162082 (1998 HL1), 163373 (2002 PZ39),
52768 (1982 OR2), 159402 (1999 AP10), 2010 (XC15), (2212) Hephaistos, 37638
(1993 VB), and 2006 HV5.

Due to the fact that 6 of them were observed near the maximum, or near the
inversion point, or near the minimum of polarization, we determined their
albedo pv using the relations P__ vs albedo, the polarimetric slope h vs albe-
do, P vsalbedo [1-2].

log pv=-0.71log P__ —1.65[1],

log pv=-1.016log h—1.719 [2],

log pv=-1.331log P_. —0.882 [2].

Using equation [3], we have estimated the average sizes of some NEAs.
log D=3.1236 — 0.2H - 0.5log pv [3].

Where H is absolute magnitude of NEA in the V band at unit heliocentric
and geocentric distances and zero phase angle, was taken from (http://www.
johnstonsarchive.net/astro/spitzerasteroids.html). Polarization and physical
parameters of the NEAs are presented in Table 1, where we listed the dynam-
ical class, the range of observed phase angle Aa, the degree of minimal po-
larization P_. , the inversion angle . , the polarimetrical slope h, the degree
of maximal polarization P__ , the geometric albedo p, diameter asteroids D,
and the taxonomical class, according to polarization data.
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Table 1. Polarization and physical parameters of observed NEAs

NEAs Orb Da, |P . %0, deg| h, %/deg P % p D, km |Taxon
Number | class | deg class
162082 | Apollo, | 3.5— | —0.48+ {19.0+0.2 0.40£0.19|0.3120.10 S
(1998HL1) | PHA | 27.1| 0.06
163373 | Apollo, |69.2— 4.1+0.3(0.1740.10|0.48+0.17 | S?E

(2002 PHA [109.4

PZ39)

52768 |Apollo, |70.5— 20.141.9|0.16+0.02 0.17+0.14|1.80+0.99| S?C

(1982 PHA | 75.9

OR2)

159402 | Amor |32.1- 20.1+1.9|0.16%0.02 0.35£0.23|1.2040.29| S?C

(1999 71.6

AP10)

2010 Aten, |58.6— 1.82 0.38 0.11 E
(XC15) PHA | 65.8
(2212) | Apollo |38.3— 7.0 0.15 6.9 S
Hephaistos 116.6
37638 Apollo, | 47.4 S?C
(1993VB) | PHA
2006 HV5 | Aten, | 73.2 S

PHA

The results of our observational campaign are shown in the Fig. 1 for the
data in the V and R bands, respectively. The same figures show the synthetic
phase-polarization curves of the main taxonomic classes C, S and E, obtained
from the Asteroid Polarimetric Database (APDB) (https://data.amerigeoss.
org/ru/dataset/asteroid-polarimetric-database-v8-0).

As one can see, data of NEA 162082, (2212) Hephaistos and 2006 HV5 are
close to the synthetic polarization curves for the S taxonomic class in both
wavelength bands. The polarization data for NEA 159402, 37638 and 52768
complement each other and lie between the synthetic polarization curves
for classes C and S in both bands. The data of NEA 163373 are between the
synthetic polarization curves for the S and E taxonomic classes. The data of
NEA 2010 (XC15) correspond to the synthetic polarization curve for the E
taxonomic class, based on the data for NEAs 33342 and 144898 (https://
data.amerigeoss.org/ru/dataset/asteroid-polarimetric-database-v8-0). Thus,
2010 (XC15) is the third representative of a rare taxonomic E-class of NEAs
which were observed at large phase angles.
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Fig. 1. The polarization phase dependences for observed NEAs in the V and R bands.
Dashed, dash-dotted, and solid lines are the synthetic phase-polarization curves for
taxonomic asteroids classes C, S and E, respectively.
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The modified Sh-matrix method [4, and references therein] was used to in-
terpret the obtained data, in particular, a significant deviation of the polariza-
tion of some asteroids from the synthetic phase dependences of the polariza-
tion of the main taxonomic C, S and E classes. The computer simulation has
shown that different values of the maximum of positive polarization can be
explained by different content of highly absorbing carbon matter.
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INTRODUCTION:

The GTOC Global Trajectory Optimization Competition was founded by Dario
Izzo from ESA in 2005. Since then, 12 editions have already taken place. The
audience of participants expands each year, with 102 teams participating for
the 2023 competition.

PROBLEM STATEMENT:

In 2035, humanity begins mining minerals from asteroids. For successful min-
ing on an asteroid it is necessary to realize two consecutive rendezvous with
the asteroid by the same or two different spacecrafts, controlled by electric
engines of low thrust, the value of thrust was limited to 0.6 N. Ten kilograms
of payload is extracted from a single asteroid in one year. The number of
ships available is highly dependent on the total mass extracted.

Participants were required to extract as much mass as possible. If one of the
teams had already flown to a given asteroid, the contribution of the extract-
ed mass to the functionality was reduced.

In total, the participants were offered a choice of 60000 asteroids, the orbital
elements of which were set. The starting mass of each spacecraft should not
exceed 3 tons, the final mass should not be less than 500 kilograms. The total
duration of the mission was limited to 15 years. The asteroids moved in the
central Newtonian field of the Sun’s gravitational forces. The spacecraft were
allowed to perform perturbation maneuvers.

All spacecraft launched from the Earth and automatically dropped the ex-
tracted cargo to the Earth at the subsequent passage of it with a relative
velocity of less than 6 km/s, at which point the functional was calculated.

SOLUTION METHODS:

For the construction of trajectories with low thrust, the impulse approxima-
tion can be taken as a basis, in which the problem of flight to an asteroid,
between asteroids, or return to Earth is guaranteed to be solved as a Lambert
problem. Our team solved it on the basis of the universal Kepler equation.
This allows us to select good asteroids and good start and finish times for
them. Then the flight trajectory can be recalculated based on the Lagrangian
principle to obtain the values of the targeting parameters — conjugate vari-
ables in the impulse formulation.

After that, a transition to the construction of the problem with continuous
thrust is possible; for this purpose, an ideally controlled thrust with optimiza-
tion of the integral of the square of acceleration can be considered first, and
then the thrust can be successively constrained in the formulation to satisfy
the constraints of the problem.

Thus the problem is reduced to selection of successful sequences of asteroids
and optimization of their flyby times, as well as implementation of the select-
ed flyby chains with low thrust, so that the functional of the original problem
is as high as possible and the trajectories satisfy all the constraints.

The idea of splitting the problem into search for successful first asteroids,
search for last asteroids, and construction of chains of intermediate asteroids
is reasonable. Also, mixing asteroids between ships is quite effective - those
asteroids that were successfully located relative to each other at the begin-
ning of the mission lose this property when trying to rendezvous at the end.

The report will present the results of solving the problem by different teams.
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Due to the chaotic rotation of Saturn’s satellite Hyperion, there is an ambigu-
ity in determining the body-fixed coordinate system for its mapping [1-2]. In
this regard, when compiling the map, the approximating ellipsoid was used,
with semi-axes 177.6, 128.5 and 105.6 km, and the coordinate system based
on it. In addition to the parameters of the ellipsoid, photogrammetric pro-
cessing of images obtained by the Cassini spacecraft made it possible to ob-
tain a photomosaic and a shape model of Hyperion.

Geodetic heights relative to the triaxial ellipsoid with the specified param-
eters were calculated using the shape model. The calculation of heights is
based on the joint use of the equation of the normal to the surface passing
through a given point, and the equation of the surface itself and the solution
of the equation of the sixth degree by the Sturm method [3]. The contour
lines displayed on the map were obtained from the calculated heights and
are in good matching with the photomosaic.

The Hyperion map was compiled in meridian section projections (cylindrical
and azimuthal) of a triaxial ellipsoid, the formulas of which are presented in
[4]. The largest features of the surface of this celestial body are clearly visible
both in the photomosaic and in contour lines. The choice of map projection is
due to the need to correctly display the contours of the relief. When choosing
a layout, an analysis was made of the distribution of distortions of various
types (the local linear scale along a meridian, the local area scale, the max-
imum angular deformation) in the projections of the meridian section for
Hyperion. The resulting map layout ensures the integrity of the image of the
polar regions and the optimization of distortions.
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We show that Saturn’s magnetism makes an important contribution to the or-
igin of dense rings, and also helps to explain and evaluate some of their fea-
tures, for example, such as the equilibrium separation of ice particles in dense
rings, which has not yet been fully explained, and others. Many features of
dense rings were observed and measured by the Cassini probe, but could not
be explained within the framework of known gravitational theories. There are
number of gravitational models of the origin of Saturn rings: a moon of the
planet could have been disrupted by a passing celestial body; the rings could
have been generated by the pieces separated from moons of the outer planets
by collision with comets or meteorites; the ring particles can be debris of a
large comet tidally broken by the planet; the rings can be the relic of a protosat-
ellite disk [1-5]. Unfortunately, no theory has provided a convincing explana-
tion for the observed features and peculiarities of Saturn’s dense rings among
the bodies of the Solar System [6-7]. Cassini measured that the particles of
rings mostly consist of water ice, 90-95 % [3—4, 8]. Also Cassini found the ratio
of deuterium and hydrogen isotopes for the ice of Saturn’s dense rings is the
same as for the Earth’s ice [9]. This fact indicates the similarity of ice in the
rings and Earth’s ice. About 20 types of ice are known on Earth. Ice Xl is a good
analogy and is more suitable for the dense rings of Saturn [10]. It has stable
parameters below 73K and it is diamagnetic [11], Figure 1.
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Fig. 1. Low-pressure and the low-temperature part of the phase diagram of ice XI [10]

With these data at hand, we have found a solution to the problem of the
interaction of gravitational field and magnetic field of Saturn with diamag-
netic ice particles moving in Keplerian orbits around Saturn in a protoplan-
etary cloud [12]. An interesting fact is that it takes into account the action
of magnetic field of Saturn in addition to the action of gravitational field,
explains the transformation of a protoplanetary cloud into a disk of stable
dense rings, and accounts for strong planar structure of rings located in the
magnetic equator of Saturn. This scenario is shown in Figure 2.
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(a) (b) (c)

Fig. 2. Evolution of Saturn’s protoplanetary cloud into disk-shaped dense rings under
the action of the gravitational, centrifugal and magnetic forces: (a) = (b) >(c)

Cassini discovered that Saturn’s magnetic equator almost coincides with the
geographical one [13]. Saturn’s magnetic field has a dipolar structure in the
region of dense rings [14]. Finally, we come to a conclusion that Saturn could
create its dense rings from the particles and chunks of the protoplanetary
cloud by means of its own magnetic field due to the action of an additional
third force of diamagnetic expulsion and the mechanism of magnetic aniso-
tropic accretion (Tchernyi — Kapranov effect) [15]. It is worthwhile to note
that Saturn has a spherically symmetric gravitational field and an axisymmet-
ric magnetic field. First, a problem of magnetization of spherical ice particle
in the external magnetic field was solved, and then, by analogy, the solution
was extended to a system of identical uniformly magnetized ice particles with
constant number density in an infinite disk-like structure. The equations of
collisionless motion of magnetic ice particles orbiting at a constant radius to
the center in the gravitational and magnetic fields of the planet are reduced
to the equation for the polar angle ‘95;; of the orbiting particle:

. . GM 3Cuim?
b, +9'§p cot O, :TSCOtGSp +$cot65p cos’ 0, (1)
Sp T IpVip

where G is the gravitational constant, Ms is the mass of Saturn, re, is the ra-
dial distance between the centers of Saturn and the spherical particle, m_is
the magnitude of magnetic moment of Saturn, Mp is the mass of particle with
magnetic moment m , and Cis the Clausius-Mossotti coefficient for magnetic
spheres, which depends on the particle environment. The only solution of
equation (1) is singular: U, = 1t/2. It accounts for essentially planar struc-
ture of Saturn’s dense rings and their location in the magnetic equator plane.
The relationship for the azimuthal velocity of the particle is

()

In equation (2) the gravitational force acting on the orbiting particle is coun-
terbalanced by both the centrifugal force and the force of diamagnetic ex-
pulsion. As mentioned, the factor Cis a function of the particle environment.

An interesting feature is that ice particles in dense rings are separated in the
presence of the gravitational and magnetic fields of Saturn. If there were no
repulsive force prevailing over the force of attraction between the particles
at short distances, then the particles of the rings would stick together and
form a new satellite. In the case of rings, the repulsive force can only have
a non-gravitational nature, similar to the magnetic repulsion force [16]. The
fact that rings along the orbit are not continuous, but consist of separated
particles has been proved by J.K. Maxwell [17]. The Newtonian dynamics for
a single particle differs from the dynamics for particles assembled in rings.
Particles repel each other under the influence of magnetic force and are at-
tracted to each other under the influence of gravity. From the balance of the
forces of gravitational attraction and magnetic repulsion, we have derived
the expression for the evaluation of equilibrium distance r, between the par-
ticles in the ring, Fig.3. Of the entire spectrum of theories of the origin of Sat-
urn’s rings, the only theory that takes into account the action of the magnetic
field allows us to explain and evaluate the separation of particles in the rings.
The separation of particles is confirmed by images of rings obtained by the
Cassini probe in 2004-2017.
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where R is the particle radius, where u and L, are magnetic permeability of

the particle material and free space.
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This year marks the 10th anniversary of the destruction Chelyabinsk’
meteoroid!
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INTRODUCTION:

De Broglie reported that particles behave like waves. The author proves that
de Broglie waves of free electrons in the plasma tail of a meteoroid behave
like electromagnetic waves in a quantum resonator (laser) and form a beam
(jet) of high-energy electrons directed into the meteoroid. A jet of high-en-
ergy electrons formed in the plasma tail behind the meteoroid sprays the
meteoroid with the help of a Coulomb explosion (or a series of them). This
phenomenon in the plasma cumulative-dissipative structure of Vysikaylo,
limited by Coulomb barriers in the plasma tail behind the meteoroid ~20 km
long (Fig. 1), is associated with cumulative and dissipative processes of trans-
formation of the mechanical energy of the entire meteoroid into electrical
energy and then into the energy of meteoroid destruction and its spray up to
positive ions and electrons.

Fig. 1. This is a photograph [5] of the Coulomb explosion [3] that breaks the 2013
Chelyabinsk meteoroid to ions and electrons. This phenomenon is clearly electrical
in nature, like the sparking of contacts in a trolleybus or tram, or a cathode spot that
“spits out pieces” of the cathode (see [3—4] for more details)

The kinetic energy of the meteoroid is enough for this with a margin. In this
phenomenon, as proved in this article, the virial theorem is fulfilled: half of
the Coulomb energy (equal to the kinetic energy of the meteoroid) goes to
form a beam of high-energy electrons catching up with the meteoroid, and
the other half goes to dumping positive ions along the plasma tail behind the
meteoroid, in the direction opposite to the motion of the meteoroid. This is
how the Vysikaylo’s cannon is formed, shooting at the meteoroid. As a recoil
in such a cannon, positive ions are ejected in the opposite direction of the
meteoroid motion. Based on this idea, we proposed and investigated a new
4D inertial-polarization-quantum cumulative-dissipative Vysikaylo’s mecha-
nism for the fragmentation of meteoroids and small comets (self-protection
of the Earth from meteoroids) into simple ions and electrons. The mechanism
is based on the similar coherent behavior of de Broglie waves of electrons in
the plasma tail behind the meteoroid and in front of pulsed lightning from
negatively charged clouds. The formation of a cumulative electron jet in front
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of an impulsively moving lightning was studied in detail in the experiments of
Schonland et al. in 1934-1937 [1]. The physical explanation of such function-
ing of lightning (~2 km in size) from negatively charged clouds to positively
charged clouds was first given in [2].

COULOMB MECHANISM OF METEOROID FRAGMENTATION:

Behind a fast-flying (10-40 km/s) meteoroid or other object in the Earth’s
atmosphere, the air is heated and strongly ionized. At a meteoroid velocity
of 20 km/s, the energy received by air molecules is about 50 eV. This is three
times the ionization potential of air molecules. The more mobile electrons
leave the ionization region, the more the plasma is polarized and a radially
self-cumulating plasmoid (see Fig. 1) is formed in the wake of the meteor-
oid (the Vysikaylo’ cumulative-dissipative structure). A cumulative jet (CJ) of
high-energy electrons behaving coherently, like electromagnetic radiation in
a laser, accumulates (focuses) the energy stored throughout the plasmoid —
in a huge storage capacitor of electrical and kinetic energies (Fig. 2a).

. U(L) .
P L JE=eU()

R KO

t 4 v+
T+ 4+ 7+ + +

Fig. 2. Two-dimensional scheme: a — a Vysikaylo’ railgun with a space charge op-
erating on Coulomb (polarization) forces [3—4], and not on Lorentz forces (as in the
Artsimovich railgun). “+” and “=” — represent the separation of the space charge (po-
larization) of the plasma behind a rapidly moving object — A in the medium. Behind
body A, a cumulative jet (CJ) of electrons is formed in a positively charged plasma
column, converting the potential energy of polarization (the kinetic energy of the me-
teoroid) into energy CJ; b — a new cumulative-plasma mechanism of fractal fragmen-
tation of meteoroids, initiated by Coulomb explosions. This mechanism was proposed
by the author in [3—4]. A is a fast moving object in an electronegative medium. B —
exploding fragments that form a jet engine behind object A and simultaneously de-
stroy it from behind, thereby supplying the engine with a new high-energy “fuel” with
an energy of 200 eV per atom of already solid fuel (at a meteoroid speed ~20 km/s).

The plasmoid grows linearly with the speed of a meteoroid. The flow of
high-energy electrons catching up with the meteoroid periodically explodes
the meteoroid with a electrons (Coulomb forces) and accelerates its parts, in-
cluding in the direction of the meteoroid (Fig. 2b). We estimated the param-
eters of the high-energy electron beam for lightning (~2 km) in [2], and for
the plasma tail of the Chelyabinsk meteoroid (its length is ~20 km) in [3—-4].
According to the Coulomb mechanism proposed by us [3—4] and according
to the virial theorem: half of the entire kinetic energy of a meteoroid goes
to its destruction and acceleration of its parts by a beam of fast electrons,
and the other half goes to discharge positive ions into the upper layers of
the atmosphere (up to heights of 70-80 km). In [3—4], we explained all the
phenomena observed by eyewitnesses during the complete destruction of
the Chelyabinsk meteoroid at an altitude of 23 km.

CONCLUSION:

In [3—4] we have proposed for the first time a model of the Coulomb explosion
of a meteoroid. The formation of plasma structures, plasmoids, is caused by
the radial focusing (cumulation) of a positive charge by returning electrons.
The results obtained by us are compared with the experimental observations
of Schonland (1934-1937) [1] for the pulse-periodic advance of linear lightning
near the Earth’s surface. Based on the de Broglie hypothesis: “particles behave
like waves”, we have shown that de Broglie waves of electrons in plasmoids
can behave like electromagnetic waves in quantum generators (lasers) — form
longitudinal opposite energy flows from a plasmoid resonator if there is an ex-
ternal electric field. In [3—-4] we explained the processes of radial cumulation of
all energy-mass-momentum flows to the center of a positively charged plasma
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structure behind a meteoroid. The escape of free high-energy electrons and
the constant growth of a positively charged region behind a moving meteoroid
(see Fig. 2a) is a generator of an electric field affecting the formation of a beam
of high-energy electrons escaping into the meteoroid and a stream of positive
ions tending in the opposite direction. Since the charge of electrons is equal to
the charge of positive ions, the forces and work of the electric field on the flows
of electrons and positive ions are equal. As a result, the virial theorem is realized
in the form of two quasi-neutral counter flows to and from the meteoroid. The
analogue of a fully reflecting mirror in the case of a plasmoid (see Fig. 1) is the
end of the tail, a positively charged plasmoid (at a distance of 20 km from the
meteoroid). The analogue of a transparent mirror is the meteoroid itself, which
gives rise to another element of a positively charged plasmoid (see Fig. 2b).
The results we obtained in [3—4] are useful for completely new discoveries, ex-
planations of paradoxes and the development of completely unexpected new
technologies - flying on your own plasma tail. After analyzing these visualized
phenomena, we come to understand that photographs (see Fig. 1) and videos
[5] are undoubtedly worthy of the highest awards and commendations. They
completely reverse the “classical” mechanical concepts of many natural phe-
nomena, transferring them from the class of phenomena in the “quasi-liquids”
of Chernogor [6] to the class of cumulative-dissipative synergetic (coherent)
plasma processes in the Vysikaylo’ cumulative-dissipative structures.

Within the framework of only a mechanical model [6], Chernogor could not
explain the whole range of amazing phenomena that occurred during the
penetration of the Chelyabinsk meteoroid in 2013 into the Earth’s electro-
negative atmosphere and recorded in [5] and in photo 1! All these processes
can be explained only on the basis of the theory of cumulative-dissipative
plasma structures of Vysikaylo, with the involvement of cyclic plasma-chem-
ical processes [3—4]. These processes are significantly enhanced by mechan-
ical processes with explosions and spraying of small fragments up to ions
(after the next crushing of the meteoroid) and are accompanied, in turn,
by charge separation due to the difference in the masses of electrons and
positively charged ions (see Fig. 2). All the kinetic energy of the parts of the
meteoroid goes into the internal energy of the plasmoid and then into the
electrical energy of the capacitor, which gives it to the electrons escaping
from the plasmoid. In this case, the role of electron-electron collisions in the
formation of a beam of high-energy electrons escaping into a meteoroid is
essential. This follows from the presence of an electrophonic effect observed
by a number of witnesses to the event in Chelyabinsk [3-4].
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INTRODUCTION:

Pluto and its satellites are the best and most comprehensible of the trans-Nep-
tunian objects (TNOs) due to their well-known complicated and active geologi-
cal properties [1]. The Hubble Space Telescope observation revealed some fea-
tures of this dwarf planet. Furthermore, NASA’s New Horizons spacecraft made
a close flyby of Pluto in 2015 in order to study Pluto and its moon Charon [2].
Since the confirmation of the existence of Pluto’s atmosphere based on a 1988
stellar occultation [3], the study of Pluto’s atmospheric parameters (pressure,
composition, temperature, etc.) has carried on using data from both ground-
based and space-based observation. To calculate Pluto’s atmospheric pressure,
[4] developed a model based on a thermal gradient indicated in a light curve
as a scale height. This model is a method for precisely coordinating the data
obtained from an occultation light curve. The structure of Pluto’s atmosphere
was determined in the areas examined by the occultation. Additionally, the
conceivable physical conditions of the atmosphere on the supposition were
investigated [5]. Later, in 2015, a simple atmospheric model, named DO15, was
defined based on the use of both direct ray-tracing and inversion approach-
es by assuming a spherically symmetric, clear, and pure N2 atmosphere (Di-
as-Oliveira et al. 2015). This model was suitably fit with light curves from 2012
and 2013 stellar occultations between the heights of 1190 and 1450 km from
Pluto’s center [6]. Research conducted in recent decades has indicated that
Pluto’s atmospheric pressure changes are due to the seasonal cycles of Pluto’s
surface volatiles, which were calculated using atmospheric models [7]. In 1988,
atmospheric pressure at a radius of 1215 km (the distance to Pluto’s center)
was estimated [8]. Atmospheric pressure increased to 6.05+0.32 pbar in 2008
[9]. A drop in Pluto’s atmospheric pressure was reported from 2008 to 2010,
estimated at 5.64+0.22 pbar [10]. The Stratospheric Observatory for Infrared
Astronomy (SOFIA) aircraft, simultaneously with ground-based observatories,
observed the 2015 stellar occultation by Pluto at an altitude of about 40 000 ft.
[11]. Analysis of the data from SOFIA in optical and near-infrared wavelengths,
along with ground-based observations, showed that the atmospheric pressure
at half-light altitude was stable from 2011 to 2015 [11]. In 2015, Pluto’s atmo-
spheric pressure was observed at its maximum value of about 6.92+0.07 pbar
[12]. According to a stellar occultation observation in 2019, Pluto’s atmo-
spheric pressure was estimated to be 5.20 pbar, which showed a decrease of
approximately 21 % between 2016 and 2019 at the 2.4c level [13]. This is also
studied by the [14].
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TWO-DIMENSIONAL DESCRIPTION
OF NONLINEAR WAVE PERTURBATIONS
IN THE DUSTY SATURN’S MAGNETOSPHERE
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Two-dimensional description of nonlinear dust-acoustic waves in the dusty
Saturn’s magnetiosphere that contains electrons of two types (the hot and
the cold ones) obeying the kappa distribution, along with magnetospheric
ions and charged dust particles, is presented. The Kadomtsev — Petviashvili
equation that describes the nonlinear dynamics of the nearly one-dimen-
sional wave structures is derived for the conditions of the dusty Saturn’s mag-
netosphere. The possibility of propagation of localized wave structures of the
dust-acoustic soliton type is analyzed. It is demonstrated that the Kadomt-
sev—Petviashvili equation has solutions in the form of one-dimensional soli-
tons and two-dimensional N-solitons under the conditions of the Saturn’s
magnetosphere. The possibility of observation of the discussed solitons
during future space missions is discussed.
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INTRODUCTION:

Based on Gaia Data Release 3 data, which contains asteroid reflection spec-
tra, studies of near-Earth asteroids were conducted. The reflection spectra
of about 100 representatives of the Aten, Apollo, and Amor groups were
evaluated to identify their spectral class. For 47 asteroids, this assessment
was made for the first time. For convenience, the classes were grouped into
broader spectral groups. The distribution by spectral groups aligns with re-
sults obtained earlier using other data on a larger sample of objects.

DESCRIPTION OF GAIA DATA RELEASE 3:

The Gaia Data Release 3 catalog includes observations of Solar System Ob-
jects (SSOs) collected during Gaia’s operation from August 5, 2014, to May 28,
2017. This catalog presents visible-light reflectance spectra for 60,518 ob-
jects — numbered asteroids: most are in the Main Belt, and near-Earth as-
teroids (NEAs), Trojans, Hungarias, Hildas, and members of the Jupiter family
were also selected [1].

Following classical methods [2], the reflectance spectra of the asteroids were
calculated by dividing each wavelength by the average of the mean spectra
of several solar analog stars. Solar analogs are stars with physical properties
(e.g., mass, metallicity, temperature, age) similar to those of the Sun. Howev-
er, for the purposes of calculating the spectral reflectance of asteroids, solar
analogs are stars whose spectra are similar to those of the Sun. The obtained
reflectance spectra were normalized to the reflectance value at 0.55 um.
Then, the reflectance spectra were converted into 16 discrete wavelength
channels in the range from 374 to 1034 nm. An example of the final asteroid
reflectance spectrum is shown in Figure 1 (the reflectance spectrum for as-
teroid 155,334).

155334
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Fig. 1. An example of the final asteroid reflectance spectrum for asteroid 155,334

DESCRIPTION OF THE SELECTED ASTEROID GROUPS:

This paper considers asteroids approaching the Earth, specifically the Aten,
Apollo, and Amor groups. These have perihelion distances less than or equal
to 1.3 a.u. In the Gaia catalog, the calculated reflectance spectra of near-
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Earth asteroids are: Aten group — 4 obj., Apollo group — 49 obj., Amor
group — 37 obj. (totaling 91 asteroids).

For each asteroid, additional information (geometric albedo, rotation period,
and diameter, indirectly involved in the spectral class estimation) and the
spectral class estimation by Tholen or Bus-Binzel taxonomy (SMASSII) were
collected, if available in the NASA database. An additional comparison of the
results was made for objects previously studied by low-resolution spectro-
photometry conducted by INASAN jointly with the SAl MSU at the Terskol
Peak Observatory (Terskol branch of INASAN) since 2013. In most cases, the
spectral class estimate coincided. Some objects were added, for a total anal-
ysis of 107 near-Earth asteroids.

Some asteroids are classified as potentially hazardous. These are asteroids
that approach Earth and have orbits that allow them to come within about
0.05 a.u. or less of Earth’s orbit (an approximate value due to the difficul-
ty of determining an asteroid’s exact position), and whose absolute stellar
magnitude does not exceed 22.0. These bodies are classified as potentially
hazardous asteroids (PHAs).

DETERMINATION OF THE SPECTRAL CLASS OF ASTEROIDS:

Based on the overall reflectance spectral gradient, absorption bands charac-
teristic of a specific mineral group, and additional information (e.g., geomet-
ric albedo), the asteroid’s spectral class was estimated.

Given that the definition of subclasses was often very approximate and the
situation with several classes of similar mineralogy (quite logical considering
the specificity of the data) was often observed, the spectral classes were tra-
ditionally divided into large groups, according to their peculiarities:

The C-group includes classes B, C, Cb, Cg, Ch, Cgh (corresponding also to classes
B and F according to Tholen’s taxonomy). Asteroids of this class have spectra
very similar to those of carbonaceous chondrite meteorites (Cl and CM).

The S-group includes classes S, A, Q, R, K, L, and the transitional Sa, Sq, Sr, Sk,
and SI. The most suitable analogs are iron-stone meteorites, ordinary chon-
drites, and achondrites.

The X-group includes classes X, M, E, P (according to Tholen’s classification),
and transitional ones Xe, Xc, Xk.
Small groups include very rare classes of asteroids: Ld, T, D, V, O.

Some asteroids have a mixed type of surface matter mineralogy, as they
simultaneously exhibit features of both high-temperature (S-group) and
low-temperature classes (C-group). This result may be indirect evidence of
the asteroids’ impact history.

It should be noted that for some objects, we gave the first estimate of the
spectral class. For 47 asteroids (almost half of the total), this was the first
identification of spectral classes.

The results are presented in Table 1 and in the diagram (Figure 2).

Table 1. Distribution of NEA by spectral groups (including PHA)

NEA- Total C-group S-group X-group Small Mixed
group number groups type
of which | of which | of which | of which | of which | of which

PHA PHA PHA PHA PHA PHA
Aten 7 3 1 1 1 1
4 2 0 0 1 1
Apollo 57 12 36 1 3 5
19 4 12 0 0 3
Amor 45 8 30 0 6 1
1 0 1 0 0 0
Total 109 23 67 2 10 7
24 6 13 0 1 4
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Distribution of NEA by spectral groups (including PHA)
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Fig. 2. Distribution of NEA by spectral groups (including PHA)

The results are in good agreement with [3], which presents a sample of more
than 1000 NEAs. According to this work, the fractional distribution of the
main taxonomic classes (60 % S, 20 % C, 20 % others) remains remarkably
constant, even when distributed over asteroid diameters. A similar pattern
appears in the GAIA results.
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INTRODUCTION:

In recent years it has been found that some objects, being on typical asteroid
orbits and definitely composed of nonvolatile materials in general, may demon-
strate signs of comet-like activity. About 30 active asteroids (AAs) have been
identified so far, and the causes of their activity are currently discussed (e.g.,
[1]). In some asteroids near perihelion, unusual changes in the shape of spec-
tra in the UV-visible range were registered (e.g., [2]). From the light-scattering
modeling, it was obtained that (1) the observed change in the spectrum slope
from positive to negative may be caused by scattering on weakly/non-absorb-
ing particles smaller than the wavelength and (2) the spectral features atypical
for asteroids may appear due to interference of light scattered by constituents
(~0.1 um in radius) of aggregate particles in the exosphere [3]. However, the
obtained set of parameters of exospheric particles is far from being complete.
At the same time, the polarization of light scattered by a medium is known to
be very sensitive to the properties of particles in this medium. The purpose of
this analysis is to evaluate possible influence of the exosphere on the polariza-
tion of light scattered by AA, which can be measured in UBVR observations (the
wavelengths A = 0.36, 0.44, 0.54, and 0.68 um). For this, the light-scattering
characteristics of particles of different morphology and composition and the
radiative transfer in the system “asteroid surface + exosphere” were calculated.
RESULTS OF SIMULATIONS:

Some examples of the calculated models are presented in Figure 1 and 2,
which show how the scattering in the exosphere, containing homogeneous
or aggregate particles of different composition, influences the phase func-
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Fig. 1. The linear polarization degree of light P(a) reflected by a model AA with an
exosphere, containing a mixture of randomly oriented spheroids with the effective
radii Reff = 0.1 or 1.0 um, the effective variance veff = 0.05, and the aspects ratios
E = 0.7-1.3. Models for H20 ice (“Ice”), astronomical silicates (“Sil”), olivine (“Oli”),
and refractory organics (“OrR”) (see [4-5] for the refractive indices), as well as for a
bare asteroid (“Surf”) are shown
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Fig. 2. The linear polarization degree of light P(a) reflected by a model AA with an
exosphere composed of aggregates (containing 100 grains). Left: Silicate aggregates
are of different porosity, 0.94, 0.72, and 0.54 (for A, B, and C, respectively), and their
grains are 0.1 um in radius. Right: Aggregates of structure C contain ice or olivine
grains with radii specified (in microns)

tion of linear polarization of light P(a) reflected by a modeled AAatA=0.36
and 0.54 um (U and V, respectively). The optical thickness of the exosphere
is assumed to be T = 0.5 at A = 0.54 um and changes along the spectrum
according to the scattering cross-sections of particles. The characteristics
of the surface are assumed to be the same at all A. From these diagrams,
it can be seen that both the refractive index and the sizes of scattering
particles, as well as the sizes of aggregates’ constituents, determine the
behavior of P(a).

Figure 3 shows the wavelength dependence of polarization of light scattered
by AA with an exosphere (t = 0.5 at A = 0.54 um) at two phase angles. To re-
veal more clearly the effect of the exosphere, the polarization of the surface
is assumed to independent of A. It is well seen that, at small phase angles,
the light scattering in the exosphere mostly weakens the negative degree of
polarization or even makes it slightly positive, while at large phase angles it
may introduce substantial spectral gradient of both signs depending on the
composition and mosphology of scattering particles.
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Fig. 3. Spectral changes in the degree of linear polarization of light reflected by AA
with an exosphere at a = 7° and 90°. Exospheric particles are randomly oriented
spheroids of the specified composition and size (left) and aggregates of the specified
composition and structure (right)

CONCLUDING REMARKS:

Light scattering in the exosphere of AA may both weaken the polarization
of light coming from the surface and increase it. The effect depends not
only on the properties of particles in the exosphere, but also on its optical
thickness.
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Due to the exosphere, the spectral gradient of polarization may be changed
towards both positive and negative values depending on the wavelength
range, the refractive index of particles, and their morphology.

At phase angles a < 30°, which are characteristic of observations of asteroids
in the Main belt, the changes in the polarization of AA caused by scattering
in the exosphere are small and, in most cases, differ weakly for particles of
different properties, which makes it difficult to estimate them. However, if
measurements of the asteroid in a definitely dormant state are also available,
the change in polarization compared to the canonical values may indicate the
presence of the exosphere.

At phase angles a > 30°, the effect of scattering in the exosphere on the po-
larization of AA is more prominent. This makes it promising to use polarim-
etry for detecting activity in near-Earth asteroids observed at these phase
angles. This effect should be taken into account when estimating the albedo
of an asteroid from the polarization maximum (according to Umov’s law), if
activity may be expected for a given asteroid.
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INTRODUCTION:

Different wave mode can be excited in meteoroid tails. Here ion acoustic
mode and instabilities connected with it are considered. Meteoroid flights
can lead to the different observational phenomena such as electrophonic
noises and magnetic field fluctuations, which can be explained by the devel-
opment of various instabilities.

DISCUSSION:

The instabilities in meteoroid tails associated with ion acoustic mode are
studied. In particular, we study the modulation instability of an electromag-
netic wave associated with the ion acoustic mode, as well as the ion acoustic
instability excited as a result of the relative motion of the plasma of meteor-
oid tails and ionospheric plasma. Parameters of meteoroids and dusty plas-
ma of meteoroid tails for which the development of such instabilities can
occur are determined.

Conditions for the possibility of the occurrence of ion-wave waves in the tails
of meteor-sounds.

The ion acoustic instability excited as a result of the relative motion of the
plasma of meteoroid tails and ionospheric plasma is discussed. The condi-
tions for the development of ion-acoustic instability in meteoroid are consid-
ered and the conditions for the possibility of the occurrence of ion acoustic
waves will be shown. Including the consideration of ambipolar diffusion and
interaction with neutrals will be discussed. Perameters of meteor bodies for
the possible development of this instability are found.

The modulation instability of electromagnetic waves in meteoroid tails asso-
ciated with ionic sound is considered. It is shown that its development is pos-
sible for a wide range of meteoroids. Growth rates and characteristic times of
development of this instability are determined.

It is shown that the modulation instability of electromagnetic waves in me-
teoroid tails associated with ionic sound can explain the use of electrophonic
noise simultaneously with the passage of meteoroids and the rationale for
a wider range of frequencies of electrophonic waves than the preliminary
study of the author’s modulation instability of electromagnetic waves in me-
teoroid tails associated with dust acoustic mode [1].
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INTRODUCTION:

Electrophonic noises from meteoroid flight are very interesting and myste-
rious phenomena which still do not have definite explanation. In this work
it is explained buy the development of modulational interaction of different
wave modes that also can explain the arising of magnetic field fluctuations
during meteoroid flight [1-2].

DISCUSSION:

Modulational instability of different wave modes in in meteoroid tails is de-
scribed. It can lead to a number of observational effects in meteoroid tails,
such as electrophonic noises [3-5] and arising of fluctuations of magnetic
fields. In particular, this can be the modulation instability of electromagnetic
waves from the shock wave of a meteoroid associated with the dusty sound
mode, as well as the modulation instability of lower hybrid and Langmuir
waves. In the first case, waves can be born, which are then transformed into
sound waves when they reach the Earth’s surface. In the last two cases, mag-
netic fields can arise, the magnitudes of which are comparable with the ob-
served magnetic fields during experiments with magnetometers, and trans-
verse electromagnetic oscillations can also propagate, which, reaching the
Earth’s surface, can be perceived as electrophonic noises heard simultane-
ously with passage of meteoroids. The influence of meteor flares on the pa-
rameters of the dusty plasma of meteoroid tails is considered depending on
the height of the passage of meteoroids. The characteristic concentrations
of dust particles in meteoroid tails during flares with height are estimated.
Using the example of the modulation instability of electromagnetic waves
associated with the dusty sound mode, it is shown how the concentration of
dust particles increased during flares will affect the magnitude of the insta-
bility increments and the conditions for its development.

Acknowledgements:
The work was supported by the Foundation for the Advancement of Theoret-
ical Physics and Mathematics “BASIS”.

References:

[1] Kalashnikov A.G. On observations of magnetic effect of meteors by the induction
method // lzvestiya Akademii nauk SSSR. Seriya Geofizicheskaya. 1952. No. 6.
P. 7-20 (in Russian).

[2] Chernogor L.F. Effekty Lipetskogo meteoroida v geomagnitnom pole (Effects of
the Lipetsk meteoroid in the geomagnetic field) // Geomagnetizm i Aeronomiya
(Geomagnetism and Aeronomy), 2020. V. 60. No. 3. P. 375-392. DOI: 10.31857/
$0016794020030037 (in Russian).

[3]1 Trautner R., Koschny D., Witasse O. et al. ULF-VLF electric field measurements
during the 2001 Leonid storm // Proc. Asteroids, Comets, Meteors (ACM 2002)
Intern. Conf. July 29 — Aug. 2, 2002, Berlin, Germany / ed. B. Warmbein (ESA
SP-500). 2002. Art. No. 161.

[4] Zgrabli¢ G., Vinkovic¢ D., Gradecak S. et al. Instrumental recording of electro-
phonic sounds from Leonid fireballs // J. Geophysical Research. 2002. V. 107.
Iss. A7. P. SIA 11-1-SIA 11-9. https://doi.org/10.1029/2001JA000310.

[5] Keay C.S.L. Progress in Explaining the Mysterious Sounds Produced by Very Large
Meteor Fireballs // Scientific Exploration. 1993. V. 7. No. 4. P. 337-354.



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14'\"53'5&8’35{?;

CALCULATION OF THE NON-GRAVITATIONAL
A2 PARAMETER USING GROUND-BASED
OBSERVATIONS OF THE APPARENT CLOSE
APPROACHES BETWEEN NEAR-EARTH
ASTEROIDS AND GAIA STARS

M.Yu. Khovrichevl'z, D.A. Bikulova®
Central Astronomical Observatory RAS, Saint Petersburg, Russia,
gmymax@gma// com
2 Institute of Applied Astronomy RAS, Saint Petersburg, Russia,
gmymax@gmail.com

KEYWORDS:
Yarkovsky drift, appulse, apparent close approach, near-Earth asteroid, A2
parameter

INTRODUCTION:

The Yarkovsky drift plays a significant role in the orbital evolution of aster-
oids. At present time, the A2 parameter has been estimated for about a few
hundred asteroids. First of all, this effect can be measured for the near-Earth
asteroids due to their relatively small size and observational data coming
from ground-based astrometry, radar measurements, and the results of the
Gaia space mission. The accuracy of the optical astrometry available from
the MPC database is relatively low (about 100-500 mas). Hence, the main
expectations and successes are caused by the radar and the Gaia observa-
tions [1]. The basic strategy for the calculations is varying the state vector for
a certain epoch and A2 parameter according to the observational data fitting
procedure (this scheme is described in the papers [2] and [3]). We performed
similar calculations by adding high-accurate ground-based measurements
coming from the observations of apparent approaches between Gaia stars
and near-Earth asteroids (NEA) [4].

OBSERVATIONS AND DATA ANALYSIS:

Observations of appulses for two NEA 2010 XC15 and 2014 HK129 were
performed with the MTM-500M telescope (Mountain Astronomical Station
of the Pulkovo Observatory) in December 2022. The positional accuracy of
these observations was 50 mas. Thanks to the high-precision Gaia star coor-
dinates, we obtain the accurate positions and angular velocities for the sev-
eral normal places for both NEA. Then we calculate the state vector and A2
parameter value by minimization of the (O-C) vector using the Nelder-Mead
procedure [5]. We applied REBOUND [6] and ASSIST [7] software to provide
massless particle motion simulations in the gravitational field of the Solar
system according to NASA JPL DE431 ephemerides.

CONCLUSIONS:

The combination of the data from the observation of apparent close approaches
between NEA and Gaia stars, the results of radar measurements, and low-weight-
ed MPC data allow us to obtain the estimates of A2 parameters for these aster-
oids. In the case of 2010 XC15, A2 = (—63 9+10. 4) -107* au/d>. It contradicts the
previously known value A2 = -147.3-10"" au/d* used in NASA JPL ephemerldes
The A2 parameter for the 2014 HK129 is equal (15.5+12.1)-10 " au/d> It has
been determined for the first time. But the SNR is close to the unit. Hence, this
estimate can be considered as preliminary.
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INTRODUCTION:

Asteroid cluster of (338073) 2002 PY38 was discovered in 2020 [1]. It consist-
ed of 3 members: (338073) 2002 PY38, (529915) 2010 TZ97 and 2016 SQ14.
We report about 10 new members of this cluster. To estimate the age of this
cluster, we performed a numerical modeling into the past.

METHOD:

We used the Kholshevnikov metrics [2] to search new members of asteroid
cluster. We calculated the metrics Q, and Q. based on the osculating and
proper orbital elements, respectively. The orbital elements of asteroids were
taken from AstDyS (https://newton.spacedys.com/astdys/).

We performed a modeling of the dynamic evolution of asteroids on a time
interval of 5 Myr into the past using the Mercury integrator [3]. The age esti-
mation of the cluster was carried out by analyzing low relative-velocity close
encounters between asteroids and minimum values of the metrics Q, and Q..

RESULTS:

We found 10 new members of asteroid cluster of (338073) 2002 PY38:
2001 KY82, 2002 FD44, 2006 UL238, 2013 VC79, 2015 RA194, 2015 TO83,
2019 0OU6, 2019 SL111, 2022 0Q48 and single-opposition 2021 NV62 (denot-
ed with an asterisk). At present, 13 members are known (Table 1).

Table 1. Osculating orbital elements of the cluster members at epoch 25 February
2023 (MJD 60000.0)

Asteroid a, au e i, deg Q, deg w, deg
338073 2.1961 0.1765 0. 889 159.455 160.998
529915 2.1967 0.1759 0.913 157.558 163.753
2001 KY82 2.1973 0.1761 0.936 155.793 166.257
2002 FD44 2.1971 0.1765 0.929 155.943 166.398
2006 UL238 2.1968 0.1754 0.831 165.449 151.847
2013 vVC79 2.1967 0.1766 0.934 156.146 165.957
2015 RA194 2.1958 0.1754 0.828 165.620 151.742
2015 7083 2.1963 0.1766 0.920 156.873 164.647
2016 SQ14 2.1968 0.1764 0.911 157.815 163.353
2019 OU6 2.1966 0.1747 0.795 168.704 148.060
2019 SL111 2.1965 0.1752 0.798 168.093 147.942
2022 0Q48 2.1962 0.1753 0.819 166.566 150.079
2021 NV62* 2.1958 0.1744 0.784 170.201 144.787

The results of calculating the values of Kholshevnikov metrics for asteroid
pairs are shown at the Table 2. Values of the metric Q, less than 0.001 au*’?
for all pair within cluster. The metric Q, divides the cluster into two sub-
clusters for pairs within which the value Q, < 0.01 au 72 “subclusters con-
tain 7 (338073, 529915, 2001 KY82, 2002° FD44, 2013 VC79 2015 TO83
and 2016 SQ14) and 6 (2006 UL238, 2015 RA194, 2019 OUS6, 2019 SL111,
2022 OQ48 and 2021 NV62) asteroids, respectively. Values of the metric Q,
for pairs “asteroid from the first subcluster — asteroid from the second sub-
cluster” are larger and have values from 0.01 to 0.04 au



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14'\"53'5&8’35{?%

Table 2. Values of Kholshevnikov metrics Q, (left bottom) and Q; (top right) in au'2.
Different colors represent different ranges of values, multicolor for metric Q, and
grayscale for metric Q, (see legend).

| o ™ < @ S o |2 |[=
SElele 5 2 2 32 EP[RE]S
i o (32} wn (s}
MmN o |o o u - o w9 9 |IY
"R R E R B EEREI
338073 16(09( 12 | 15 | 01 007 |04 [23[49|24]| 20
529915| 4.1 15| 16 | 22 | 16 | 1.5 |18 [37|64|24]| 36
2001 | 7535 03| 17 | 1.0 | 08 |13 |28(53[30]| 27
KY82
2002 | 8.7 | 48|15 19 | 13 | 1.2 |16 [3.1(54(32] 30
FD44
2013 |76 (38|07 | 11 15 | 1.5 |15 [18|47|35]| 25
VC79
2015 | 5.0 |14 (26| 3.7 | 27 02 |03 |23[49(24] 20
TO83
2016 {3309 (41| 54 | 43 | 17 05 |24 |49(25]| 21
sQ14
2006 |14.5(18.4(21.8| 23.1 | 22.1 | 19.4 | 17.8 224822 18
uL238
2015 |14.2|18.1{21.5| 22.8 | 21.8 | 19.2 | 175 | 05 30|42 15
RA194
2019 [17.2|21.0{24.5| 25.8 | 24.8 | 22.1 | 205 | 3.0 | 3.2 66| 3.3
0U6
2019 (20.3|24.1(27.6| 28.9 | 27.8 | 25.2 | 235 | 58 | 6.1 |33 3.3
sL111
2022 (17.5|21.3|24.8/ 26.1 | 25.0 | 22.4 | 207 | 3.0 |32 |14 |28
0048
2021 |25.1/28.9|32.3| 33.6 | 32.6 | 30.0 | 283 [10.6(10.9| 7.9 |49 | 7.7
NV62*
Q <5 |(5,10]| (10,20{(20,30]((30,40]| Q <1 |(1,51{(5,10]
x163 ><164

We obtained age estimates for each pair of asteroids within the cluster. Es-
timates based on the analysis of low relative-velocity close encounters be-
tween asteroids correspond to estimates based on analysis of minimum
values of metrics Q, and Q.. Age estimates for asteroid pairs within both
subclusters are less than 1 Myr. While age estimates for asteroid pairs from
different subclusters range from 1 to 3 Myr.

Thus, the rough age estimate of the asteroid cluster of (338073) 2002 PY38
is about 3 Myr. We plan to continue researching this cluster in the future.
Simulation of probabilistic evolution taking into account non-gravitational ef-
fects, such as the Yarkovsky effect, is necessary to obtain a more reliable age
estimate.

We also want to test the hypothesis of a cascading decay of the parent body
of the cluster. The parent body decayed into two secondary bodies about
3 Myr ago. Then each of the secondary bodies destroyed about 1 Myr ago.
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INTRODUCTION:

Meteoroids, along with asteroids and comets, are a source of information
about our Solar system, since the material of which they are composed in-
dicates the composition of matter on the early stages evolution of the So-
lar system. One of the ways to obtain information about the properties of
a meteoroid is to study the process of its interaction with the atmosphere.
Despite extensive research of meteor phenomena in previous years, the task
of accurate determination of meteoroid parameters such as mass, density
and material properties is still relevant.

OBSERVATIONS:

For testing of the model, the optical meteor observations of SPOSH cameras
in 2016 were used [1]. Perseids meteors shower was chosen for our model-
ing. The range of absolute magnitudes of meteors was —6™...+2™. The model
used describes the ablation process of small meteor bodies, so meteors no
brighter than -2™ were selected.

DESCRIPTION OF THE MODEL:

A model describing the interaction of small meteoroids with the Earth’s at-
mosphere is applied to Perseids. In this model, the mass loss of a meteoroid
is determined using the saturated vapor pressure of the assumed meteor-
oid’s substance. The meteoroid is considered in two modifications as a solid
[2-3] and a porous object. Porous body model has two modifications. In the
first version meteoroid proportionally retains its structure and changes size
(porosity is constant). In the second modification, the meteoroid changes its
structure as a result of the passage, its porosity changes, but its size practical-
ly does not change. An automated method to estimate the physical parame-
ters of a meteoroid by comparing observational and model derived data with
known parameters was suggested.

DISCUSSION:

Light curves of a number of meteors were reproduced. Corresponding mete-
or particles parameters (density/porosity, size/mass) were determined. The
choice of porous and solid models has little effect on the mass estimate. Den-
sity is determined with a large error. For each model, the size is well defined.
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A planetary defense concept based on deviation of a potentially hazardous
asteroid from its initial orbit by a kinetic collision is discussed. The success
of the DART mission proved that this approach is practically implementable
using a spacecraft as a projectile. But the effectiveness of the approach in this
case is limited by the mass of the spacecraft which usually is significantly less
than a mass of the targeted asteroid and, therefore, is unable to provide a
significant change in parameters of its trajectory. A possible way to solve this
problem may consist of using a driven projectile asteroid instead of the pro-
jectile spacecraft during the collision with the targeted potentially hazardous
asteroid. This projectile asteroid may be preliminary selected in such a way
that its mass is much bigger than a mass of the projectile spacecraft, but still
low enough to fulfill some small rocket propelled maneuvers amplified by
gravity assist maneuvers near the Earth. Possibilities of implementation of
such an approach have been confirmed by the authors in the earlier publi-
cations.

In order to build a planetary defence system one needs to take into account
the necessity of sending the projectile asteroid to a discovered hazardous
celestial object in the reasonable time. To satisfy this demand the following
scenario is proposed. Initially, the most acceptable projectile asteroid has to
be selected. It may be either a small enough asteroid or a boulder taken from
the surface of some an appropriate asteroid. Then, the selected projectile as-
teroid is transferred with gravity assist maneuver to a heliocentric orbit reso-
nant (in the 1:1 ratio) with the orbit of the Earth. The heliocentric orbit of the
projectile asteroid should be chosen from a set of resonant orbits differ only
by inclination, because it this case the projectile asteroid reaches a vicinity of
the Earth two times per year. After this the planetary defence system is ready
to use. At each Earth flyby the projectile asteroid may be transferred to the
trajectory colliding the targeted hazardous object by gravity assist maneuver
if such an object is discovered. A set of possible colliding trajectories corre-
sponding to a bunch of all possible gravity assist maneuvers forms a surface
in space, which can be described as a virtual hemisphere (the whole sphere
is covered in two flybys) or a virtual cocoon. It should be mentioned here that
this cocoon changes in time due to deformation caused by the Sun influence.
If during the reasonable period of time the Earth is kept inside of this virtual
cocoon, then any object approaching the Earth will intersect the cocoon and,
therefore, may be intercepted.

Practically this means that when a potentially hazardous celestial object is
discovered and its trajectory is defined, our goal is to find a moment of in-
tersection of the trajectory of the discovered object with the virtual cocoon.
The intersection point defines a particular colliding trajectory and the corre-
sponding gravity assist maneuver necessary for transfer the projectile aster-
oid to this trajectory, which provides a practical way to perform the cinetic
collision and to avoid the impact of the potentially hazardous object with the
Earth.

Results of modeling the operations of the proposed concept are presented.
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INTRODUCTION:

Close orbiting hot exoplanets possess a unique feature of hydrodynamic out-
flow of upper atmospheres. The planetary wind is driven by such important
factor of space weather as intensity of ionizing radiation. The escape of upper
atmospheres of hot exoplanets is a complex phenomenon, and quantitative
interpretation of observational data requires numerical simulations. Kelt-
9b appears as a unique planet. Absorption in lines of excited hydrogen Ha
(656.3 nm) and excited oxygen (777.4 nm) was observed. The host is a hot
star of A-spectral type and has extreme intensity in NUV and optical region
and a very weak XUV-radiation. This leads to altogether different mechanism
of atmosphere heating via photoionization of excited states, rather than pho-
toionization of the atoms from ground state [1].

RESULTS:

We applied 3D multi-fluid aeronomy code [2] upgrading it to calculate non-
LTE population of excited hydrogen atom HI(2), and excited oxygen atom. To
calculate levels’ populations we included all processes involving photo-ex-
citation, photo-ionization and electron impact, except transitions between
different excited states. It was found that excitation of HI(2p) state by stellar
radiation at A = 121.6 nm and subsequent photoionization by photons with
A < 365 nm is by orders of magnitude more effective in heating of atmo-
sphere than direct photo-ionization by photons with A < 91.2 nm. Important
factor is trapping of Lya photons in dense atmosphere which greatly increas-
es population of HI(2p) state. However, the overall heating rate is significantly
reduced because the average energy of photo-electrons produced by partic-
ular spectra of the host star doesn’t exceed 1 eV.

We fitted the calculated absorption in Ha (656.3 nm) and Ol (777.4 nm) lines
with observations and found good agreement. It allowed us to constrain the
basic parameters of Kel-9b and elucidate the details of heating of its upper
atmosphere.
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Transit spectroscopy of exoplanets opens up tremendous opportunities for
studying the features of the structure, composition, properties, and evolu-
tion of atmospheres including the Earth-like ones. Planets beyond the Solar
system are numerous counting more than 5 thousand examples. The wide
age range of many planets in the vicinity of distant stars will allow us to learn
more about the formation of the planets of the Solar system, as well as their
environment.

The processes leading to changes in the temperature and composition of the
environment of the planets depend significantly both on the composition
and other initial conditions of the atmospheres and on the radiation of the
parent star. This thesis is confirmed by a number of theoretical studies devot-
ed to the analysis of the effect of the emission spectrum of stars on the rate
and features of the outflow of the atmospheric matter of planets [1-4]. The
aim of this work is to reveal the relative role of the spectral characteristics of
a star radiation in the absorption in metastable helium line Hel(23S) also of
the planetary matter outflow. For this purpose, numerical simulation of tran-
sit absorptions in the atmospheres of so called “control planets” is carried
out. «Control planets» characterize by the same gravitational potential and
atmospheric composition, but with different radiation spectra of stars. As a
result, the essential role of stellar radiation on the population of the metasta-
ble helium level and absorption is shown.
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INTRODUCTION:

About hundred debris disks were detected by now via um emission of dust
which origin is being actively discussed. Our goal is to test whether an Earth-
mass planet can migrate through a planetesimal disk and excite planetesimals
enough for dust production via impact collisions. We develop a new model
for the dynamical evolution of the planetesimal disk and the exoplanet in
terms of their gravitational interaction using N-body symplectic integrations.
We find that small-mass planets (even as small as ~0.1 Earth mass) could ex-
cite the disk efficiently and provide relative velocities up to several hundred
m/s. Our work may also serve as a motivation for further N-body simulations
of planet-disk interaction.
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A scheme of the modified method of round Gaussian rings, designed to study
the secular evolution of orbits in systems consisting of a central star and two
planets, is presented. The reason for the secular evolution of the nodes and
inclinations of the orbits of the planets is their mutual gravitational attrac-
tion. The orbits of the planets are modeled by homogeneous round Gaussian
rings, to which the masses, sizes and angles of inclination of the orbits, as
well as orbital angular momenta of the planets, are transferred. The method
takes into account that, in general, the ascending nodes of the orbits may
not coincide. The mutual gravitational energy of the rings W, . is represent-
ed as a series in the quadratic approximation in powers of small inclination
angles. Using this function W, ., a closed system of four differential equa-
tions describing the secular evolution of the planets’ orbits is composed. The
solution of the equations is obtained in finite analytic form, which simplifies
the interpretation of the investigated planetary motions. The method was
tested on the example of the Sun-Jupiter-Saturn system; for it, in particu-
lar, the difference in the longitudes of the nodes of the orbits of Jupiter and
Saturn was calculated as a function of time. New approach is also used to
study the precession of nodes in the exoplanetary system K2-36; graphs of all
unknown quantities are obtained. It has been established that in the course
of evolution the mutual inclination angle of the orbits remains constant, and
the librations of the orbits in the inclination angle and in the motion of the
nodes occur synchronously.

INTRODUCTION:

In celestial mechanics, three main approaches are used to study secular per-
turbations of the orbits of planets and satellites. The first approach (analyt-
ical) is based on the expansion of the Lagrange perturbation function in a
series in terms of small values of eccentricities and inclination angles of the
orbits [1-3]. The second approach is related to the numerical integration of
the equations of motion of the planets of the solar system [4-5]. Although
numerical methods make it possible to carry out calculations with any accu-
racy, they do not provide a qualitative picture of the phenomena.

The third approach is based on averaging methods [6]. Here, one of the
main methods is the Gauss ring method, which is designed to study sec-
ular perturbations of the first order. This method is clear and is based on
the fact that the perturbing effect of one body on another, under certain
additional conditions, is equivalent to the influence of the force field of
the gravitating ring (Gaussian ring), obtained by distributing the perturbing
mass along an elliptical orbit. With this approach, not only problems with
single averaging over the orbit of the perturbing body are considered, but
also problems with additional averaging over the orbit of the perturbed
body itself. In the latter case, the problem is reduced to studying the inter-
action of two Gaussian rings.

The one-dimensional density of matter on the Gaussian ring is inverse to the
velocity of a planet with the mass M in a given section of its trajectory, and
the element of mass is equal to
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M(l—ez)3/2. dv (1)
2n (1+ ecosv)? '

where v is the angle of true anomaly; e is the eccentricity of the orbit. In the
particular case e = 0, the ring turns into a homogeneous round hoop with a
spatial potential

dm=

2GM
K(k), k= | 3Rr g (2)

Or,x3) = ———=K(k), k= <
/(R4 r)? +x§ (R+r) +x§

(where x, is the applicate of the test point). In the general (non-degenerate)
case, the spatlal potential of the Gaussian elliptical ring in analytical form was
obtained in [7].

With the discovery of exoplanets, interest in Gauss rings has increased. On
the basis of elliptic rings, a general method for studying long-period and sec-
ular perturbations in problems of celestial mechanics was created [8]. There
are two more methods based on the idea of averaging over fast variables of a
precessing elliptic Gaussian ring. Thus, averaging the ring precession over the
rotation of the apsidal line gives the model of a round two-dimensional disk
(R-ring) [9], and additional averaging over the motion of the ring nodes gives
the 3D model of the R-toroid [10].

As is known, the problems of studying the secular stability of systems of ce-
lestial bodies are very time-consuming and complex, so it is important to
search for simplified methods for solving such problems. One of the simpli-
fication methods is based on the replacement of elliptic Gaussian rings with
circular ones [11-12]. The round ring method has proved to be in demand,
since the orbits of some exoplanets do indeed have very small eccentricities.
Here it should be emphasized that the application of the round ring method
noticeably simplifies the differential equations for the evolution of orbits,
and the solutions of these equations can be obtained in analytical form. This
offers advantages in the study of exoplanetary systems.

STATEMENT OF THE PROBLEM. MUTUAL ENERGY OF ROUND RINGS:
Let us consider in coordinates Oxyz the system of three bodies “Star — Plan-
et 1 — Planet 2”. Let the masses of the planets M, and M, evenIy distributed
along their orbits, which are concentric circular éaussmn rings with radii R,
and R,. Third body, a star, is located in the center of the rings. The planes
of the rings have small angles of inclination i, and i, to the main reference
plane (in the solar system — to the ecliptic); therefzore the angle between
the planes Ai’ will also be small. The ascending nodes of the orbital rings Q
and Q). in the general case do not coincide. The problem is to find the mutua]I
perturi)atlons of the Gaussian rings [11, 14].

The method is based on the use of the function of mutual gravitational en-
ergy of rings W .. This function was found earlier in [11, 14], so here we re-
strict ourselves 1o the necessary explanations. By definition, the contribution
to energy W, . from two elementary point masses dm, and dm, located at
the points (xl, ¥y, 2y) and (x,, y,, 2,) is equal to

Gdm,dm
dWmut __#' 6P} :\/(Xz _Xl)z +(y2 _yl)z +(22 _21)2- (3)

P!

where r, is the distance between material points. The full expression of the
mutual gravitational energy is found by double integration over both rings.
Since dm, = R,|,dv, and dm, = R,l,dU,, we have

2n
w,

2n dv
mut = —GHMoR; sza —

(4)
o M2

To find r,, we note that in the specified reference system Oxyz, the coor-
dinates 01‘Z the test point on the circular ring 1 can be represented, see, for
example, [1], by the formulas:
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X, =Ry (cosv, cosy —sinv, sin€Y cosil);

y1 =Ry (cosv; sin®y +sinv, cos€ cosiy ); (5)
z, =Ry sinv, siniy;

similarly represent the coordinates of the test point on the second ring:

X, =R, (cosv, -cosC —sinv, -sin), - cosi,);

¥, =R, (cosv, -sinQ), +sinv, -cosQ), - cosi,); (6)
z, =R, sinv, -sini,.

Substltutlng formulas (5) and (6) into r , (3) and considering that the radii of
the rings are equal

2 2 2
Rlz,lxl—i—yl—i—zl, 7)
Ry =% +Y5 +75,

we find

f, =2R,R, -\Ja— bsinv, —ccosv; . (8)

Here, the coefficients a, b and c are determined by the formulas [14]
2 p2
—M—l[n_,_l]gl' n:r_2§1;
2R,R, 2 n n
b= [cosiy - cosi, - cos(Cy — )+ siniy -sini, [sinv, — (9)
—cosiy -sin(€ — €, )cosv,;

¢ =cos( — €} )cosv, +cosi, -sin( — € )sinv,.

Taking into account r,, from (8), the formula for mutual energy (4) takes the

form
/R R,
-Gy dv (10)
2 f f\/a bsmo —ccosol

As shown in [14], expression (10) can be represented by a single integral

mut 2\/_ GH1H2 VR R f dUZ
Here p=+/b* +c*.

The integral (11) is not found in a finite form, so we represent it as a series in
powers of small angles i, and i,. Finding such a series is a rather labor-inten-
sive operation. As shown in [14], the required series has the form

2p
a+p

(11)

p

Wnue = Wo +Wiyis ++Whyis +Wiyiyiy (12)

with the coefficients

W N2-Gmm,
° 8 JRR,\1+a
Gx/E-mlm2

8nRR,1+a
G\2-mym, { }

c E(k)— K(k) |
475\/@\/1_‘_—005(91 Q) (k) —K(k)

K(k);

Wy, =W,, =

{ a E(k)K(k)} . (13)
a—1

Wy, =
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Here k= 2/(1+a) < 1. After transformations, (13) is reduced to the form

a

X

1
W = N2-Gmym, K(k)ig -
mut T o g
CNGHR Jita X[,~12 +i2 —2cos(Y _gzz)i1i2]

For convenience in numerical calculations, the coefficients of series (14) are
further transformed using auxiliary formulas:

k)—K(k
15( )—K(k) (14)

2 2
azmzl n—i—l; n:rlg]_; k:zﬁ;
2RR, 2 n n 1+n
(1—n)* 1+4n? 1+ s
—n a n n
a-1= ; =——— Jlta=—.
2n a—1 (1—n)? \2n

Then the mutual gravitational energy of two round Gaussian rings in the qua-
dratic approximation in terms of inclination angles will take the form [14]

.12
» :_ZGm_lmz{K(,,)_Af_ } (16

mut 6R1
where the angle of mutual inclination of the rings Ai’ is related to the angles
of orientation (i1, i2) of the rings relative to the main plane by the relation

1+n2
(1—n)

E(n)—K(n)

cosAi’ = cosi; cosi, +sini, sini, cos(Q, — €Y ). (17)

Taking into account the smallness of the inclinations of the rings to the main
plane, Ai’ from (16) is expressed in terms of angles in the coordinate system
associated with the ecliptic (unprimed coordinates)

A" x 07 + 2 — 2iyi, cos(Qy — ). (18)

Note here: since expression (16) refers to the case where the tilt angles iy
and i, are small, then, their difference Ai = iy =i is also small; nevertheless,
the difference between the longitudes of the nodes AQ = Q, — Q. is not
necessarily a small value.

EQUATIONS FOR THE SECULAR EVOLUTION OF ORBITS:

In full form, the Lagrange equations for the osculating elements have a com-
plicated form (see, e.g., formulas (8.6) in book [2]). However, in our particular
case, when the inclination angles iy and i, are small and the orbits e, =e,= 0
are circular, these equations are simpli?‘led and for elements, for example,
the second ring have the form

dy 1 R
dt n,R2n*sini, 00" (19)
o 1 &

dt  n,R?n*sini, Oy
where R, — the perturbing function is equal to the mass-normalized mutual

energy of the rings R, = —W,,,, /m,.

As a result, adding to (19) the equations for the first ring, and taking into
account the third Kepler law

GM = nia; =nia;n’, (20)

where M is the mass of the central body (star); n1 and n2 are the average mo-
tions of the planets in orbits, we write the equations of the secular evolution
of two round rings in the form [14]
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di
; —-=—0,i,sinAQ;
t

ﬁ: —0; l—l%cosAQ
dt ip

(21)

d 1 di.
&:—02 1-LeosAQ|; 22 =6, sinAQ.
dt i dt

Here the following notations are introduced

B ny m 14—n2
21(1+n) M |(1—n)

N

E(k)—K(k)

’

S

22
nmn  m 1+4n° (22)

T 2n(l ) M| (1—np El) =Ktk

G,

SOLVING EVOLUTION EQUATIONS:
To analyze the equations (21), let us introduce the variables

h, =ijcosCy; k=i sinCy; h, =i,cos; k, =1i,sinCy. (23)
Then equations (21) are transformed to a simpler form

dh,
dt

dh, dk
—2_—g (k,—k); —2=—0,(h, —h,),
at o, (k, —kq) at o, (h, —hy)

where the coefficients (22) are the frequencies of the secular oscillations.
Solutions of the system of differential equations (26) have the form [14]

h, (t)=C, +0,[C; cosat +C, sinat];
k,(t)=C, + o,[—C;sinct +C, cosct];
h,(t)=C; — o,[C;cosat +C, sinct];
k,(t)=C, — o,[—C;sinct 4-C, cosot].

dk
=—0y(k, —k;); d_tl =o,(h, —hy);
(24)

(25)

Here the sum of frequencies is entered
6=0;+0,, (26)
and the integration constants

_ o1hs + oy C. — G1ky +0ak; |

Cl ’ 2 ’
G, +0, G, +0, (27)
0 0 0 0

C __hz_hl. C __kz_k1

3T T 4=
o, +0, o, +0,

include the following initial conditions
hY = h,(0); kY =k, (0); h9 =h,(0); kI =k,(0). (28)
Substituting (25) into (21), we come to the conclusion that, in the linear ap-

proximation, the angle of mutual inclination of the orbits during evolution
remains constant

Ai' = \/(h1 —h, )2 +(k; — k, )2 =const. (29)

SOLUTION FOR ORBITS OF TRANSITING EXOPLANETS:

Since the orbital parameters are estimated, as a rule, for exoplanets discov-
ered by transit, the orbital inclinations of such planets to the picture plane
vary near 909. Therefore, to use equations (21), one must move from the
picture plane to such a principal plane that the new orbital inclinations are
small, e.g., to the Laplace plane. Alternatively, one can use other equations
that work in the case of using the picture plane as the principal plane
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Let us choose the picture plane as the main plane. Then not only the mutual
inclination of the orbits Ai = i, — i, but also the difference of longitudes of
the ascending nodes AQ) = Qz - Ql1 will be small values The angle of mutual
inclination of the rings in the observer’s coordinate system is now expressed
through the small parameters from formula (18) in the following form

A AR +sindi- A2, j—1th (30)
2

Using equations (19), similarly to (21), we obtain the equations of secular
evolution of circular orbits for exoplanetary systems

d Ai di
&201%; i:—cslsini-AQ;

dt sini dt (31)
d Ai di

S _ oA £:czsini-AQ.

- Gy——

dt sini- dt
Let’s introduce new variables

p=sini-AQ, g = Ai, (32)
to which will be added the average slope from (30) and the average longitude
of the ascending node

Q:Q‘;Qz’ (33)

then equations (31) of the evolution of two circular rings are reduced to the
form

d—p:—GQ; d—q:cp;

dt dt (34)
di__o0,-0, dq, E__H.i[L

dt 26 dt’ dt 26 dtlsini)

Equations (36) have the following solutions:

p(t) = 6|—C? sin(ct) +C; cos(ct)]; q(t)= G[Clz cos(ot) 4 C; sin(ot)|;

(0, —0,) (0, —0,) (35)
ift)= €5 ———=q(t); Qft) = C; ———2p(t),
26sini(t)
where the constants expressed in terms of initial conditions
.0 .0
ih +i
=25 o), Al =10 —° = Ai(0);
2 (36)
+
Q =¥: Q0);, AQ, = QZO —Qlo = AQ(0),
are written in the form
C12 _ Aiy ; sz _ sinigAQY, ,
G1+0, G1+0,
:0 :0 0 0 (37)
c2 =S 65l c— 018} +6,(
3 o, +0, T o, +0,

From the solution (35), taking into account (30), it follows (as in the first ver-
sion (29)) that during evolution the angle of mutual inclination of the orbits
in the linear approximation remains constant

Ai' =+p* +¢* = const. (38)
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Note that the libration frequency components 0, and 0, from (22), as well
as their sum 0 from (26), were obtained here in a linear apprOX|mat|on and
therefore do not depend on the difference in longitudes of the orbit nodes
AQ = Qz - Q1

Note also that the solution of Section “Solution for orbits of transiting exo-
planets” is not a particular case of the solution of Section “Solving evolution
equations”. Indeed, there is a nontrivial transformation between these solu-
tions. Only the invariance of libration periods when transformed to another
coordinate system is trivial. Generally speaking, the problem of transforming
a solution between coordinate systems is not as trivial as it may seem at first
glance; suffice it to note the problem of small denominators.

APPLICATION OF THE METHOD OF CIRCULAR RINGS:

THE TWO-PLANET SUN-JUPITER-SATURN PROBLEM:

In the Solar System, the giant planets Jupiter and Saturn are usually consid-
ered in the framework of the two-planet problem. The initial data for the
orbits of Jupiter and Saturn can be taken, for example, in the book [13].

Table 1. Parameters of the Jupiter-Saturn system, from the book [13]

Parameter Jupiter Saturn
e 0.0474622 0.0575481
MM, 9.54786-10"* 2.85837-10°*
a,a.e. 5.202545 9.554841
n, grad/year 30.3374 12.1890
i, grad 1.30667 2.48795
Q, grad 100.0381 113.1334

Using the formulas of Section “Solving evolution equations”, the evolution
of the longitudes of the ascending nodes and orbital inclinations of the giant
planets Jupiter and Saturn was calculated over an interval of 200 000 years.
The results of these calculations are shown in Fig. 1 and 2.
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Fig. 1. Dependence of the change in the longitude of the ascending node for Jupiter
(solid line) and Saturn (dashes), representing the secular precession of the orbital
planes of the giant planets under the action of mutual perturbation (left); the differ-
ence in the longitudes of the nodes of Jupiter and Saturn’s orbit as a function of time
(right)

Fig. 2. Time dependence of the inclination (to the ecliptic) of the rings of Jupiter (solid
line) and Saturn (dashes)
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Accordlng to our formulas, the libration period for tilting T,and moving nodes

is the same and is approximately T, = T, = 50 950 years (prewously, in [12],
w%ere a variant of the problem W|th matchlng nodes was studied, was ob-
tained T, = 50 625 years, and the reason for the small difference in 0.5 % is
the dlfference in initial conditions).

EVOLUTION OF ORBITS IN THE SYSTEM OF EXOPLANETS K2-36:

The secular evolution of orbits for a system of two planets around the star
K2-36 has not been studied before. The parameters of this system are given
in Table 5.2.

Table 5.2. 10 parameters of the K2-36 exosystem. The parameter errors are symme-
trized for convenience in estimating the precession period error. The period of pre-
cession Tprec of the circular orbits of the planets is calculated by us according to the
formula Tprec = 2r/(A11 + A21)Data from articles [15, 16]

System K2-36
M., 0.79+0.01
3.9+1.1
m, Mg, 7.8+2.3
a,, au 0.0223+0.0004
a,au 0.054+0.001
iy grad 84.45+0.063
i, grad 86.917+0.061
Pb, days 1.422614+0.000038
P, days 5.340888+0.000086
T e x10° years 1.3+0.3

As expected, in all three cases of calculations, librations of the angles of in-
clination and longitude of the ascending nodes of the orbits occur. As can be
seen from Fig. 3 and 4, the difference in the longitudes of the nodes affects
the shift of the libration graphs, but in a linear approximation does not affect
the value of the oscillation period itself.
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Fig. 3. Time dependence of the orbital inclination for the inner planet K2-36 b (left)
and the outer planet K2-36 c (right). The dotted line corresponds to the value AQ, =—

the solid line corresponds to the value and the dashed line corresponds to the
va?ue AQ, = by,
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Fig. 4. Longitudes of ascending nodes for planet K2-36 b (left graph) and planet K2-36
¢ (right) versus time. The dotted line corresponds to the value AQ, = —Aj,, the solid line
corresponds to the value AQ, =0, and the dashed line corresponds to the value AQ, =D,
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In addition, it follows from our formulas that the libration periods of the or-
bits in terms of inclination and node will be the same. For the K2-36 system,
these periods are approximately equal to

Ty =T, =~ 1306 years. (39)

References:

[1] Duboshin G.N. Nebesnaya mekhanika. Osnovnye metody i zadachi (Celestial
Mechanics: Main tasks and methods). M.: Nauka. 1975. 800 p. (in Russian).

[2] Subbotin M.F. Vvedenie v teoreticheskuyu astronomiyu (Introduction to theoret-
ical astronomy). M.: Nauka. 1968 800 p. (in Russian).

[3] Emelyanov N.V. Dinamika estestvennykh sputnikov planet na osnove nabludenii
(Dynamics of natural satellites of planets based on observations). 2019. 576 p. (in
Russian).

[4] Laskar J. Secular evolution of the solar system over 10 million years // Astronomy
and Astrophysics. 1988. V. 198. P. 341-362.

[5]1 Simon J.L., Bretagnon P, Chapront J. et al Numerical expressions for precession
formulae and mean elements for the Moon and the planets // Astronomy and
Astrophysics. 1994. V. 282. No. 2. P. 663—683.

[6] Grebenikov E.A. Metod usredneniya v prikladnyh zadachakh (The Averaging
Method in Applied Problems). M.: Nauka. 1986. 256 p. (in Russian).

[7]1 Kondratyev B.P. Potential of a Gaussian ring. A new approach // Solar System
Research. 2012. V. 46. No. 5. P. 352—-362. DOI: 10.1134/50038094612040053.

[8] Kondratyev B.P., Kornoukhov V.S. Mutual Gravitational Energy of Gaussian Rings
and the Problem of Perturbations in Celestial Mechanics // Astronomy Reports.
2020. V. 64. No. 5. P. 434-446 DOI: 10.1134/51063772920060037.

[9] Kondratyev B.P. Two-dimensional generalization of Gaussian rings and dynamics
of the central regions of flat galaxies // Monthly Notices of the Royal Astronomi-
cal Society. 2014. V. 442. Iss. 2. P. 1755-1766. DOI: 10.1093/mnras/stu841.

[10] Kondratyev B.P,, Kornoukhov V.S. Study of the Secular Evolution of Circumbinary
Systems Using R-Toroid and Gaussian Ring Models // Astronomy Reports. 2021.
V. 65. Iss. 7. P. 588-597. DOI: 10.1134/51063772921080072.

[11] Kondratyev B.P. Teoriya potenciala. Novye metody i zadachi s resheniyami (Poten-
tial theory. New methods and problems with solutions). M.: Mir, 2007. 512 p. (in
Russian).

[12] Kondratyev B.P. Precession of the orbital nodes of Jupiter and Saturn triggered by
the mutual perturbation: A model of two rings // Solar System Research. 2014.
V. 48. No. 5. P. 366—374. DOI: 10.1134/S0038094614040066.

[13] Murray C.D., Dermott S.F. Solar System Dynamics. Cambridge, UK: Cambridge
Univ. Press, 1999.

[14] Kondratyev B.P,, Kornoukhov V.S. Metod kruglykh kolets Gaussa v teorii vozmush-
chenii (The method of round Gaussian rings in perturbation theory) // Astron-
omy Reports. 2023. (in Russian).

[15] Damasso M., Zeng L., Malavolta L. et al. So close, so different: characterization of
the K2-36 planetary system with HARPS-N // Astronomy and Astrophysics. 2019.
V. 624. Art. No. A38. DOI: 10.1051/0004-6361/201834671.

[16] Sinukoff E., Howard A.W., Petigura E.A. et al. Eleven Multiplanet Systems from K2
Campaigns 1 and 2 and the Masses of Two Hot Super-Earths // The Astrophysical
J.2016. V. 827. No. 1. P. 78. DOI: 10.3847/0004-637X/827/1/78.


https://istina.msu.ru/workers/5097112/
https://istina.msu.ru/journals/88686/
https://istina.msu.ru/journals/88686/
http://dx.doi.org/10.1134/S0038094612040053
https://istina.msu.ru/workers/5097112/
https://istina.msu.ru/workers/10899084/
https://istina.msu.ru/journals/54314/
http://dx.doi.org/10.1134/S1063772920060037
http://dx.doi.org/10.1093/mnras/stu841
https://istina.msu.ru/workers/5097112/
https://istina.msu.ru/workers/10899084/
https://istina.msu.ru/journals/54314/
http://dx.doi.org/10.1134/S1063772921080072
https://istina.msu.ru/workers/5097112/
https://istina.msu.ru/journals/88686/
http://dx.doi.org/10.1134/S0038094614040066
https://istina.msu.ru/workers/5097112/
https://istina.msu.ru/workers/10899084/
https://istina.msu.ru/journals/54314/
https://istina.msu.ru/journals/54314/

THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14M53-|(£)PR’-RE

CALCULATION OF THERMAL ATMOSPHERIC
LOSS FOR A HOT EXOPLANET ON ELLIPTIC
ORBIT

A.A. Simonoval'Z,V.I. Shematovich®
Institute of Astronomy RAS, Moscow, Russia, simonova@inasan.ru
Lomonosov Moscow State University, Moscow, Russia

KEYWORDS:
hot exoplanets, elliptic orbit, atmospheric mass loss, aeronomic model

INTRODUCTION:

Exoplanets with substantial hydrogen/helium atmospheres have been dis-
covered in abundance, many residing extremely close to their host stars.
Their atmospheres are forced by the extreme irradiation levels resulting in
the formation of the extended planetary envelopes due to the thermal and
non-thermal atmospheric escape. Ongoing atmospheric escape has been ob-
served to be occurring in a few nearby exoplanet systems through transit
spectroscopy both for hot jupiters and lower-mass sub-neptunes [1].

Hot sub-neptune-class exoplanet orbiting close to its host star will lose its hy-
drogen-helium atmosphere over time. This loss is usually calculated using an
approximate formula (see, for example, [2—3]) written within the framework
of the energy-limited formulation, which assumes that the extreme UV radi-
ation flux is absorbed in a thin atmospheric layer of radius R where the
optical depth for stellar XUV photons is unity. Note that thls)%rmula is the
ratio of the heating rate of the planet’s upper atmosphere (in erg:s™) when
the stellar XUV radiation flux F,  (in erg-cm 2.5 falls on the cross-sectional
area "quv of the planet’s atmosphere heating it W|th an efficiency of n, .\,
to the gravitational potential of the planet (in erg-g™) with a correction fac-
tor—the tidal parameter—Kt(¢).

The calculations are carried out according to the following standard proce-
dure: the orbit of a hot exoplanet with given parameters (semi-major axis
and eccentricity) was divided into a certain number of sectors. Then, for each
sector, the “planet-to-star” distance r(t), the planet’s residence time 6t in
this sector, and the local flux of stellar XUV radiation F, , were calculated.
Next, using approximate formula, the local rate of atmosplf'\erlc mass loss was
calculated for each of the conS|dered sectors. To check the accuracy of the
calculation, the number of sectors was doubled and, if the local mass loss
rates did not change, then the atmospheric mass loss was calculated over
the orbital period.

Estimates of the atmospheric loss over the orbital period of the exoplanet —
the model hot sub-neptune, - have shown that the atmospheric loss M av-
eraged over the orbital period varies from 5.8x10 g for e = 0.0 to 2. GX16 g
for the orbit with e = 0.8, that is, it increases by almost 4.5 times. It is possible
to estimate approximately the time of complete atmosphere loss for the con-
sidered model sub-neptune — at e = 0.0, this time is about 0.32 billion years,
and for e = 0.8 — about 0.07 billion years. Therefore, it is seen that the initial
ellipticity of the hot exoplanet’s orbit is an important factor in estimating
the loss rate of the primary hydrogen-helium atmosphere for sub-neptunes
and super-earths. Based on the results obtained and the effects taken into
account, it can be assumed that hot sub-neptunes of a given mass can quickly
lose their initial hydrogen-helium atmosphere in the case of movement in
highly elliptical orbits.

Recently the transit sub-neptune HD 207496b was discovered [4] as part of
a large program aimed at describing the characteristics of the exposed cores
of planets. This planet may either be an exposed core, or is on the verge of
becoming one. It was found that the host star is young, ~0.52 Gyr, allowing
to gain insight into planetary evolution, also a planetary mass of 6.1+1.6 M,

and planetary radius of 2.25+0.12 R_ were derived. This sub-neptune has an
eccentric orbit with e = 0.231 [4]. Modellng of the evaporation history of HD
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207496b [4] shows that the atmosphere of the planet HD 207496b can be
completely evaporated during the time of 1.0+0.6 Gyr from its formation.

The results of numerical calculation of the mass loss rate of the planet’s at-
mosphere using the approximate formula are shown in Figure. The following
values were calculated: the period of the planet’s orbit, which is T = 6.0°48;
the average loss of the atmosphere over the period of the planet’s rotation
M, equal to approximately 5.8x10%° g, which corresponds to an average at-
mospheric mass loss rate of 1.1x10'° g-s™. In the case of the considered ec-
centric orbit, the atmosphere loss time was estimated by averaging over the
loss times at several different points along the orbit, shown in Figure. Basing
on these values an estimate of ~554 Ma was obtained for the time interval
for the complete loss of the sub-neptune HD 207496b H-He atmosphere. It
is important to note that this result is in a good agreement with the estimate
obtained when modeling through the “photoevolver” pipeline [4]. Conse-
quently, the approximate formula, despite the simplifications adopted in it,
allows us to obtain estimates close to the results for more complex models.

24e+10 F
226410 | —o— M,=6.TMgory
20E+10 [ —— M,=4.5Mg,

7, 18E+10 [ —o— M,=7.7Mgq,

o1.6E+10 [

T14E+10 |

S1.2E+10 |

3
1.0E+10 [

8.0E+9 [
6.0E+9 [
- L . L L L )
0.045 0.050 0.055 0.060 0.065 0070 0075 0080

R, AU

Fig. 1. The dependence of the mass loss rate of the planet’s atmosphere on the
star-planet distance for sub-neptune HD 207496b assuming different values of the
planet’s mass [4]
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INTRODUCTION:

In this study the kinetic model of the aeronomy of the upper atmosphere of
an exoplanet is expanded by taking into account the processes of the effect
of stellar wind plasma on the extended hydrogen corona of a hot sub-nep-
tune. For this purpose, previously developed kinetic Monte Carlo models
were used to study the precipitation of protons and hydrogen atoms with
high energies into planetary atmospheres [1]. The kinetic model is adapted
to the upper atmospheres of hot sub-neptunes, allowing us to calculate the
deposition rate of stellar wind energy in the planetary corona and to refine
the estimates of the of non-thermal atmospheric loss rate due to the influ-
ence of the stellar wind of the host star.

In the current studies of the evolution of the atmospheres of hot sub-neptunes,
attention is paid only to the thermal processes of atmospheric loss. Non-ther-
mal processes of atmospheric loss are usually not included in aeronomic mod-
els, since their consideration requires the use of methods of non-equilibrium
kinetics, which is a complex mathematical problem (see, for example, [2]). In
our previous studies of non-thermal losses of the atmospheres of hot sub-nep-
tunes [3], it was found that non-thermal atmospheric losses due to exother-
mic photochemistry can be compared with the rates of thermal losses in the
moderate conditions of a host star and these processes should be included in
aeronomic models of the upper atmospheres of sub-neptunes.

The object of research in this study, planet m Men ¢, is in a close-in orbit
(distance 0.067 au) around the host star m Men, which belongs to the GO V
class. This is a solar-type star, but younger (~3 billion years) of our Sun, which
suggests a higher activity of the star and a significant flow of stellar wind
in the direction of the exoplanet. Observations on the HST (Hubble Space
Telescope) [4] showed that the hot exoplanet m Men c has an extended at-
mosphere. This exoplanet has parameters — radius R = (2.06%0. 03)R and

mass M (4.52£0.81) M_, — and average density — 2. 82+0 53g:cm™ WhICh

allows this exoplanet to be classified as a hot sub-neptune. From the vqume
density estimates, it is assumed that the planet pi Men c is able to hold a
significant atmosphere.

In the considered case of low stellar activity for the host star Mené the
energy flux of the undisturbed stellar wind is estimated as ~320 erg-cm™ s~
At upper boundary the flux of energetic neutral hydrogen atoms (ENA H) is
forming due to the charge exchange of the stellar wind protons in the ex-
tended hydrogen corona with rather low efficiency of ~10 %. It penetrates
into the upper atmosphere of the hot sub-neptune m Men c with an energy
of ~32 erg: cm 1 which is significantly lower than the UV energy flux of
~1350 erg-cm™> absorbed in the atmosphere [4-5]. Consequently, atmo-
spheric heatmg by stellar wind plasma is important only in the outermost
regions of the extended hydrogen corona. The energy balance in the ther-
mosphere of a hot exoplanet is determined by the processes of absorption of
stellar radiation in the ranges of soft X-rays and hard ultraviolet (1-100 nm)
radiation of the host star [4-5].

The calculations carried out for the hot sub-neptune m Men ¢ showed that
the energy of a flux of energetic neutral hydrogen atoms penetrating into
the atmosphere mainly goes to the heating the hydrogen corona of a hot
exoplanet (see Figure 1).
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Fig. 1. The calculated energy spectra of the fluxes of suprathermal hydrogen atoms
(1eV<E<100eV)and ENAH (E> 100 eV) at a distance of 8.0R, from the center of the
exoplanet m Men c are presented. Blue line represents the downward flux of energy
of hydrogen atoms, red one represents the upward flux.
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When studying the statistics of exoplanets, it is necessary to take into account
the effects of observational selection and the inhomogeneity of the data in
the exoplanets databases. When considering exoplanets detected using the
radial velocity (RV) technique, we proposed an algorithm for taking into ac-
count the main inhomogeneities, called the detectability window regulariza-
tion algorithm [1-2]. Earlier we showed that the de-biased mass distribution
of RV exoplanets approximately corresponds to a piecewise power law with
the breaks of ~0.14 and ~1.7 MJ (Jupiter mass). The mass distribution of RV
planets follows the power laws of: dN/dm-a-m~ gmasses 0f 0.011-0.087 M)),
dN/dm-a-m %71 (0.21-1.7 MJ), dN/dm-oc-m ™72 (1.7-13 MJ). There is a
minimum of exoplanets in the range of 0.087-0.21 MJ.

The de-biased distributions of RV exoplanets and transiting exoplanets agree
with each other in the range of 0.21-13 MJ, but differ somewhat in the low-
mass region [3].

To identify the reasons for this difference, we have significantly refined our
method. We have taken into account explicitly the number of radial veloc-
ity measurements of each star N. We consider RV planets with the orbital
periods from 1 to 100 days and with the minimum masses from 0.0061 to
0.21 MJ (2-66.6 Earth mass). We divide each of the domains into 60 bins,
which are equal in logarithmic scale. In the middle of each of these cells, we
place an artificial planet. For each cell with the artificial planet we compute
the semi-amplitude of reflex motion K. We used the Lomb-Scargle periodo-
gram to identify the signal of an artificial planet from the noises that we mod-
eled as Gaussian noise with standard deviation o. An artificial planet was con-
sidered detectable if the false alarm probability (FAP) <1 %. For each artificial
planet, we considered 24 implementations of the RV signal with a shift by
15° and then averaged over all implementations. As a result, for each star we
received a “single detectability window” — a matrix on the diagram “Orbital
period — Minimum mass”, where the value of each element corresponded to
the probability of detecting an artificial planet with the given orbital period
and mass.

Pericd, days

107" 10° 10'
Mass, Jupiter mass

Fig. 1. An example of a single detectability window with the boundary between “de-
tectable” and “undetectable” planets
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We approximated the boundary between “detectable” and “undetectable”
planets by a power law. We found that for each number of radial velocity mea-
surements N, there exists such a y(N) = K/o, which is the threshold value of the
detectability of an artificial planet. Thus, a planet is considered detectable if

K> oy(N).

The dependence y(N) was approximated by a power law using the least
squares method:

y(N) = 17.78N°%3.

1.6 T T

¢

121 7

06

0.2 . . . . . . . .
0 50 100 150 200 250 300 350 400 450

Number of radial velocity measurements N

Fig. 2. The dependence of y on the number of radial velocity measurements

Using of a more accurate method of accounting for observational selection
will make it possible to clarify the distribution of small-mass planets.
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To get precise determination of parameters of stars in Galaxy is quite im-
portant for exoplanet searching. In order to establish a reliable estimation
of stellar parameters such as the effective temperature and so on, we are
currently developing an algorithm which compares the absolute fluxes of all
Gaia passbands, combined with those from the WISE mission, to PHOENIX
spectra. Results have shown that a broader wavelength range enables a re-
liable determination of these parameters. Furthermore, the effective tem-
perature we derived has a better precision than Gaia’s one, which shows the
good performance of PHOENIX model.
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The radial velocity method is based on the measurement of Doppler shifts of
stellar lines caused by the motion of a star around the centre of mass of the
star-planet system. Due to the fact that the spectra for radial velocity mea-
surements are obtained from the Earth, the lines produced by the Earth’s
atmosphere are also displayed in the recorded spectrum. In order to avoid
errors, the regions of the spectrum with telluric absorption and the regions
close to them are excluded from consideration. Because of the annual mo-
tion of the Earth, regions £30 km/s around telluric lines are excluded from
consideration. Telluric lines cover a rather wide range of wavelengths, espe-
cially starting at 600 nm. Thus quite large parts of the spectrum, usually with
excellent signal-to-noise ratios, are excluded.

It is therefore an important task to correct stellar spectra from telluric ab-
sorption, as this can improve the accuracy of radial velocity measurements.

A method for correcting telluric absorption in stellar spectra has been devel-
oped. The method was tested on data in the spectral range 380-780 nm for a
K2.5V class star. The method is universal and can be applied to a wider spec-
tral range, after a slight modification it can also be applied to cooler stars,
e.g. red dwarfs. The method of correction of telluric absorption allows us to
use parts of the spectra that were previously unavailable for consideration;
this increases the accuracy of measurements of the radial velocity of the par-
ent star, which in turn allows us to find planets, perturbations from which
were not previously visible in the data, as well as to make more accurate
measurements of the physical and orbital parameters of already discovered
exoplanets.
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Exoplanet research — a young and progressive field of science, that uses
the full power of modern observational and computing methods to find and
study extrasolar planets.

There are many unsolved problems in exoplanet physics, such as formation
problems, observation problems, migration problems, composition prob-
lems, etc. Atmospheric modeling and comparison with observational data
can help us to solve some of these problems.

The most representative information about exoplanets came from their tran-
sit spectrum, and mostly, from their atmospheres. In astrophysics, one of the
most interesting elements is oxygen. The 777.4 nm neutral oxygen triplet is
commonly used to track the formation and main conditions of stars because
it has high intensity and low Earth’s atmosphere opacity. In 2022 it was first
detected in the hot Jupiter KELT-9 b atmosphere [1].

Modeling the interaction of radiation with atmospheres assumes, at least, a
joint solution of the radiative transfer and statistical equilibrium equations.
Due to a lack of detailed balance in stellar or planetary atmospheres (radi-
ation field deviates from Planck’s law, or electrons velocities deviate from
Maxwell distribution), local thermodynamic equilibrium (LTE) is inappropri-
ate. We need to take into account the full kinetics of quantum transitions, i.e.
use a non-local thermodynamic equilibrium (NLTE) [2].

This report presents LTE and NLTE kinetics library written in C++ (with Python
bindings) created as a part of global 3D MHD code [3]. NLTE implements radi-
ative and collisional bound-bound and bound-free transitions with an ability
to add and use arbitrary elements and spectra.
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INTRODUCTION AND CONSIDERED MODEL:

The extrasolar system Gliese 581 contains the star with a mass equal to 0.307
of the solar mass and five planets (b, ¢, d, e, and g). Their masses and semi-ma-
jor axes and probable range of eccentricities of their orbits are presented in Ta-
ble 1. In my calculations eccentricities and inclinations of orbits of planets were
considered to be equal to 0.250 initial planetesimals were in each calculation
variant. The semi-major axes of their orbits were near the semi-major axis of
one of the planets and were betweena_. anda,  .Thevaluesofa  anda
are presented in Table 1. For an additional disk h not corresponded to a planet,
a.,=025AUanda__ =0.3 AU. Initial eccentricities of orbits of planetesimals
were equal to e, (0.02 or 0.15). Their initial inclinations equaled to eo/2 rad.
Greater eccentricities could be caused by the previous mutual gravitational in-
fluence of planetesimals. | studied the evolution of the orbits of planetesimals
under the gravitational influence of the star and the planets. Planetesimals that
collided with planets or the star or reached 50 AU from the star were excluded
from integration. The symplectic code from the SWIFT integration package [1]
was used for integration of the motion equations. The considered time inte-
gration step t_equaled to 0.01, 0.04, or 0.1 days. The results of calculations
with different t, were compared and mainly gave similar results. For time inter-

val equal to 10 Myrs, the numbers of collisions of planetesimals with planets
(Ne, N, N, Ng, Nd) are presented in Table 2. The table also includes the number

Ny of planetesimals that reached 50 AU from the star (which were considered

to be ejected into hyperbolic orbits) and the number N, of planetesimals that
were left in elliptical orbits at the considered time.

Table 1. Semi-major axes a and eccentricities e of orbits and masses m (in Earth mass-
es m;) of exoplanets in Gliese 581 and values a,_, and a__ for considered disks of
planetesimals near planets b, ¢, d, e, and g

disk m/m, a, AU e a.,.v2€ | a,.. ae
e 1.7 0.02815 0.0-0.06 0.022 0.0344
b 15.8 0.0406 0.020.03 0.0344 0.0563
c 5.5 0.0721 0.0-0.06 0.0563 0.1
g 2.2 0.13 0.0 0.1 0.174
6.98 0.218 0.0-0.25 0.174 0.25

PROBABILITIES OF COLLISIONS OF PLANETESIMALS WITH PLANETS:

The aim of the considered calculations was to study the mixing of planetesimals
at the late stages of accumulation of planets in the Glisse 581 system. | made
the estimates of the fraction of planetesimals that were initially located close
to the orbit of one of the planets and then collided with other planets. Earlier
| studied mixing of planetesimals migrated from the feeding zones of planets
in the Solar System [2—4], Proxima Centauri [5] and Trappist 1 [6] planetary
systems. In contrast to [2-5], for calculations for the Glisse 581 system there
were no collisions with a star (as in [6]). Below in this paragraph | discuss the
data from Table 2 obtained at 10 Myrs. The fraction Pe; of ejected planetesimals

was greater for disks located more far from the star. For disks corresponded to
planets, Pe; did not exceed 0.05 and 0.15 at e_ equal to 0.02 and 0.15, respec-
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Table 2. The number of collisions of planetesimals with planets during 10 Myrs at
integration step t_equal to 0.01, 0.04 or 0.1 days. Initial eccentricities of orbits of
planetesimals were equal to e (0.02 or 0.15). The number of initial planetesimals was

equal to 250 in each variant. Ne is the number of planetesimals that reached 50 AU
from the star. N, is the number of planetesimals that were left in elliptical orbits

disk €, t e | Ny | N, Ng Ny | Ny
e 0.02 | 001|116 | 66 | 5 0 2 3 | 58
e 0.02 0.04 | 106 | 80 5 0 0 0 59
0.02 0.1 | 120 | 66 3 1 1 0 59
b 0.02 0.04 7 111 | 16 1 1 2 112
c 0.02 0.04 1 9 73 7 6 4 150
g 0.02 0.04 0 6 12 44 22 6 160
d 0.02 0.01 0 4 11 8 104 9 114
d 0.02 0.04 0 6 4 5 118 | 12 | 105
d 0.02 0.1 0 3 6 8 114 | 13 | 106
h 0.02 0.04 0 0 0 0 0 2 248
e 0.15 0.01 | 120 | 117 4 1 0 1 7
e 0.15 0.04 | 105 | 125 8 2 1 2 7
b 0.15 0.01 8 200 | 29 3 3 4 3
b 0.15 0.04 | 17 | 183 | 38 1 1 7 3
c 0.15 0.01 4 95 | 105 13 16 13 4
c 0.15 0.04 1 85 | 111 16 16 17 4
g 0.15 0.01 0 35 54 45 88 21 7
g 0.15 0.04 5 41 52 34 83 30 5
d 0.15 0.01 1 14 35 16 | 123 | 37 24
d 0.15 0.04 1 20 36 21 118 | 30 24
h 0.15 0.01 0 10 13 53 68 98
h 0.15 0.04 0 7 8 12 84 | 82 63

tively. For the disk h, p_; was about 0.01 and 0.25-0.4 ate =0.02and e =0.15,
respectively. Some pIanete5|maIs initially located near one of the planets could
fall also onto other planets. The largest ratio K of the number of planetesimals
that fell onto another planet to the number of planetesimals that fell onto the
host planet of the initial disk at e = 0.02 was for planet e, which is most close
to the star. For disk e, the ratio Nb/Ne was about 0.55-0.75 and 0.98-1.2 at
e,=0.02and e_=0.15, respectively. At e =0.02, the ratio K, equaled to 0.5 for
the disk g and was less than 0.15 for the disks b, c and d. At e, =0.15 for disk
g, N _was even about twice less than N, Ate =0.15 the ratio K, was less than
0.21 for disk b, but it was about 0.8-0. 9 for the disk c. Ate, = 0 15 for disk d,
the ratio N /N, was about 0.3, though planets c and d were not close to each
other. Planetesimals from disk h fall onto four planets at e = 0.15, but they did
not collide with any planet ate = 0.02.

At a current time, the calculatlons were made for up to a few tens of Myrs and
have not yet finished. For these calculation times, the obtained numbers N
could exceed the numbers presented in Table 2 typically by no more than 2 and
were almost the same as in Table 2. For disks close to the star, most of collisions
of planetesimals with planets took place during the first 1 Kyr. At e = 0.02 the
ratio k, of the total number of collisions of planetesimals with pIanets during
the f|rst 1 Kyr to that during 10 Myrs was between 0.6 and 0.67 for disks e, b,
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and ¢; it equaled to 0.3 for the disk g, and was between 0.23 and 0.49 for the
disk d. The latter range was at different t_. For all other disks, such range of k;
was narrow for different t. At e =0.15 the ratio k, was 0.85, 0.8, 0.45, 0.13-
0.15, and 0.06-0.08 for dlsf<s e, b ¢, g,d, andh, respectlvely

CONCLUSIONS:

At the late stages of accumulation of planets in the Glisse 581 system, plan-
etesimals from the feeding zone of each planet could fall onto other planets.
The fraction of planetesimals ejected into hyperbolic orbits did not exceed
0.05 and 0.15 at initial eccentricities of planetesimals equal to 0.02 and 0.15,
respectively. For planetesimals from the feeding zones of planets located
close to the star most of collisions of planetesimals with planets were during
the first 1 Kyr.
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INTRODUCTION:

At present, several dozen compact planetary systems containing more than
two planets with masses of the order of the Earth’s mass are known®. It is
shown that the stable evolution of compact planetary systems requires the
presence of resonances that prevent close encounters of planets moving in
neighboring orbits (see, for example, the five-planet systems Kepler-80 [1],
K2-138 [2] and the seven-planet system TRAPPIST-1 [3]). In this case, res-
onances between pairs of planets can form chains. The longest resonance
chain known to date is realized in the TRAPPIST-1 system: 8:5 — 5:3 — 3:2 —
3:2 — 4:3 —3:2 [4]. In the K2-138 system, five planets form the longest chain
consisting of identical 3:2 resonances [2]. On the other hand, simulation re-
sults show that in wide systems with massive planets, chains of high-order
resonances can lead to the destruction of planetary systems [4].

Antoniadou and Voyatzis [5] demonstrate three possible scenarios safeguard-
ing compact planetary system Kepler-51, each followed by constraints. First-
ly, there are the 2:1 and 3:2 two-body mean-motion resonances (MMRs),
in which eccentricity e, <0.02, such that these two-body MMRs last for ex-
tended time spans. Secondly, there is the 1:2:3 three-body Laplace-like res-
onance, in which e_< 0.016 and e, < 0.006 are necessary for such a chain
to be viable. Thirdly, there is the combination comprising the 1:1 secondary
resonance inside the 2:1 MMR for the inner pair of planets and an apsidal
difference oscillation for the outer pair of planets in which the observational
eccentricities, e, and e, are favored as long as e,=0.

We consider the compact planetary system Kepler-51 and search for resonances
and resonance chains within the errors of determining the orbital periods from
observations. For compact systems, an important factor affecting evolution is
tidal interaction; therefore, when analyzing the feasibility of the proposed reso-
nance chains, we will model dynamic evolution taking into account tides.

METHODS:

The search for resonances was carried out for the values of the orbital peri-
ods of the planets, which varied within the determination error. To determine
the resonant combinations of the orbital periods, the ratio of the periods of
neighboring planets was represented as a segment of a sequence of conver-
gent fractions. We have obtained a rational approximation of the real ratio of
periods. Possible chains of resonances are formed if the resonance values of
the periods of the outer and inner orbits in neighboring pairs coincide. The
final selection of potential resonance chains is based on an estimate of the
frequency of the resonant angle.

We investigated the dynamical evolution of the Kepler-51 compact planetary
system using the Posidonius software [6], which allows for tidal interaction.

RESULTS:

We implement a method for searching for resonances within the limits of er-
rors in determining the values of the periods of planetary orbits. In [7] accord-
ing to the data of the TESS space telescope the refined parameters of the plan-
etary system Kepler-51 were obtained (see Table 1). In Table 1 the mass of the
star m_is given in the masses of the Sun M, masses of the planets m,are given

1 The Extrasolar Planets Encyclopaedia. http://exoplanet.eu/catalog/
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in the masses of the Earth M, the radius of the star R, is given in the radii of
the Sun R, the radii of the planets Rp are given in the radii of the Earth R, T are

the orbital periods of the planets, e is the eccentricity, g is the argument of the
pericenter. Tconj moments correspond to the conjunction of the planet with the

star. We concluded that the compact three-planetary system Kepler-51 evolves
outside the low-order resonances (order of resonance is less than 10).

Table 1. Parameters of the three-planet system Kepler-51 [7]

Parameter | Kepler-51 Kepler-51 b Kepler-51 ¢ Kepler-51d

m, [M] | 0.894705%

m, [M] 24815 314754 522"y

R.[R] |08417°0GH

R, [R] 6.621073 8.98+2.84 9.0470%

T [days] 45.1539370.9003¢ 85.315537090138 | 130.1827+0.0009
e-cosg —0.019759% 0.024+0.014 0.014 4+0.011
e'sing ~0.0597003 —0.0487 0050 ~0.037750%

Teonj [BID —1285.4040 4 0.0006 | —1274.4886 + 0.0030 |-1304.0693 + 0.0009

2457000]

We considered a number of scenarios for the evolution of the Kepler-51 system
over 100 Myr using the Posidonius software. We considered the cases of nomi-
nal, minimum and maximum star masses for the entire range of orbital periods
of the planets at nominal values of planetary orbital eccentricities and zero
orbital inclinations. For these initial conditions, we have shown that the system
can have a stable evolution in the absence of low-order resonances.

The next stage of our study involves varying the eccentricities of the orbits
within the limits of the determination error.
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INTRODUCTION:

This paper presents the results of modeling the absorption in the Ha line by
the atmosphere of exoplanet KELT-9b. For calculations and interpretation of
observations, the Monte Carlo model of Lya photon transfer in the planet’s
upper atmosphere was used [1]. Atmospheric parameters: temperature and
hydrogen atom concentration distribution profiles were calculated on the ba-
sis of a self-consistent three-dimensional gas-dynamic model [2]. The simula-
tion was carried out for two different XUV parameters: 5 and 20 erg-s *-cm™.
As a result, it was found that the variation of the XUV parameter leads to a
different nature of absorption in the Ha line: in one case, excited hydrogen is
formed mainly due to Lya photons created in collision reactions, and in the
other, in recombination reactions.
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INTRODUCTION:

In this work we present the results of modeling absorption in oxygen triplet
with wavelength 777.4 nm in atmosphere of KELT-9b. The results of modeling
are compared with the modeling and observation data from [1]. The atmo-
spheric parameters were calculated on the basis of a self-consistent three-di-
mensional gas-dynamic model [2].

MODEL:

Modeling of absorption was performed using approximation from [3]. Ki-
netic model of atom takes into account such processes as photoexcitation,
photoionization, radiative deexcitation, recombination, collisional excitation
and deexcitation. For calculation required rates were used data about star
spectra and information about atom was taken from INASAN database [4].
So, we create atmosphere with three-dimensional gas-dynamic model and
calculate the absorption in it using absorption model and kinetic model. Also,
the population additionally calculates using LTE model to compare with NLTE.
RESULTS:

Resulting spectrum is shown in Figure 1. The result of simulation in NLTE is
close to NLTE result from [1]. The same is true for LTE results, but our results
show more effects.
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Fig. 1. Comparison of the calculated absorption spectrum with the observational
spectrum for exoplanet KELT-9b
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INTRODUCTION:

In this work, we present the results of modeling the absorption in the Ha line
by the atmosphere of hot Jupiter WASP-12b. For calculations and interpre-
tation of observations, the Monte Carlo model of Lya photon transfer in the
planet’s upper atmosphere was used [1]. Atmospheric parameters: tempera-
ture and hydrogen atom concentration distribution profiles were calculated
on the basis of a self-consistent three-dimensional gas-dynamic model [2].

MODEL:

Modeling of radiation transfer in the atmosphere is carried out in the ap-
proximation of partially coherent isotropic scattering. The atmosphere of the
planet is considered to be spherically symmetric. In the model, one of the
main variable parameters is XUV — the flux of ionizing radiation with wave-
lengths A < 91.2 nm at a distance of 1 AU, measured in units of erg-s™*-cm™
Another important input parameter is the emission spectrum of the parent
star. The solar radiation spectrum was used in the calculations. The Monte
Carlo model makes it possible to reflect the contribution of Lya photons pro-
duced in various processes: collisions, recombination, and stellar emission.

RESULTS:

For exoplanet WASP-12b, a high absorption in the Ha line of about 5 % was
detected [3]. In the course of atmospheric simulations, when considering
various XUV values, XUV = 60 erg-s_l-cm_2 proved to be the most suitable,
which most closely matches the observed absorption spectrum. The result-
ing spectrum with contributions from various processes is shown in Figure 1.
According to the results, the main absorption is associated with intense colli-
sional processes in the atmosphere.
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Fig. 1. Comparison of the calculated absorption spectrum with the observational
spectrum for exoplanet WASP-12b
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We study the interaction of the upper atmospheres of planets in the
HD 63433 system with the stellar wind on the scale of the entire stellar-plan-
etary system, and also calculate the transit absorption in the HI (Lya) line. The
simulation is carried out using a 3D aeronomic code already used to simulate
physical processes in the thermospheres of other exoplanets [1-3] interacting
with the stellar wind of their parent stars. So far, numerical simulations of
the HD 63433 system have been presented only in [4], where it was assumed
that the planets HD 63433b and HD 63433c have fundamental differences:
HD 63433c still retains its hydrogen-helium envelope, while HD 63433b
probably lost its original atmosphere.

Applied 3D aeronomic modeling of the escaping upper atmospheres of both
exoplanets interacting with stellar wind confirmed that they form extended
molecular envelopes around the planets and strong outflows with an integral
mass loss is 6.7/2.1-10'° g/s which differs slightly from the results obtained
in the [4]. A new feature of the considered HD 63433 b and HD 63433 c is
that their atmospheric outflows reach significantly supersonic velocities and
generate well-pronounced shock waves when they collide with pollutants.
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Fig. 1. The integral mass loss of HD 63433b (dashed lines) and HD 63433c (solid lines)
as functions of the stellar XUV flux F, .. The red dots show data taken from [4]

For different values of the stellar XUV flux and the density of pollutants, the
spectrally resolved absorption profiles Lya and the corresponding TLS were
calculated. The Lya line remains a suitable tool for studying the interaction of
planetary wind outflows with stellar wind. It is sensitive to the proton density
of stellar wind, and under conditions close to moderate or strong solar wind,
the expected extinction would be easily detected in the high velocity blue
wing of the line, especially for HD 63433c.

The extinction level in the blue wing of Lya is also sensitive to the stellar XUV
flux, and at F, ,,, ~15 erg-cm™-s per .u. becomes significant for HD 63433c.
The dominant mechanism responsible for the absorption of Lya on both exo-
planets is related to the resonant broadening of thermal lines. This is due to
ENA generated by the charge exchange reaction in the shock layers around
the planets, which allows them to be remotely sensed, as in the case of warm
Neptunes GJ-436b and GJ-3470b.
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Both mass and radius parameters for planets, which are the most import-
ant properties, are not accessible for most exoplanets. The mass can be cal-
culated through spectroscopic studies, but ways like the transit method are
needed to estimate the radius. In order to estimate the radius of the planets,
a number of models, including those utilizing different methods, have been
studied. It will be a review of recent studies on this relationship with a focus
on studies that have used machine learning methods.



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14'\"53{58’35{?3

EPHEMERIS UPDATES FOR SEVEN SELECTED
HATNET SURVEY TRANSITING EXOPLANETS

E. Jahangiri
BSN Project, Transiting Exoplanets Department, Tehran, Iran

KEYWORDS:
planetary systems, planets and satellites, gaseous

We refined the ephemeris of seven transiting exoplanets HAT-P-6b, HAT-P-
12b, HAT-P-18b, HAT-P-22b, HAT-P-32b, HAT-P-33b, and HAT-P-52b. We ob-
served 11 transits from eight observatories in different filters for HAT-P-6b
and HAT-P-32b. Also, the Exoplanet Transit Database (ETD) observations for
each of the seven exoplanets were analyzed, and the light curves of five sys-
tems were studied using Transiting light Exoplanet Survey Satellite (TESS)
data. We used Exofast-vl to simulate these ground- and space-based light
curves and estimate mid-transit times. We obtained a total of 11, 175 and
67 mid-transit times for these seven exoplanets from our observations, ETD
and TESS data, respectively, along with 155 mid-transit times from the liter-
ature. Then, we generated transit timing variation (TTV) diagrams for each
using derived mid-transit times as well as those found in the literature. The
systems’ linear ephemeris was then refined and improved using the Markov
Chain Monte Carlo (MCMC) method. All of the studied exoplanets, with the
exception of the HAT-P-12b system, displayed an increasing trend in the or-
bital period in the TTV diagrams.

Conclusion:

We conducted a study on seven HATNet survey-selected transiting exoplan-
ets and plotted the TTV diagrams. The goal of this study is to improve the
planetary systems’ reference ephemerides and to discuss the reasons for the
period variations in these systems for future studies. We have presented a
new ephemeris for each of the seven exoplanets. For this purpose, we uti-
lised the mid-transit times found in the literature as well as the light curves
observed by ETD, TESS, and our ground-based observations. We used 11
mid-transit times from our observations in this study, which were made at
eight observatories from 2018 to 2022. Exofast-vl was used to model the
available light curves and extract the mid-transit times. We used the MCMC
method to plot new TTV diagrams and refine exoplanets’ ephemeris. The TTV
diagrams show the orbital periods of exoplanets HAT-P-6b, HAT-P-18b, HAT-P-
22b, HAT-P-32b, HAT-P-33b, and HAT-P-52b are increasing, whereas exoplan-
et HAT-P-12b has a declining tendency. It is probable that the six exoplanets’
orbital periods increased since their ephemeris accuracy has become inac-
curate over time. According to the new ephemeris for exoplanet HAT-P-6b, it
seems that the uncertainties of t and P should be more carefully considered
in future investigations and observations.
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Consideration of the problem of the origin of the biosphere on Earth (or
another planet) implies the study of the transition from non-living organic
systems to the simplest living cells. It is obvious that the transition between
such different types of natural systems could not be carried out instantly, and
required some kind of intermediate state, during which systems of the transi-
tion type had to combine both some features of non-living chemical systems
and certain features of the simplest living systems — populations of micro-
organisms. Within the framework of the developed inversion concept of the
origin of life (Tl concept), such a transition is considered primarily from the
point of view of the general thermodynamics of systems, through a change
in the balance “total entropy contribution (S )/total free energy contribution
(F)” from positive to negative (i.e. through a thermodynamic reversal, or in-
version) [1]. According to this approach, the intermediate position of the pre-
biological system between the inanimate and living states was maintained in
an oscillatory mode. Thermodynamically, this situation corresponds to the
relative (albeit varying) equality of the entropy and free energy contributions
in the system (S_= F ).

The general thermodynamics of the transition cannot give a definite answer
to the question of chemical transformations in the system during the tran-
sition period and the stages of the origin of metabolism. The sequence of
metabolism formation during the origin of life has not yet been reliably es-
tablished by researchers. There are many conflicting views on this. However,
in microbiology, within the framework of the theory of anabiosis, a resting
(sleeping) bacterial cell occupies a similar intermediate position between
non-living and living: on the one hand, it is no longer able to counteract the
growth of entropy, and on the other hand, it retains structural memory of
the previous living state. At the same time, the sequence of changes in met-
abolic processes in the simplest bacterial cell, entering the state of anabiosis
and leaving it, has been well studied. The restoration of metabolism in an
anabiotic cell proceeds in the following general direction: the appearance
of weak respiration, an increase in membrane fluidity, an acceleration of the
movement of lipids and membrane proteins = restoration of the structure
of the protein-synthesizing apparatus of the cell = restoration of the genetic
apparatus of the cell and the beginning of the growth cell cycle [2]. From the
foregoing follows the idea of the potential correlation of these processes —
prebiological and bacterial, the consideration of which is the subject of this
report. It substantiates the general sequence of the formation of metabolism
in the process of the emergence of life, based on the correlation of these two
intermediate states between non-life and life. In both types of processes,
the further development of metabolism from the initial intermediate state
proceeded against the general background of an increase in the reserves of
free energy in the system (through “stepwise activation”), contradictory ten-
dencies towards heterogeneity and cooperation, and the prevalence of syn-
thesis over destruction (or polymerization over hydrolysis). These analogies
emphasize the legitimacy of the correlation.

According to the inversion concept, life originated in a pulsating updraft of
hydrothermal fluid. In general, this process included the following steps.
1) Accumulation of dispersed organic matter at the prebiological stage of
the Earth’s evolution through astrocatalysis and inflow from space, as well as



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14MS3'%BR'2%

synthesis and re-synthesis in geospheres under the influence of cosmic radi-
ation, spark discharges and thermal energy. 2) Involvement of organic matter
in the water cycle on the planet with subsequent self-assembly of three-di-
mensional prebiological microsystems of predominantly lipid-protein com-
position in the ascending hydrothermal fluid. 3) Formation of protocells: the
transition of microsystems to an intermediate state between non-life and life
through an active response to fluctuations in physico-chemical parameters
in the environment (i.e. to periodic stress [3]), including the appearance in
them of a weak energy-giving process of respiration for due to redox reac-
tions and local watering of the membrane. 4) The formation of living subcells
in the process of formation of a non-enzymatic antioxidant system and the
emergence of a protein-synthesizing apparatus. 5) The formation of living
cells (correlates with progenotes according to C. Woese [4]) with the emer-
gence of the growth cycle of cells and the formation of the genetic apparatus.

Thus, the stages of the origin of life on Earth are conserved in the stages of
the exit of a bacterial cell from anabiosis and are repeated each time during
the anabiotic process. Since the Tl concept is based on the fundamental con-
cepts of thermodynamics — entropy, free energy and information - then in
general terms it can also be applied to explain the origin of life on other cos-
mic bodies.
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INTRODUCTION:

The study of the origin of atmospheric nitrogen and its stability gives an idea
of the uniqueness of the habitat on Earth. As it was pointed out in the recent
paper [1], the detection of an N,-O, atmosphere on an exoplanet orbiting in
the habitable zone around a solar-type star could be a strong sign of the pres-
ence of a developed aerobic extraterrestrial biosphere. The idea of using NO
as a potential biomarker is widely discussed (see, e.g., [1]), because its for-
mation and loss processes strongly depend on the presence of molecular ni-
trogen and oxygen as the main components in terrestrial-type atmospheres.
The possibility of observing nitric oxide on exoplanets was recently discussed
[2], where it was indicated that under favorable conditions, nitric oxide can
be detected in exoplanetary atmospheres using modern space missions such
as the WSO-UV and ARIEL space telescopes. The NO radical is a direct indi-
cator of the atmosphere dominated by N, and O,, since its formation is a
consequence of the presence of molecular nltrogen and oxygen as the main
components in the atmosphere of the planet. To approach this problem it is
necessary to use a set of kinetic Monte Carlo models which allow us to follow
the evolution of the N, -0, upper atmospheres of the sub-Neptune and exo-
Earth families to estlmate p055|b|e manifestations of life.

A numerical kinetic Monte Carlo model [3] was used to calculate the steady-
state energy distribution functions of the suprathermal N(4S) atoms in the polar
upper atmosphere formed due to the precipitation of high-energy auroral elec-
trons into the N,-O, atmospheres of the rocky planets in the solar and exosolar
planetary systems 2‘I'hls model describes on a molecular level the collisions of
the hot N(4S) atoms and atmospheric gas taking into account the stochastic na-
ture of collisional scattering at suprathermal kinetic energies. It was found that
the electron impact dissociation of N, is an important source of suprathermal
N atoms [4] that increases sngmflcantly the non-thermal production of nitric
oxide in the auroral regions. As it was estimated, when suprathermal nitrogen
atoms are taken into account, the NO column density can potentially increase
by a factor of 3, 7, and 32 at mean kinetic energies of £, =1, 2, and 5 keV for
precipitating electrons, respectively, compared with the case when hot N(4S)
atoms are not supplied to the input (see Figure 1).

The consequences of the excess NO production during the auroral events in
the polar atmosphere are twofold. First, it is necessary to keep in mind that
auroral electron precipitation is a sporadic event in the Earth’s polar atmo-
sphere. Therefore, the calculated non-thermal NO production caused by the
auroral electron precipitation is also a sporadic input into the odd nitrogen
chemistry in the polar regions. Nevertheless, the disturbed solar activity con-
ditions are widely and often observed and usually are accompanied by au-
roral electron precipitation in the polar lower thermosphere. Such events as
was shown in this study could result in the significant increase in NO column
density by the non-thermal source of nitric oxide. Second, the presented
study of non-thermal NO production caused by the auroral electron precip-
itation results in the further understanding of the input of the hot fraction
to the odd nitrogen chemistry in the N2-O2 atmospheres of terrestrial-type
exoplanets. This problem is very important for estimating the possibility of
the space observations of potential atmospheric biomarkers such as NO (for
example, the y-bands of this molecule, 205—-248 nm) [1-2]. If terrestrial exo-
planets located close-in to the host star are considered, then auroral electron
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precipitation can be much more powerful than on Earth, which, in turn, will
increase non-thermal NO production and significantly improve the detection
of nitric oxide in the atmospheres of these planets.. In addition, the lack of
an exoplanet’s own magnetic field and the presence of only an induced one
can also be a reason for high electron fluxes and, as a result, a sufficiently
high production of NO to detect this molecule. Therefore, we will continue
our studies of the non-thermal NO production in the N,-O, atmospheres of
hot sub-Neptunes and exo-Earths orbiting in the potentiaf habitable zones
of their host stars. The developed kinetic Monte Carlo models [3—4] will be
used to calculate the distribution of nitric oxide formed by both thermal and
non-thermal sources in the upper atmosphere of the terrestrial-type exo-
planet depending on the stellar activity and to assess the possibility of ob-
serving nitric oxide as a potential atmospheric biomarker.
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Fig. 1. (top panel) Height profiles of the NO number density calculated in the odd
nitrogen chemistry model without (black line) and with taking into account the input
of the suprathermal N(4S) atoms through the reaction Nh(4S) + O, - NO + O. Height
profiles of NO number density were calculated for the considered Cases A(Ey=1keV,
blue lines), B (E, = 2 keV, red lines), and C (E, = 5 keV, magenta lines) of the auroral
electron preapltatlon (bottom panel) Height profiles of NO column densities calcu-
lated in the odd nitrogen chemistry model without (black line) and with taking into
account the input of the suprathermal N(4S) atoms. The color palette is the same as
at the top one.
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INTRODUCTION:

The objective was to search for microbial life in the subglacial Antarctic Lake Vo-
stok by analyzing the natural accretion ice obtained by deep ice coring during
the Russian campaign toward entering the lake. The ice samples to study orig-
inated from ice type | [1] and contained mineral inclusions, amongst which
the biggest one cm-sized was present (dubbed “Bolshaya Kamina” — BK). The
study aimed to re-evaluate previous microbial finds obtained with Sanger se-
quencing using the high throughput Oxford Nanopore sequencing technology.

Lake Vostok is a giant (270x70 km, 15 800 km? area), deep (up to 1.3 km)
freshwater liquid body buried in a graben beneath a 4-km thick East Antarctic
Ice Sheet with the temperature near ice melting point (around —2.5 °C) under
400 bar pressure. It is exceptionally oligotrophic and poor in chemical ions,
under the high dissolved oxygen tension (320—-1300 mg/L) range, with no
light, and sealed from the surface biota about 15 Ma ago [1].

SANGER RESULTS:

The common Sanger sequencing technique previously discovered thermo-
philes in the subglacial Lake Vostok in analyzing bacterial 16S rRNA genes
[2-4]. The ice samples included accretion ice segments at 3561 and 3607 m
depth, containing sediment inclusions. As a result, in both samples, the fac-
ultative thermophilic chemolithoautotroph Hydrogenophilus thermoluteolus
of beta-Proteobacteria, which originated from hot springs, was discovered.
This finding suggested that a geothermal system exists beneath the cold-wa-
ter body of Lake Vostok.

NANOPORE RESULTS:

To clarify the presence of thermophiles in Lake Vostok, the accretion ice seg-
ments from 3607 m (borehole 5G-1; the above-mentioned thermophile was
detected here [2]), 3608 m (5G-1; 3608BK), 3607 m (5G-3 — 2 segments),
and 3709 m (5G-3N) were retested by high throughput nanopore sequencing
using the same genomic DNA and broader-in-cover degenerate primers for
the v3-v4 region 16S rRNA genes. The nanopore controls (sham DNA isola-
tion/negative PCR, nanopore reagents) were for the first time applied.

A dozen 1 Ma reads were obtained for all five samples’ amplicons, but only
one sample, 3608 BK, showed the thermophiles in records. For this sample of
1,643,669 reads analyzed, 1,445,557 (88 %) reads were classified. Numerous
contaminants were discarded, and 279 (0.02 %) reads were assigned (88—
96 % similarity) to moderate thermophile Meiothermus hypogaeus NBRC
106114 (Deinococcus-Thermus), isolated from a hot spring in Japan. In addi-
tion, 27 reads were recorded for thermophile Meiothermus ruber, originating
from another hot spring, Kamchatka. No reads for this find were recorded in
other ice samples and controls. This could mean that a new thermophile of
Deinococcus-Thermus was discovered in the native accretion ice (naturally
frozen water) of Lake Vostok. The Hydrogenophilus thermoluteolus remained
not detected due to different primers in use.
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CONCLUSION:

The high throughput Oxford Nanopore sequencing technology provides a
very efficient tool to record/prove in detail the microbial content of the sub-
glacial Antarctic water reservoirs. Newly discovered meio-thermophile might
represent ingenious cell populations inhabiting faults offshore the subglacial
Lake Vostok and could provide unforeseen prospects in searching for extra-
terrestrial life on Jupiter and Saturn’s icy moons.
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INTRODUCTION:

The experience of long-term operation of orbital space complexes shows
that the specifically changed environment of spacecraft allows us to consider
habitable compartments as a kind of ecological niche for the development
and functioning of a microbial community formed from organisms of vari-
ous physiological and taxonomic groups, among which there are so-called
technophiles — microorganisms that cause damage to materials different
chemical composition, as well as potentially dangerous for humans types of
opportunistic pathogens capable of growing on artificial substrates.

Important role in the formation of the above microbial community be-
longs to spore-forming bacteria of the genus Bacillus [1]. The ability of
these bacteria to form endospores, resting forms resistant to various
adverse factors, make Bacillus the dominant link or a kind of core of
the microbial community of the internal environment of orbital space
complexes. Viable bacteria have even been previously shown to occur on
the outside of the ISS in dust samples collected from the surface of the
station [2]. Spore-forming bacteria have a long history of use as model
organisms for studying astrobiology, including the origin of life, evolu-
tion and survival in extreme environments, and interplanetary transfer
of life via natural processes and human activities.

THE PURPOSE OF THE STUDY:

The purpose of this study is to determine the limits of resistance of bacteria
Bacillus licheniformis to ultraviolet (UV) and radiation under the indepen-
dent action of these factors on different strains of this bacterial species af-
ter exposure to open space conditions in the framework of the EXPOSE-R2
experiment. In the course of the EXPOSE-R2 experiment, dormant forms of
microorganisms were exposed outside the International Space Station (ISS)
inside metal trays under the influence of space radiation, as well as the full
extraterrestrial spectrum of solar UV radiation of various intensities for sam-
ples of the upper layer of the trays (Figure 1). After a 15-month exposure, the
microorganisms were transported to Earth for research. Among various bio-
logical objects, B. licheniformis 24 was used in this experiment. The Bacillus
licheniformis 24 strain was previously isolated from the internal surfaces of
the Russian Segment ISS.

In the EXPOSE-R2 experiment, 4 variants of different combinations of condi-
tions for exposure to microorganisms were tested: Dark — Mars (md) — Mar-
tian atmosphere conditions with UV radiation screening; UV — Mars (mu) —
conditions of the atmosphere of Mars under the influence of UV radiation;
Dark —Space (sd) — conditions of outer space when shielding UV radiation;
UV — Space (su) — conditions of outer space when exposed to UV. Similar
combinations were reproduced in a control model study on Earth. Of all the
strains studied in the Biodiversity experiment, B. licheniformis 24 was the
only survivor in all variants of the experiment, including terrestrial controls.
The generations obtained from spores of the original B. licheniformis 24
strain after isolation on a nutrient medium in the laboratory were consid-
ered new strains that had been adapted to the above exposure conditions on
Earth and in space.
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Fig. 1. External view of trays — equipment for exposing bacteria on the outside of the ISS

RESULTS:

To obtain the value of lethal doses of UV, the following radiation doses were
chosen: 0,5; 1,0 and 1,2 kJ/mZ. According to the results obtained, some
“space” strains of B. licheniformis were able to withstand exposure to high
doses (1 kJ/m?) of pulsed UV radiation. The strains that showed the high-
est resistance to outer space factors and were exposed to cosmic UV in the
EXPOSE-R2 experiment later turned out to be less viable compared to the
original B. licheniformis 24 strain, i.e. partially lost resistance to short-wave
UV. On the other hand, the strain of B. licheniformis 24 sd that survived in
this experiment, which was not exposed to cosmic UV, turned out to be more
viable than the original strain; acquired additional resistance to UV.

To obtain the value of lethal doses of radiation exposure of strains, the fol-
lowing doses of radiation doses of 5, 10, 15, 20 and 25 kGy were chosen.
Some space strains of B. licheniformis were able to withstand exposure to
high doses (20 kGy) of y-radiation. The maximum lethal dose for endospores
of Bacillus rarely exceeds 16 kGy [3]. The highest survival rate under radia-
tion exposure was shown for spores exposed to space environmental factors,
the least viable was the original B. licheniformis 24 strain. It should be noted
that two of the three strains most resistant to the maximum radiation dose
of 20 kGy turned out to be B. licheniformis strains 24 sd and 24 md, these
are strains that were in the dark layer of trays during the space experiment
on the outer side of the ISS. It should be noted that two of the three strains
most resistant to the maximum radiation dose of 20 kGy turned out to be
B. licheniformis strains 24 sd and 24 md, these are strains that were in the
dark layer of trays during the space experiment on the outer side of the ISS.

CONCLUSION:

A result that deserves great attention is, firstly, the viability of B. licheniform-
is 24 spores after the EXPOSE-R2 space experiment. Secondly, higher rates of
resistance of the B. licheniformis 24 sd strain to both ultraviolet and radiation
in post-flight studies. Thus, this work demonstrates the ability of B. licheni-
formis to survive against key lethal factors for bacteria in outer space in the
long term. The higher viability of spores that survived in open space is most
likely associated with the activation of intracellular adaptive mechanisms.
Apparently, this intrapopulation variability is able to persist for several gen-
erations.

Using the obtained results in relation to interplanetary flights of unmanned
spacecraft, and first of all to the flight to Mars, the duration of which is ap-
proximately 300 days, we can draw a preliminary conclusion. Spore-forming
bacteria of the genus Bacillus, located on such surfaces of the spacecraft,
where there is a shadow zone from UV, with a high degree of probability will
survive during such a flight, being on Mars already adapted to its extreme
conditions.
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These data clarify the astrobiological potential of these bacteria and are of
importance when discussing the theory of panspermia — the idea that life
can be distributed throughout the universe, from planet to planet; as well as
invaluable practical importance in the field of microbiological monitoring and
antimicrobial protection of the habitat of manned space complexes; as well
as for developing the concept of planetary protection, based on the need to
prevent the transfer of life forms, including the development of measures
for the biological control of extraterrestrial substrates delivered to Earth and
returned parts of spacecraft.

The work was carried out with the funding of the basic theme of the Russian
Academy of Sciences no. 65.5.
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INTRODUCTION:

In the coming decades, major national and private space agencies are
planning manned missions to the Moon, and by 2050 it is planned to
create a habitable base there [1]. However, there is still an important
unsolved problem of cost-effective provision of the Lunar Base with re-
sources.

Biological leaching using fungal cultures could potentially be one of the
solutions to the problems of mining in the regolith when building a lunar
base. The mechanism of fungal biological leaching consists in the formation
of acids, which then convert metals from the crystal lattice of minerals into
a soluble form [2]. Previously, the dissolution of solid particles under the
action of acetic and salicylic acids was shown on a sample of lunar soil [3],
while the measured concentrations of elements in solution after 81 days of
the experiment in a vessel with lunar dust were higher than with terrestrial
basalt of a similar granulometric composition. Therefore, biological leach-
ing technologies using various fungal cultures can potentially be successful-
ly applied on the Moon.

Compared to the traditionally used in industry bacterial leaching, biological
leaching using fungal cultures has a number of advantages: reduced tox-
icity of the leach product due to the formation of complexes with organic
acids, growth at high pH values, that is, no special conditions are required
for the leaching of magmatic rocks (lunar regolith), a fast leaching process
[2, 4-5]. Fungal biomining is suitable for mining using organic waste as a
substrate [2], which can serve as a good way to dispose of waste on the
Moon. Aspergillus niger is often used to leach waste and poor ores [2], so
this species can potentially be used for biomining of lunar rocks and was
chosen for our study.

MATERIALS AND METHODS:

To test the effectiveness of the proposed technology, experiments were
carried out on the biological leaching of a chemical-mineralogical ana-
logue of lunar regolith VI-LH1. The content of main oxides in the sample
is presented in Table 1. According to X-ray diffraction analysis, the main
minerals are plagioclase (labradorite, andesine), which accounts for 80 %
(Table 2), biotite, and quartz. Pyroxene and ilmenite are also common,
pyrrhotite, apatite, and chromite are represented as accessory minerals,
olivine and magnetite are relatively rare, and hornblende is presumably
also found.

An Aspergillus niger KBP.F-110 was used as a biological leaching agent.
Strain KBP.F-110 was chosen due to its high production of organic acids.
The synthesis of the following organic acids (mg/g of absolutely dry mass
of mycelium) was demonstrated for the studied culture during cultur-
ing on a liquid Czapek medium: gluconic (694.0), lactic (186.2), succinic
(59.3) [6].
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Table 1. Chemical composition of VI-LH1 (chemical-mineralogical analogue
of lunar regolith)

Oxide Content, wt. %
LOI 1.06
Na,O 4.25
MgO 0.83
AlO, 23.74
Sio, 52.69
PO, 0.81
K,0 1.20
Cao 10.20
TiO, 0.49
MnO 0.06
FeO(t) 4.64
Sum 99.98

Biological leaching was carried out in sterile Petri dishes with 10 g of analog
regolith calcined for 6 hours at 250 °C. For one-stage leaching, 5 ml of a spore
suspension consisting of Czapek’s medium with pH 6.5 and 10° per ml of A.
niger spores was directly added to Petri dishes with analog until 120 % of
the total moisture capacity was reached [7]. For two-stage leaching, 5 ml
of the medium filtrate was added to Petri dishes after a week of cultivation
of the A. niger strain [4]. The temperature was maintained in the range of
22-25 °C. Three samples for analysis were taken from the general pool at
7 and 14 days. Additionally, an experiment was carried out on the leaching
of metals using solutions of organic acids in concentrations similar to those
produced by the studied strain of A. niger.

The efficiency of leaching was analyzed by indirect methods (by analyzing
the solid part): XRF and the elemental composition of minerals using SEM.
Before analysis, the samples were calcined for 1 h at 250 °C. Then washed
three times with 10 ml of distilled water, precipitating undissolved particles
between washes by centrifugation at 3000 rpm.

RESULTS:

Comparison of the content of oxides Al, Ti, Fe(lll), Mn, Mg in the labradorite
sample measured using XRF did not show statistically significant differences
between the control, one-stage and two-stage bioleaching. Measurement
of the elemental composition of various minerals using SEM (Figure 1) also
showed no statistical differences.
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Fig. 1. Scanning electron microscopy results before (left) and after (right) the experiment.
It is noted that such elements as titanium, magnesium, aluminum, and iron are practically
not extracted at the current parameters of the experiment
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Weak leaching may be due to the short duration of the experiment and incor-
rectly selected pulp density. To obtain the correct parameters for the opera-
tion of the technology, it is supposed to test experiments using different pulp
densities and longer time intervals.

Also, we could get incorrect results due to indirect analysis (by the difference
in the content of elements in the solid part between control and experimen-
tal samples). To obtain more accurate results, it is necessary to use methods
of direct analysis of the resulting solutions.
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INTRODUCTION:

The concept of planetary protection (PP) was first set forth in a statement of
the 19th General assembly of the Committee on Space Research (COSPAR)
in 1964 and then embodied in mission classification and PP principles. PP is
applied without fail to the missions with landing on planets to exclude harm
to or transformations of life forms that may exist there.

Risks of technical panspermia (transfer of living organisms/bio-structures
from one planet to another) in missions of automatic spacecrafts (AS) are
assessed using the quantitative probabilistic approach that sets the upper
limit of microbial contamination of the descending module containing the in-
struments for life search (mission IVb according to the COSPAR cIaSS|f|cat|on)
Surface density of contamination must not exceed 300 bacterial spores/m?
and bio-instruments must be sterile. Total surface bioload prior to launch
must not exceed 3105 bacterial spores.

The report discusses as the COSPAR, so original methods and practices pro-
posed by the authors to comply with the PP requirements at every stage of
spacecraft assembly and testing. Cleanness test was performed by a proce-
dure described in this paper.

The prerequisites for successful PP are [1-2]:

¢ development and application of compatible sterilization and decontam-
ination procedures (radiation, thermal and gas sterilization, pulsed UV
combined with alcohol wiping)

e assembly in a clean room with the use of chemical and physical decontam-
ination procedures

¢ sterile clothing, observance of work rules

e regular microbiological sampling of spacecraft components and instru-
ments, and clean room surfaces

e prevention of recontamination on the stages of spacecraft assembly and
testing.

As a result of PP requirements implementation, the reserve of the number
of bacterial spores on the eve of the prelaunch campaign made up no more
than 83% of admissible level.

References:

[1] Deshevaya E.A., Khamidullina N.M., Chasovskikh A.V., Kharin S.A.,Novikova N.D.,
Sychev V.N. Possibilities of radiation sterilization during the Exomars mission
// Aviation, Space, and Environmental Medicine. 2016. V. 54. No. 5. P. 65-72.

[2] Deshevaya E.A., Fialkina S.V., Guridov A.A., Shashkovsky S.G., Kireev S.G., Kha-
midullina N.M., Zakharenko D.V. Application of pulsed UV technologies to ensure
microbiological purity in the preparation of missions requiring planetary protec-
tion // Aviation, Space, and Environmental Medicine. 2023. V. 57. No. 1. P. 67-74.



THE FOURTEENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2023 14MS3'%BR'XZ

SURVIVAL OF MICROORGANISMS
OVER TWO YEARS OF EXPOSURE
IN THE NEAR-ISS SPACE

E.A. Deshevaya S.V. Fialkina®, E. V Shubralova?, L. M Vasiliak®,

VYa Pecherkin®, V.A. Scherbakova A.M. Nosovsky O.l. Orlov
1 state SCIent/f/c Center of the Russzan Federation — Institute of Biomedical
Problems RAS, Moscow, Russia, deshevaya@imbp.ru
Central Research Institute of Machine Construction, Korolev, Mosow
Reg/on
3 Joint Institute of High Temperatures RAS, Moscow, Russia

4 Skryabin Institute of Biochemistry and Physiology of Microorganisms RAS,
Pushchino, Moscow Region

KEYWORDS:
space experiment Test, impact of cosmic factors, bacterial spores, Aurobasid-
ium pullulans, international space station (ISS)

INTRODUCTION:

One of the purposes of space experiment Test was to detect microorganisms
or bio-structures in the aggressive medium surrounding the International
space station. Biological investigations were divided into two parts:

¢ the first part consisted of collecting and delivery to the ground-based labora-
tory samples from the ISS outer surfaces for studying the composition of DNAs
of bio-structures and looking for viable microorganisms. Space dust gathered
from the ISS modules contained DNAs of bacteria, archaea and fungi. Microbi-
al DNAs were found in 75 % dust samples collected in sterile devices; 50 % of
the samples had viable units of bacterial and fungal spores [1].

¢ the second part consisted of testing viability of microorganisms. The idea
was to find out how long microorganisms belonging of different taxonomic
groups would survive exposure to the variety of open space factors. Cul-
tures of bacteria, archaea and fungi were challenged by fast vacuum and
UV-radiation over a one-year period. As a result of data analysis, bacteria
Bacillus velezensis (group Bacillus subtilus), fungus Aureobasidium pullu-
lan, and Methanosarcina mazei S-6t and were chosen for integration in
devices Test-Exponat [2]. The devices had been attached to Russian mod-
ules Pirs and Poisk differing in illumination level and orientation over time
periods of one and two years since 2017.

The experiment showed that all the microorganisms inoculated on cotton
swabs survived the two-year of exposure to the physical space factors with-
out protection.

Non-spore forming Archaea demonstrated that in open space microorgan-
isms can transform into a specific dormant state with formation of cyst-like
cells with a multilayer thickened membrane [3].

Specific population variability in 30 % Aureobasidium pullulans subcultures,
that had never been reported earlier, manifested itself by enhanced resis-
tance to radiation following two-year space exposure.

In summary, the investigations showed that microorganisms could survive on
cotton surfaces protecting from UV given a more steady and, probably, low
temperature and vacuum transforming in a specific state of space dehydra-
tion/ partial lyophilization or auto-conservation.
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One of the main goals of space exploration is to study the evolutionary develop-
ment of celestial bodies - planets and their satellites, comets, etc., in order to an-
swer a number of important natural and scientific questions: what are the laws of
the formation and development of planets, how did life arise in the Universe and
whether it exists outside the Earth, whether there are prerequisites for its emer-
gence and development on other celestial bodies, etc. Paradoxically, the very de-
velopment of astronautics can jeopardize this entire expensive research program
due to possible irreversible changes in the natural evolutionary development of
celestial bodies, if a number of measures are not provided to prevent space pollu-
tion by terrestrial life forms. No less, but, from the point of view of the inhabitants
of the Earth, a much more serious danger is the quite probable possibility of con-
tamination of the Earth by extraterrestrial or transformed under the conditions
of other planets or outer space by terrestrial pathogenic microorganisms brought
by returning spacecraft from another planet or from outer space. In this regard, it
is extremely important to understand whether terrestrial microorganisms, which
inevitably contaminate space technology, are capable of maintaining their viabil-
ity in outer space for a long time and what changes occur to them under these
conditions. Obtaining such data is not only of natural scientific interest, but also
of invaluable practical importance for the development of a planetary protection
concept based on the need to prevent the transfer of life forms, including the
development of measures for the strictest biological control and assessment of
the potential pathogenicity of extraterrestrial substrates delivered to Earth and
returned parts of space devices. The most important direction of research is to
ensure planetary quarantine or, if we formulate this concept more broadly, tak-
ing into account the above, planetary protection. The presence of sustainable life
forms can cause unauthorized anthropogenic spread of terrestrial organisms to
other celestial bodies and, conversely, infection of the Earth with alien forms.

Currently, within the framework of the Russian scientific program, space research
is being carried out with resting forms of organisms belonging to various taxo-
nomic groups. These are experiments on the ISS RS, ongoing, completed and
promising. The “Plasmid” experiment, dedicated to the study of the features of
the horizontal transfer of factors of the genetic heredity of bacteria, belongs to
the completed ones. The ongoing experiments include the Test experiment, con-
ducted jointly with TsNIIMASH, dedicated to the study of the outer surface of the
ISS for the presence of biological objects and biogenic substances, as well as the
Bioisk experiment, dedicated to the study of the properties of pro- and eukary-
otes under exposure conditions in outer space. A significant group of studies is
made up of experiments on unmanned spacecraft of the Bion-M series. They pro-
vide for the possibility of exposure of bio-objects in outer space on the scientific
equipment “Exobiofrost” and “Meteorite”, including in the conditions of passage
through the dense layers of the atmosphere.

The results obtained indirectly confirm the influence of space flight conditions
on the mechanisms of protection of biological forms from the impact of damag-
ing factors inherent in outer space. Since space flight conditions include a large
number of different physicochemical factors, some of which cannot be fully re-
produced in laboratory conditions on Earth, it becomes very difficult to identify
specific ways and mechanisms for changing physiological, biochemical processes,
even, at first glance, in the most simple laboratory organism - a bacterial cell. How-
ever, the results obtained relate to such a relevant topic in space research as the
coexistence of microorganisms and humans in a closed environment (especially
in relation to long-term manned flights in the exploration of other space bodies),
and, therefore, deserve close attention in further research.
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Methyl cyanide is the simplest organic nitrile (although the hydrogen cyanide,
HCN, being the simplest nitrile; however, its cyanide anion is not classed as
organic, ergo is not considered as nitrile) and is widely present in the dark
molecular clouds and celestial bodies as shown in the bullet points below:

¢ |dentified in 1971 in molecular clouds: Sagittarius Sgr A and Sgr B [1].

e As of 2006 there are no less than 83 molecular clouds in which methyl
cyanide has been discovered [2].

e Also, it is detected in comet Kohoutek [3].
¢ Interest for astrobiology as it is the simplest of organic nitriles.
e Important in the formation of ring compounds — eg thiamine.

We have irradiated methyl Cyanide with 200 keV of protons (H+) at 15 K tem-
perature and so we report here breakdown products. These products may
have been relevant during the chemical evolution of life on this planet.
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Astrobiology is the fundamental discipline of a wide range of scientific know!-
edge. One of the main features of astrobiology is the deep integration of var-
ious, primarily natural science disciplines such as biology, chemistry, physics,
mathematics, as well as philosophy and culture.

In the modern scientific world, astrobiology becomes more significant in the
educational space and more attractive for young ambitious scientists as a
direction of their professional activities and career. On the basis of the prin-
ciple of integration of education and science in the USA and the European
Union, associations and institutional structures have already been created
that are actively working towards the development of astrobiology. Training
courses in astrobiology are held in various higher educational institutions.
Finally, astrobiology is rapidly entering the media space and begins to active-
ly influence society, generating interest in the further exploration of outer
space and expanding the general scientific horizons.

The examples are the NASA Astrobiology Institute — NAI (1998), the Europe-
an Astrobiology Institute — EAI (2019) and the European Astrobiology Net-
work Association EANA (2001). Within the framework of the above entities,
working groups of astrobiologists of various directions are created, scientific
and educational programs including the organization of expeditions, work-
shops and summer schools are planned. Astrobiologists are actively involved
in preparing scientific proposals that compete with projects from other sci-
entific fields for funding. The most important tool for the integration of as-
trobiologists is regular meetings within the framework of international and
national conferences and meetings, where the results of research and devel-
opment prospects are discussed.

Astrobiology in Russia is currently also going through a stage of gradual in-
tegration with closer interaction between scientific groups and coordination
of research. Modern Russian astrobiology is developing in various directions.
Russian scientists participate in national and international projects that pro-
vide for astrobiology research.

In Russia, the organization of astrobiology seminars and conferences is carried
out mainly by four entities: Institute of Physicochemical and Biological Problems
of Soil Science of the Russian Academy of Sciences in Pushchino - all-Russian con-
ferences on astrobiology, the Institute for Space Research RAS in Moscow (IKI
RAS) — annual conferences on research Solar System with a section of astrobi-
ology, the Joint Institute for Nuclear Research (JINR) in Dubna — conferences on
astrobiology and space radiobiology and Roscosmos together with some other
institutions — the annual international conference on space biology and aero-
space medicine.

Each conference has its own specificity in relation to its attendees. A combined
analysis of all astrobiology research presented at conferences shows that the
main objects of study related to astrobiology are moderately and extremely cold
ecosystems due to peculiarities of the geographical location of the country, most
territories of which are in a cold climate including vast expanses of permafrost.

A quite large segment of astrobiology priority areas is associated with as-
tronomical research and experiments on board orbital space stations, which
reflects Russia’s position as one of the leading space nations.
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Finally, a significant part of theoretical and experimental research is related
to various aspects of the problem of the origin of life, traditionally attractive
issue initiated by the Russian scientist Oparin.

An important condition for the sustainable development of any scientific di-
rection in the modern world is the interconnection of its components such as
research activities, education and practice applications. With regard to astro-
biology, the most important component for its development is education. At
the moment, there are already conditions for the introduction of astrobiolo-
gy courses into the curricula of universities for the preparation of specialists
at the master’s level, the need for which is gradually but steadily growing.

A more difficult aspect is the innovative developments that could enable
astrobiologists to gain significant financial independence, since the main
subject of study in astrobiology provided by the government. However,
the possibility of combining the fundamental and practical research can be
promising. The instrumental base of astrobiologists including all innovative
developments for the study and detection of biological objects outside the
earth, can be successfully applied to terrestrial ecosystems, for example, in
such areas as ecology or medicine.

Finally, it is extremely important to use electronic resources for the effective
exchange of scientific information, messages about job vacancies in the field
of astrobiology research, organization of joint projects, holding online con-
ferences and discussing all relevant issues, as well as to participate in various
international communities and associations related to astrobiology. NoRCEL
is an example of a network where the above activities can be effectively re-
alized.

Finding a common language between scientists of different directions, united
within the framework of astrobiology, often having a different type of scientific
thinking and using different methodological approaches to obtaining results, is
a powerful tool for fruitful cooperation and obtaining new knowledge.
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INTRODUCTION:

Astrobiology is dedicated to the exploration of the universe to unveil the
possibility of finding life outside the Earth. The development of different
technical advancements allows us to do this search with more detail and
characterize different regions of our galaxy and planets to determine their
potential to host life (i.e.: galactic habitability and planetary habitability). In
this context, astrophysical sources of radiation (e.g.: stellar radiation) are one
of the fundamental factors to be studied, as radiation can have an impact on
different scales in the universe being beneficial or detrimental to life through
direct or indirect effects. In this talk, we will present a brief review of the
current knowledge on the topic of the influence of astrophysical sources of
radiation on life. In addition to it, we are going to focus on some particular
cases of experiments under laboratory conditions to simulate extraterrestrial
radiation environments which are used to investigate the biological impact
of stellar radiation, particularly from very energetic events such as flares and
superflares. These laboratory simulation experiments are useful as an ap-
proximation to obtain some answers about the effects of radiation at plane-
tary scales.
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INTRODUCTION:

Does life exist only on Earth or is it widely distributed throughout the Uni-
verse? This is the fundamental question of Astrobiology. Scientific discoveries
have recently provided data that challenges the long accepted hypothesis
that biology is restricted to planet Earth. All known forms of life have an abso-
lute requirement for the co-existence of water, an energy source and only 20
of the 118 chemical elements. Hydrogen is the most abundant element and
water (H,0) is the most abundant chemical compound in the Universe. Water
comprises ~70 % of the mass of every living cell. In 1954, the late Sir Fred
Hoyle [1] predicted the formation of a spinless resonant state of Carbon-12
with excitation energy of 7.65 MeV by the triple-alpha process in superhot
helium-burning red giant stars. The Hoyle State was confirmed by experimen-
tal observatlons [2] and explains the formation in hot stars of stable Car-
bon (*2C), Oxygen (*°0), Nitrogen (**N) and Silicon (?3Si) atom:s. Life-critical
CHON particles, silicates and heavy elements are sent into space by super-
nova explosions to form interstellar dust. The JWST used the Einstein Ring
phenomenon to detect large organic Polycyclic Aromatic Hydrocarbons (PAH)
on dust in the galaxy (SPT0418-47) over 12 billion light years from Earth [3].
The elements C, H, O, N comprise over 98 % of all living cells and the empir-
ical composition (normalized to nitrogen) of the dry weight of bacterial cells
[4] is closely approximated by the relation C H7O N,. Most of the biology of
Earth inhabits thin films of water in cracks W|th|n deep, hot crustal rocks and
obtain energy from serpentinization processes or lithotrophic metabolism of
Hydrogen released by the decay of the long-lived radiogenic elements. Be-
cause of the biogeochemical carbon, oxygen, nitrogen cycles, the C/O and
C/N ratios increases over geological time periods after cell death providing a
mechanism for distinguishing indigenous ancient microfossils from modern
terrestrial biological contaminants [5].

Hoover et al. [6] showed that the infrared properties of the organic silica
polymer (Fig. 1a) of diatom shells exhibited a close correspondence to that of
the observed infrared spectrum of interstellar dust toward the hot supergi-
ant infrared source GC-IRS 7 in the galactic center (Fig. 1b) and the Trapezium
nebula (Fig. 1c) was very different from inorganic silicates (Fig. 1d). These
results suggest the existence of a cosmic microbiological system in which
microorganisms with polymeric silica shells similar to diatoms may exist in
interstellar dust, comets and icy moons.

Fig. 1. Measured IR spectra of the a. organic silica shells of diatoms (solid line) as com-
pared with the IR data (dots) of interstellar dust toward b. the hot supergiant GC-IRS 7
and c. the Trapezium nebula lacks sharp peaks at 8.7 and 12.7 microns d. exhibited by
inorganic silicates suggest existence of a cosmic microbiological system
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The PUMA mass spectrometer on board VEGA-1 detected a diversity of or-
ganics (including nucleobases adenine and xanthine) in Halley comet dust
[7]. Simonia and Cruickshank [9] found previously unidentified lines in the
spectra of several comets that match the spectra of large, complex biomol-
ecules (e.g., chlorophyll, luciferin, luciferase and green fluorescent protein)
essential for photosynthesis and bioluminescence that represent definitive
signatures of life. It is now known that the vast majority of living prokaryotic
organisms inhabit crustal rocks of the deep hot biosphere as proposed by
Gold [9]. Carbonaceous meteorites have been found to contain a vast array
of biomolecules, including the biogeochemical breakdown products of chlo-
rophyll (pristine, phytane); proteinogenic amino acids (some with significant
L-excess); nucleobases and ribose with (§'3C vs. vppg) Values proving they are
indigenous and extraterrestrial [10-12]. These meteorites contain a subset
of only 12 of the 20 life-critical amino acids and 4 of the 5 nucleobases. The
missing life-critical biomolecules prove that the meteorites are not contam-
inated with modern terrestrial microorganisms [13]. The biomolecules in
comets and indigenous microfossils in meteorites invalidate paradigms of
the endogenous origin of life on Earth and the requirement of surface liquid
water oceans for biology.

MATERIALS:
Murchison CM2 #E4806; Dr. William Birch, Museum Victoria, Melbourne

Orgueil CI1 Org #9418; Dr. Edmée Ladier, Musée Victor Brun, Montauban

INSTRUMENTS AND METHODS:

At NASA/MSFC the FEI Quanta 600 FESEM and TESCAN MAIA3 Triglev Field
Emission Microscopes produced images, EDS spot data and 2D x-ray maps of
element compositions of diverse microstructures found in freshly fractured
uncoated surfaces of the meteorites. At PIN(RAS) and JINR, the meteorite
samples were gold coated prior to study with the thermal emission TESCAN
VEGA-3 SEM. A propane torch was used to flame sterilize all tools, trays, SEM
stubs and tweezers for mounting the meteorite fragments.

RESULTS:

In 1996, Scanning Electron Microscopy studies at NASA/MSFC in the United
States and at the Borissiak Paleontological Institute (RAS) in Russia resulted
in the independent discovery of recognizable fossils of cyanobacteria embed-
ded in freshly fractured interior surfaces of the Murchison CM2 meteorite
[14-15]. Subsequent investigations have revealed a great diversity of cyano-
bacteria, diatoms [16]. EDS data on C/O and C/N ratios show the forms in the
volume The Orgueil Meteorite (Atlas of Microfossils) [17] are ancient and in-
digenous rather than modern terrestrial biocontaminants. Figure 2 provides
examples of cyanobacteria and diatoms embedded in a. the Murchison CM2
and b. and c. the Orgueil CI1 carbonaceous meteorite.
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Fig. 2. a. Filaments of cyanobacteria (“Microcoleus sp., Phormidium sp. and Nos-

toc sp.) in Murchison; b. embedded filaments (~Calothrix sp) and c. partial pennate
diatom in the Orgueil CI1 meteorite

CONCLUSIONS:

Life is abundant on planet Earth wherever water coexists with a small group
(~20) of life-critical bogenic elements and a source of energy. Most of the
biology of Earth inhabits thin films of water in cracks within deep, hot crustal
rocks. In the dark regimes of cold deep oceans and polar ice caps or deep hy-
drothermal vents or hot crustal rocks, diatoms and cyanobacteria do not rely
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on the usual machinery of photosynthesis. Instead thay alter Photosystem
Il to consume methane or other organics. Hydrogenase enzymes allow lith-
otrophic metabolism of hydrogen from decay of neutrons released by long-
lived radiogenic4°K, 23 8U, and 2*2Th which could maintain oceans in liquid
state the frozen crusts of comets, icy moons or rogue planets. Complex bio-
molecules have been found in the spectra of comets and in returned samples
from asteroid Ryugu and microfossils are embedded in carbonaceous mete-
orites that are probably the remains of comets. The close agreement of the
IR spectra of interstellar dust with bacteria and the organic silica of diatom
shells; the detection of PAHS in distant galaxies; the presence of amino acids
(some with significant L-excess) in Ryugu samples and meteorites and the
detection of recognizable indigenous microfossils of diatoms and cyanobac-
teria in the Orgueil and Murchison meteorites provide clear and convincing
evidence for the existence of extraterrestrial life. Therefore, it is concluded
that Life and Biospheres are not strictly terrestrial but rather are widely dis-
tributed throughout the Universe.
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Exchange of substances and energy with the environment — a fundamental
property of a living organism that can be used for extraterrestrial life search.
Organic substances, the “blocks” from which life is built, can be formed abio-
genically under the influence of harsh environmental factors. Therefore, the
presence of organic molecules in space is a necessary sign of life, but not
sufficient. A more reliable sign of life is the presence of a continuously func-
tioning system of metabolic reactions.

Many microorganisms, when silver ions are added to the external medium,
form silver nanoparticles (NP). NP are detected and quantified by their flu-
orescence in the violet region. The reduction of silver from cations occurs
under the influence of certain reducing agents, both organic and inorganic. In
particular, NP are formed without the participation of living cells when inter-
acting with organic matter of abiogenic origin. However, this formation pro-
ceeds relatively quickly, producing a relatively small particle size, and without
constant replenishment of new reducing agents, it stops 10-20 minutes after
the appearance of silver ions.

When silver ions come into contact with living organisms, the formation of
NP can last for hours due to the constant release of cellular metabolites. NP
gradually increase in size, which is manifested in changes in the absorption
spectra of the particles and their fluorescence spectra. Thus, a long-term in-
crease in the intensity of the fluorescence signal of silver NP after the addi-
tion of silver ions to the medium may indicate the presence of cellular me-
tabolism in this medium.
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Light is the main energy source for maintaining life on Earth. In living or-
ganisms, light energy is used in the form of electronic excitation in aromatic
groups of pigments. Further photochemical energy transformation is accom-
panied by its partial loss in the form of fluorescence, which serves as the
basis for the detection of pigments on Earth and in space. When the pig-
ment molecules are isolated from each other (in solution), upon illumination
(excitation), a stationary level of fluorescence is established in a short time
corresponding to the lifetime of the excited state (0.1...10 ns). However, in a
complex biological system, illumination triggers the movement of electrons:
first, from the excited pigment molecule to the primary acceptor, and then
the electrons flow from one carrier to another (Fig. 1), which results in a
multi-stage fluorescence intensity increase (Fig. 2, control conditions). In dif-
ferent known organisms this process occurs in times ranging from 50 millisec-
onds to 2 seconds, and the quantum yield of fluorescence increases from the
initial values by 1.5 - 5 times.
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Fig. 1. Photosynthetic energy conversion system of terrestrial organisms.
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Fig. 2. Fluorescence induction curves in the working solar energy conversion system
(control) and in its inactivated state. Inactivation is caused by short-term heating and
is due to the irreversible denaturation of photosynthetic proteins. The fluorescence of
the pigments is preserved, but the multi-stage nature of the curve disappears.
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When the integrity of the energy conversion system is violated, which can
be done in a controlled space experiment under the influence of high tem-
perature, inhibitors or high-intensity light, the phenomenon of fluorescence
induction is either not observed at all (Fig. 2, changes in the curve as a result
of thermal damage), or the curve becomes single-step.

Registration of pigments fluorescence (the fact of the presence of pigments
in space) and registration of multi-stage fluorescence induction (a sign of a
living system) can be carried out remotely, and also using additional test in-
fluences, in order to distinguish “living” from “non-living”.
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INTRODUCTION:

Perchlorates become a topic for scientific discussion in recent decades due
to their detection in Martian regolith [1]. The importance of this discovery
is in the ability of perchlorates to adsorb water from the atmosphere caus-
ing the formation of liquid films [2] with the eutectic freezing temperatures
ranging from —34 to —74 °C [3]. Calculations shows that perchlorate brines
can remain liquid for at least a few hours during Martian day [4]. It has been
indirectly confirmed by spectral studies of the Martian surface [5]. All the
mentioned allows to assume this brines one of the potentially habitable nich-
es on Mars [6].

In recent years, a number of perchlorate-tolerant microorganisms have been
described. However the limiting concentrations of perchlorates at which bac-
terial growth is possible were found only for a few strains. Thus limiting con-
centrations for the most bacterial species have not been established [7-8].
The most perchlorate-resistant microorganisms known so far have been dis-
covered over the past few years [9]. The detection of microorganisms more
resistant than currently known is important for understanding the possibility
of microbial viability in the Martian regolith. The most promising is the study
of microorganisms isolated from extreme habitats, since they showed high
resistance to various stress-factors, including the presence of perchlorates in
situ or in vitro [10].

MATERIALS AND METHODS:

The study was performed for 5445 strains of aerobic heterotrophic bacteria
isolated from 50 soil and sediment samples, collected in different arid ecoto-
pes all over the world.

The estimation of bacterial strains ability to grow in the presence of high
concentrations of sodium perchlorate was carried out by culturing in liquid
R3A medium [11] supplemented with various concentrations of sodium per-
chlorate. For all studied strains, a test was conducted for tolerance to 7.5 %
sodium perchlorate in the medium. The resulting cultures were tested to de-
termine the survival limit of perchlorate presence in vitro. At this stage, the
gradient of the studied concentrations ranged from 10.0 to 12.5 % with a step
of 0.5 % NaClO, in culture medium. The incubation period ranged from 14 to
28 days, at the end of which growth was determined visually.

RESULTS:

During the screening of 5445 bacterial strains, 215 cultures have shown tol-
erance to presence of 7.5 % sodium perchlorate in the culture medium. Rep-
resentatives of the Nocardia, Pseudomonas, Bacillus, Rhodococcus, Arthro-
bacter, Massilia, Micrococcus, and Kocuria genera demonstrated the highest
resistance to perchlorate presence. For limiting concentrations detection, 81
out of 215 resistant strains were used.

During the evaluation of limiting concentrations, 6 strains were found being
tolerant to 12.5 % sodium perchlorate in the medium. 4 of the 6 most resis-
tant strains belong to the genus Bacillus, and the rest to Kocuria. Represen-
tatives only of 2 species are described in the literature able to growth with
such high concentrations: Halomonas venusta and Planococcus halocryoph-
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ilus, capable of growing at comparable concentrations of 12.2 and 13.6 %
sodium perchlorate, respectively [9]. During further research, we may find
strains capable to grow at higher concentrations of perchlorate than those
currently described.

The analysis of the pure cultures tolerance showed that a relatively high per-
centage of the strains isolated from different arid soils and sediment were
resistant to high concentrations of sodium perchlorate: up to 12.3 and 6 %
of strains were able to growth at 7.5 and 10 % perchlorate in the medium,
respectively. At the same time, the studied salts are not found on Earth in
concentrations higher than hundredths of a percent [12], so such a high resis-
tance of microorganisms can be explained by adaptation to various impacts
that causes similar to perchlorates influences. Perchlorates affects bacterial
cells through osmotic and oxidative stress [13], so the perchlorate tolerance
is evolving as a result of the bacterial adaptation to specific ecological niche.
Based on experimental data, it was assumed that the perchlorate-resistant
bacteria occurrence in different ecotopes could be associated with the pres-
ence of environmental factors leads to oxidative stress. Additional studies are
needed to find out the which factor (osmotic or oxidative stress) is responsi-
ble for inhibiting the growth of bacterial cells.
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INTRODUCTION:

The study of the influence of space factors on the functioning of living or-
ganisms that can be part of artificial ecosystems during long-term missions
is of paramount importance due to the growing interest in the exploration of
near space, in particular, with the active development of the Russian Orbital
Station (ROS) project, the renewal of the Russian Lunar program, the interna-
tional community’s close attention to the exploration of Mars. These factors
include, in particular, changed levels of ionizing radiation, electromagnetic
environment, and gravity. Currently, most works in the field of space biology
are focused on determining the survival of living organisms under the influ-
ence of adverse factors of space flight of various intensity [1-2]. Morphomet-
ricindicators are traditionally the basis for assessing the effect of a factor [3].
In the present work, we demonstrate that signaling systems are significantly
more sensitive to factors such as increased levels of ionizing radiation and
extremely low frequency electromagnetic fields.

MATERIALS AND METHODS:

The experiments were carried out on 14-16-day-old wheat (Triticum
aestivum L.) plants. During the entire growing period, the plants were ex-
posed to an increased level of ionizing radiation or extremely low frequency
alternating magnetic fields. Control plants were grown under similar condi-
tions in the absence of additional external factors. An increased level of ion-
izing radiation was created using point sources of B-radiation based on *°Sr
and %Y salts. The dose rate at leaf level was about 31 uGy/hour. An increased
level of the magnetic field was set using Helmholtz rings. The frequency of
the alternating magnetic field was 14.3 Hz, the field magnitude was 18 uT.

The condition of plants was assessed based on morphometric indicators,
photosynthesis activity and electrical activity parameters. The length and
weight of plants were used as morphometric indicators. Photosynthesis ac-
tivity was recorded by PAM fluorometry. Electrical activity was assessed by
the parameters of reactions caused by additional stimuli (heating, changes in
illumination) using macroelectrode technique.

RESULTS:

The experiment used factors of low intensity. No statistically significant ef-
fects on plant growth and weight were found for either ionizing radiation or
magnetic fields. A weak stimulating effect of both factors on the key indicator
of the light stage of photosynthesis, the quantum vyield of photosystem 2,
was found. A significantly more pronounced effect was shown for signaling
systems. lonizing radiation enhances heat-induced electrical signals, and a
magnetic field increases the amplitude of light-induced electrical reactions.

In general, the results indicate that already low intensities of space flight
factors can affect the growth and development of plants, in particular, their
ability to form adaptations to stress conditions.
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Two-dimensional (2D) relationships for P-Mv(system), P-L, M-L, and g-L(ra-
tio), as well as three-dimensional (3D) relationships for MPq, RPq, and LPq,
were investigated for binary star systems. The sample used is related to 118
contact binary systems whose absolute parameters were calculated based on
the Gaia Data Release 3 (DR3) parallax. We reviewed previous studies on 2D
relationships and updated six equations. Therefore, the Markov chain Monte
Carlo (MCMC) and machine learning methods were used, and the outcomes
were compared. We also investigated six 3D relationships by fixing the orbit-
al period and mass ratio, and models were obtained based on the machine
learning approach. We compared the results of the obtained 3D models
with the outcomes obtained for seven contact systems that were studied by
spectroscopic light curves. The results show that our models agree with the
results of these studies by \sim85%. Our models suggested that there are
significant relationships among parameters, although the models obtained
from 3D relationships show better results.
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INTRODUCTION:

The problem of interstellar travels has been of interest to humanity for a
long time. After Yuri Gagarin’s first flight into space in 1961, the illusion
of a rapid discovery of interstellar space appeared. Although the 60-year
period of cosmonautics development has led to significant achievements in
space exploration by using satellites and space stations, such research has
practically not gone beyond the Solar System. The size of modern rockets
and the amount of fuel in them significantly limit the range of spacecraft
flights. Important limitations of manned space research are two problems:
firstly, the lack of new principles and approaches in the development of jet
propulsion and, secondly, understanding of the direction of further inter-
stellar missions.

This study focused on studying the possibility of the emergence of life in
stellar systems located in the vicinity of the Sun. As it is known, all biological
species on Earth have a unique DNA code (Deoxyribonucleic Acid), which
determines the full diversity of biological species. DNA includes the follow-
ing elements: C, O, N, and P. A new concept of DNA-stars was introduced,
in which the spectrums of C, O, N, and P elements were recorded together.
The possibility of synthesis of Na, Mg, S, K, Fe, Co, Cu, Zn, Ca, Mn and Mo
regulating the growth and development of elementary biological forms is
also discussed.

However, these elements are synthesized on different stars. For example, ac-
cording to the B2FH model [1], C and N are synthesized during the death of
low-mass stars; O, Na, and K — during the explosion of massive stars; Mn, Fe,
Co and Cu are synthesized mainly during the explosion of white dwarfs. The
synthesis of different elements on different stars makes it impossible to raise
biological forms on these stars.

This study shows that these models, such as BZFH, have several defects. With
the exception of the defect mentioned in [2] concerning the frequency of
neutron stars mergers, firstly, there is no invariance of the distribution of
elements in the Solar System; secondly, it is the absence of invariance of el-
ements on the neighboring stars; thirdly, it is the absence of enriched stars,
in particular, stars consisting entirely of Th and U, and, fourthly, the absence
of a significant number of elements in interstellar space. The error is visible
even in the name of the Galactic Chemical Evolution (GCE) models, so these
models are not Galactic Chemical Transport (GCT) models. Especially for an-
gry opponents, the simplest textbook transfer task is given below in Table 1.
This task has no solution within the framework of modern astrophysics.

The absence of bands of uranium, cesium, and iodine in the solar spectrum
led to the paradox of “exclusive delivery” of these elements to Earth by “aliens
from exoplanets”. This phenomenon was called the “exclusive delivery” par-
adox, since iodine, cesium, and uranium were delivered from neutron stars
bypassing the Sun, as well as other planets such as Venus and Mars. If we
are talking about “exclusive distributed”, we can suspect an alien in every
pharmacist, who sold us a bottle of iodine. It is clear that such conclusions
arising from the GCE models can cause a smile. Note that the absence of the
transgort equatlon in the Galaxy Chemical Evolution (GCE) models, such as
the B%FH and KL models, is only the tip of the iceberg.
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Table 1. The simple task for GCE models verifications

“The solar reactor is weak and can synthesize mainly hydrogen and helium.
According to B?FH and K°L models, the thorium can be synthesized in neutron stars
(NS), which have a strong reactor. The nearest NS is RX J1856.5 — 3754, which
is allocated at 167 pc from the Sun. In the Solar System was recorded 1 gram of
thorium.

How much of thorium has been produced by the NS donor-star?”

The synthesis of various elements on different stars made it impossible to
create biological forms on remote stars. Therefore, first of all, it was nec-
essary to show that the B2FH and KL models of the synthesis of chemical
elements incorrectly describe the processes occurring on stars, please see
Table 2.

Thus, there are four main drawbacks in the theories of B2FH and K°L:
¢ The invariance of element distributions in the Solar System is not recorded.

¢ Invariance of element distributions on neighborhood stars is also not re-
corded.

e This is the absence of super-mega-enriched stars, called as donor-stars.
e There is no significant amount of heavy traces in interstellar space.

Table 2. Different approaches to investigation of stellar nucleogenesys

Stellar Enriched Process is :
Nuclear Fusion (self—enriched process) this study

Nuclear Fusion (in donor star) + Interstellar Transfer from B2FH and K°L
donor star to acceptor star*

* However, the transfer equation in the GCE models is mysteriously absent

¢ The goal of the study is to find an answer to the next two questions:

e How are the chemical elements necessary for the origin of life synthesized
on stars?

¢ In which stellar systems it is necessary to look for signs of life?

RESULTS:

In this study, terrestrial and solar abundances were compared with the stellar
abundances of stars located in the region of 200 pc of the solar neighborhood.
To study the dynamics of processes occurring in these stars, it introduces the
concept of an ensemble—averaged stellar reactor. According to the effective
temperature value, four stellar classes are identified, for which the correla-
tion coefficients and standard deviation are counted. The statement about
the possibility of transferring heavy elements, synthesized by stars over long
distances in space has been completely refuted. There is no immutability of
the distribution of elements on neighboring stars and in the Solar System. It
is shown that the chemical elements are mainly synthesized inside each star
reactor. The theory of the buoyancy of elements is generalized to stars.

The causes of the explosion of stars and the physical explanation of the exis-
tence of the critical limits of Chandrasekhar are proposed.

In the vicinity of the Sun, the spatial distribution of superheated stars with a
sufficient temperature of more than 6500 K was analyzed. It was suggested
that stars overheat due to a shift in the parameters of nuclear processes oc-
curring inside stars, which leads to the synthesis of transuranic elements, the
achievement of a critical nuclear mass, and then to the explosion of the star.
Based on the content of chemicals, a list of stars is determined on which the
origin of life is possible.

In this study, the possibility of the emergence of life in other star systems, lo-
cated at a distance of ~200 pc from the Solar System was investigated. For the
origin of life, the synthesis of chemical elements, such as C, N, O and P, which
are necessary for the formation of DNA and biological organisms, is import-
ant. The stars, in spectra of which these elements are represented are called
DNA-stars. Based on chemical compounds, a new method for searching for
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habitable star systems has been developed and a list of 48 DNA-stars in the
solar neighborhood, on which life is possible, has been determined. These
stars make up only 1.3 % of the total number of studied stars. Moreover, only
three stars of the 48 stars selected belong to the same spectral class as our
Sun (G2V). The closest to the Solar System is the DNA star with the number
HIP 15510 from the Hypatia Stellar Catalog (HSC). This star belongs to the
G8V spectral class and is located at a distance of 6 pc from the Solar System.
Finally, nine stars have been identified that have the greatest chemical simi-
larity to our solar spectrum (Table 3).

Further, as it is currently known, of these nine stars only one (HIP 24681) has
six planets. This star belongs to the spectral class GO, it has an effective tem-
perature of 5879 K, and is located at a distance of 46.09 pc from the Sun. At the
moment, we can only express the hope that in the future the planetary prop-
erties of not only the remaining nine stars with a high—affinity rank but all the
remaining 47 DNA-stars, allocated in the neighborhood of the Solar System,
will be investigated. The abundances of life origin elements for selected T-stars
are presented in Table 4. The most similar to Sun in the chemical composition
are the following stars: HIP 42356 (5910 K, G2V), HIP 48423 (5673 K, G5), HIP
24681 (5879 K, G0), HIP 16852 (5991 K, F9IV/V), HIP 108859 (6091 K, F9V), HIP
47592 (6165 K, F8V), HIP 96895 (5790 K, G1.5V), and HIP 64150 (5748 K, G3IV).
The spectra of these stars have a different number of registered elements, so
their mutual rating may change as new information becomes available.

The spatial distributions of studying T-stars were presented in Fig. 1a, b in the
Right Ascension and Declination coordinate system (J2000). The referenced
48 DNA-stars are shown in Fig. 1a and Fig. 1b, by grey points in both Fig-
ures. As wrote above in this study it was found that from 48 DNA-stars, only
three stars belong to the G2V spectral class, namely HIP 20800 (66.85293,
46.85315), HIP 35209 (109.15178, 1.87877), and HIP 42356 (129.53545,
26.04898). These stars were drawn by blue stars in Fig. 1a. These stars are
located at a distance from the Sun of 30.25, 41.74, and 44.35 pc, correspond-
ingly. These stars’ masses are equal to 1.03, 1.08, and 1.06 M, and radius-
es—129,1.25,1.23R,. The nearest star to Sun from 48 DNA-stars is the star
HIP 15510 (49.98189, —43.0698), located at a distance of 6 pc and belonging
to the G8V spectral class (5433.8 K); this star was drawn by magenta color in
Figure 1la.

We also draw the T-stars, which have abundances similar to the Solar System.
The parameters of these stars are following: C, N, O, and P abundances are
not Null, and A abundances are less than 0.2 and above than —0.2. Below,
such stars are called T-starts. The RANK of T-stars was determined as the total
account of elemental abundances from Li to U, which does not have value in
the range of (0.2, 02) of Earth abundance. The position of T-stars was shown
in Fig. 1b as red stars.

Table 3. The stellar property of nine T-stars, which have abundances similar to Earth.
For selection, the next filter was used: C, N, O, and P abundances are not Null, and < 0.2
and >-0.2 of Earth abundance. The minimum abundance RANK corresponds to the best
coincidence of stellar saturation to saturation of the Solar System; see Table 4

Stellar property

Number 1 2 3 4 52 6 7 8 9

HIP Name | 59280 | 48423 | 64150 |96895 | 24681 | 42356 | 16852 | 10885947592
Temp, K 5409 | 5673 | 5748 | 5790 | 5879 | 5910 | 5991 | 6091 | 6165
Radius,R, | 0.90 | 093 | 1.10 | 1.25 | 1.46 | 1.23 | 422 | 119 | 1.25

Ra 182.41|148.07|197.21|295.45| 79.42 |129.54 330.79 |145.56
Declination | 40.25 | 49.19 | 5.21 |50.53 | 7.35 | 26.05 | 0.40 | 18.88 [-23.92
Distance, pc| 25.09 | 33.17 | 26.36 | 21.14 | 46.09 | 44.35 | 13.96 | 48.30 | 14.81
Spectrum |G8IV/V| G5 | G3IV |G1.5V| GO G2V |FOIV/V| F9V F8V

RANK 16 2 7 7 3 1 6 6 6

® Currently, planet properties are known only for one star, namely HIP 24681.
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Table 4. The abundances of life origin elements for nine selected stars. The RANK is a
total account of total elementary abundances, which does not have value in the range
of (0.2, 02) of the Earth abundance

Element abundance
Number 1 2 3 4 5° 6 7 8 9
HIP Name |59280 (48423 |64150|96895|24681 (4235616852 | 108859 | 47592
C 0.10 | 0.07 | 0.10 | 0.15 | 0.19 | 0.16 | 0.06 0.03 0.08
N 0.01 |-0.02|-0.01| 0.09 | 0.07 | 0.12 | 0.05 | -0.09 |-0.07
0 -0.08 | 0.04 | 0.04 | 0.10 | 0.13 | 0.10 | 0.02 | 0.04 | 0.06
P 0.19 | 0.08 | 0.11 | 0.07 | 0.05 | 0.15 |-0.08 | 0.01 0.08
Na 0.10 | -0.09 | 0.02 | 0.10 | 0.07 | 0.06 |-0.05| -0.05 | -0.05
Mg 0.16 | 0.01 | 0.08 | 0.18 | 0.15 | 0.13 | 0.05 | 0.12 | 0.06
S 0.32 | 0.13 | 0.04 | 0.10 | 0.05 | 0.12 |-0.03 | -0.07 |-0.09
K 0.11 0.06 0.17 0.11 0.15 0.17 0.16 -0.06
Ca 0.21 | 0.20 | 0.08 | 0.13 | 0.16 | 0.20 | 0.00 0.11 0.01
Call 0.35 | 0.24 | 0.17 | 035 | 0.17 | 0.30 | 0.07 | 0.29 | 0.07
Fe 0.20 | 0.17 | 0.08 | 0.12 | 0.16 | 0.16 |-0.01| 0.06 | 0.00
Mn 0.11 |-0.01|{-0.02 | 0.00 | 0.09 | 0.06 |-0.16| -0.14 | -0.17
Co 0.34 0.09 0.14 0.31 0.00 0.08 0.01
Cu 0.21 0.05 | 0.00 | 0.04 —0.24 | -0.16 | -0.23
Zn 0.05 -0.04 | 0.02 | 0.01 | 0.10 |-0.10 | —0.17 |-0.19
Mo 0.10
RANK 16 2 7 7 3 1 6 6 6

% Currently, planet properties are known only for one star, namely HIP 24681.
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Fig. 1. (a) Three stars belong to the G2V spectral class, as our Sun, were shown by
blue and one star, closest to the solar system, which belongs to the other G8V class,
were presented by purple color; (b) The T-stars, which have abundances similar to
the solar system, were presented by red colors. On both figures as background, the
48 DNA stars, in the spectrum of which C, N, O and P elements were found is drawn
by grey color
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The details of these studies could be found in [3]-[5]. The stellar nucleogen-
esis of elements necessary for the life origin was investigated in [3]. Scanning
for habitable stellar systems in the solar neighborhood was described in [4].
In [5] it was studying the spatial distribution of overheated stars nearby the
Sun, which provided for a synthesis of heavy chemical elements.
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Frunzenskaya Kaluzhskaya

Sportivnaya . Belyaevo

Leninskiye Gory ()

Universitet @ Tyophy Stan {

Prospekt Vernadskovo @ Yasenevo

Yuge-Zapadnaya . Bitsevsky Park

Rossoshanskaya |
Anino | Krasnugvardelskaya@Zyahllknun .
Kachalovo | Brateevo ()

@ Kuzminki
Ryazansky Prospekt
@ vykhino
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REGISTRATION AND INFORMATION DESK
location: IKI, entrance A-4

time:

9 october, 9:00-18:00

10 -13 october, 10.00-18.00

ORAL SESSIONS

location:

¢ |KI conference hall, second floor
Sessions: Mars, Moon and Mercury, Venus , Small Bodies, Astrobiology
9-13 october

¢ |KI Room 200, second floor
Session Extrasolar Planets
13 october

POSTER SESSIONS

online discussion

COFFEE BREAKS, WELCOME PARTY, RECEPTION

location:

¢ |KI Winter Garden, second floor
Coffee Breaks

¢ [KI conference hall, second floor
Welcome Party

¢ |Kl exhibition hall, ground floor
Reception

INTERNET ACCESS AND WIFI

there is Internet access in and near the conference hall



SOCIAL PROGRAM

HELIKON

8.10

9.10

10.10
BAYADERA

19.00
musical

11.10
IVAN IV

NOVAYA
OPERA

KREMLIN

ORCHESTRA SWAN LAKE
CAGMO,

SYMPHONY
LINEAGE Il

19:00
concert,
Svetlanov Hall

THE FLYING
DUTCHMAN,
R.VAGNER

GALA CONCERT
OF THE ARTIS
FUTURA IN-
TERNATIONAL
FOUNDATION

19.00
concert,
Svetlanov Hall

THE FLYING
DUTCHMAN,
R.VAGNER

LIUCHIYA DI GISELLE

IN THE LAMMERMUR
FRAME-
B
20:00
AU g matics,

"TO SEE
THE
music"

12.10

IVAN IV
THE MERRY

MAZEPA WIDOW

THE

FESTIVAL

e
PEARL "
SEEKERS Music

19.00 19.00

13.10

Theatre Hall

SPARTAK
ORKESTRA
CAGMO

THE FLYING
DUTCHMAN,
R. VAGNER

"GERSHWIN
FOREVER!"

0. LUNDSTROM
ORCHESTRA

TENORS XXI
CENTURY

19:00

apera, musical Svetlanov hall
istoric
95TH
sige ANNIVERSARY
OF THE
ACADEMIC
19.00 SONG AND
opera,

New stage

14.10

QUEEN OF

MAZEPA CHARDASH

DANCE
ENSEMBLE OF
THE RUSSIAN
ARMY NAMED
AFTERA.V.
ALEXANDROV

SHAMAN
THE BEST
RHAPSODIES OF
THE WORLD WITH

"EUGENE
ONEGIN",

1.
TCHAIKOVSKY,

FABIO
MASTRANGELO

MAD DANCES
WITH FABIO
MASTRANGELO

https://bolshoi.ru
https://mosoperetta.ru/

ST nttps://www.helikon.ru/

https://www.mmdm.ru/
WOV NGNeI ST https://novayaopera.ru/
KREMLIN https://kremlinpalace.org/

391

BOLSHOI THEATRE

OPERETTA THEATRE

HELIKON OPERA

MOSCOW INTERNATIONAL PERFORMING ARTS CENTER
NOVAYA OPERA

STATE KREMLIN PALACE



LUNCH POINTS NEAREST TO IKI

1. UHCTUTYT KOCMUYECKUX UCCNEAOBAHWIA PAH,
cTtonosas, 1 atax, cekumna A3
SPACE RESEARCH INSTITUTE,
Food center, Ground Floor, Section A3

2. TL, “KANYXKCKUIA”,
yn. NMpodcotosHan, 61A, 30Ha pecTopaHOB, 2 3Tax
“KALUZHSKIY” Market Center,
Profsoyuznaya Street, 61A, 2 Floor

3. KAOE”AHOEPCOH”,
yn. O6pyuesa, 30/1
CAFE “ANDERSON”,
Obrucheva street, 30/1

4. UHCTUTYT NPUKNAOHON MATEMATUKU PAH,
cTtonosas, 1 atax
INSTITUTE OF APPLIED MATHEMATICS,
Food center, Ground Floor
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